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Abstract

We study spatially cut-off P(y)s Hamiltonians. We show the local finiteness of the
pure point spectrum outside of thresholds, the limiting absorption principle and asymptotic
completeness of scattering for such Hamiltonians. Our results imply the absence of singular
continuous spectrum.

1 Introduction

1.1 P(y)2 models in quantum field theory

Models of quantum field theory used by physicists to describe basic interactions, although very
successful experimentally, are defined only in a formal and perturbative way. In year 1952
Wightman and Géarding formulated a set of axioms, which, at least at that time, seemed to
constitute a rather general mathematical framework for a physically acceptable QFT of basic
interactions. In particular, these axioms satisfied the requirements of relativistic covariance
and causal locality. It was hoped that physically realistic models of QFT can be interpreted
in a mathematically consistent way and that they can be shown to satisfy axioms similar to
Wightman axioms. At that time no examples of theories satisfying Wightman axioms were
known except for free fields, which are in a sense trivial both from the physical and mathematical
point of view.

It is not difficult to give a list of non-trivial QFT models which on a formal level satisfy
Wightman axioms. These models can be ordered according to their difficulty and physically
realistic models in 341 dimensions are quite high on this list. Wightman proposed to construct
these models one by one and check whether they satisfy the axioms he formulated, starting with
the easiest (but unfortunately, non-physical) ones. Thus began one of the most famous chapters
of mathematical physics — constructive quantum field theory.



The simplest class of models in the Wightman program were the so-called P(¢)2 models,
that is the models of self-interacting bosons in 2 space-time dimensions with the interaction
given by a semibounded polynomial P(p) of degree at least 4. The construction of these models
was one of the early successes of constructive field theory. A number of different constructions
were given. One of the approaches (in fact, the one that was used in the earliest works) started
with considering a spatially cutoff P(y)s interaction, where the cutoff is defined using a posi-
tive coupling function g(z), which decays sufficiently fast at infinity. One can then define the
Hamiltonian

(1.1) H:= Hy+ /g(:n) :P(p(x)): dz,

as a semibounded self-adjoint operator on Fock space I'(L%(IR)), where Hy = dT'(VkZ + m?) is
the free Hamiltonian. (1.1) is called the spatially cut-off P(¢) Hamiltonian. The next step is to
show that, as g(x) — 1, one obtains a limiting dynamics which acts in a different, renormalized
Hilbert space and satisfies the Wightman axioms.

The Hamiltonian H will be the main subject of our paper. We will always assume that
g € LY(IR); for most results we will also need some additional assumptions on the decay and
differentiability of g.

The program of constructive field theory has not attained its original goal of constructing
a physically realistic and mathematically rigorous model satisfying the conditions of covariance
and locality in 4 space-time dimensions. To our knowledge, the models that have been con-
structed, including P(y)2 do not describe any real physical systems. Nevertheless, we believe
that the heritage of constructive field theory is a source of models and techniques which are very
interesting both physically and mathematically.

One could ask what are the reasons to look at the Hamiltonians (1.1). One of them is historic
— as we tried to sketch above, these Hamiltonians played an important role in the development
of constructive field theory and there is a considerable literature on this subject. Unfortunately,
(1.1) is not relativistic, since it is not even translation invariant. Nevertheless, it has a certain
remarkable property: it satisfies the axiom of the causal locality, more precisely, if one defines a
net of local algebras in the sense of Haag—Kastler with help of H, then this net is causally local.

Another reason is that spatially cutoff P(¢)2 Hamiltonians can be viewed as examples of
Schrédinger operators in infinite dimension. Studying such Hamiltonians is a good occasion to
test various advanced tools of functional analysis and sheds light on the mathematical structure
of quantum field theory. This point of view was advocated in Simon’s survey [Si2], where a
number of mathematical questions concerning the spectral theory of P(y)2 Hamiltonians are
formulated.

1.2 Content of this paper

In the present paper we extend methods developed for N-body Schrédinger operators to study
spatially cut-off P(yp)2 Hamiltonians. Our results include

1) local finiteness of the pure point spectrum outside of the thresholds,

2) the limiting absorption principle,

3) asymptotic completeness.

Note that 2) and 3) imply the absence of the singular continuous spectrum. (The properties 2)
and 3) are proven under different assumptions, neither of which implies the other).



Recently a number of papers appeared that study other models that belong to a broadly
understood QFT [AH, BFS, BFSS, DG1, Ge, HuSpl, HuSp2, JP1, JP2, Sk, Spl, Sp2]. The
Hamiltonians studied in these papers are sometimes called Pauli-Fierz Hamiltonians. They are
non-relativistic, non-local and they have little to do with the Wightman program. Nevertheless,
they are physically relevant and of a significant mathematical interest.

One of these papers — [DG1] — can be viewed as a predecessor of this paper. It is devoted
to massive Pauli-Fierz Hamiltonians and it contains results similar to those contained in this
paper (except for the limiting absorption principle, which, however, could be easily shown in the
context of [DG1]). It should be noted that there are a lot of analogies between this paper and
[DG1]. Both massive Pauli-Fierz Hamiltonians and spatially cut-off P(y)2 models share a lot
of common characteristics, in particular the basic framework of scattering theory is essentially
the same. Both classes are examples of QF T Hamiltonians with localized interactions.

Nevertheless, the technical difficulties of this paper are more serious than those of [DG1].
This is partly due to the fact that it is much more difficult to define a P(y)2 Hamiltonian
than a Pauli-Fierz Hamiltonian. In the case of Pauli-Fierz Hamiltonians considered in [DG1],
the perturbation is relatively bounded, which is not true in the case of (1.1). These problems
become especially apparent when one considers the Mourre estimate, which requires a rather
careful treatment and in many respects is more difficult than in the case of Schrodinger operators.
In fact, the original theory of Mourre [Mo] does not seem to be applicable in the case of H and we
need to apply its more sophisticated version contained in [ABG]|. The key idea of the approach
of [ABG] is the property of C'(A) regularity of an Hamiltonian H with respect to a unitary
group ¢*4, which fortunately can be verified in the case of P(¢)s Hamiltonians.

The main tools that we use in the study of H is considering the interaction as an operator
of multiplication in the @-representation and the higher order estimates due to Rosen. These
tools were developed in the early years of constructive field theory [Ne, Rol, Ro2, Se, S-H.K].
Note that these tools are not needed in the case of technically simpler Pauli-Fierz Hamiltonians
considered in [DG1].

Another difference between this paper and [DG1] is a significant simplification of the proof
of asymptotic completeness and a different proof of the Fock property of asymptotic fields.

Our paper can be divided into two parts. The first part, which consists of Sects. 2, 3, 4,
5 describes the general formalism of CAR representations, bosonic Fock spaces and Q—space
representation. Qur presentation is quite general and at some points its generality goes beyond
what we need in the case of the Hamiltonians (1.1). Actually, when one considers some other
models of QFT (such as those with massless particles) one needs the formalism in its more
general form (see for instance Theorem 4.3, which allows for a non-Fock component of CCR
representations). Most of the material of these sections can be found in the literature, notably
Sects. 2 and 4 follow quite closely [BR] and Sect. 5 follows [S-H.K, Sil]. Nevertheless, our
presentation has some modifications and improvements as compared for example to that in [BR]
and we believe that the reader will find it useful, especially since it is compact and essentially
self-contained.

A considerable effort has been devoted to develop a concise notation for operators in Fock
spaces. Some elements of this notation are standard (due in particular to I. Segal), others were
introduced in [DG1]. In [DG1] we did not need to consider Wick polynomials, which play an
important role in this paper. We devote a special attention to the properties of Wick polynomials
in Subsect. 3.12, and also in the context of the Q-representation in Subsection 5.2. Note that
the calculus and notation in the literature on QFT can be quite cumbersome and ad hoc, which



we wanted to avoid.

The second part of our paper is devoted to the study of spatially cutoff P(y)2 Hamiltonians.
In Section 6 we introduce spatially cut-off P(y)2 Hamiltonians and we describe their basic
properties, following eg. [S-H.K].

One of the most difficult results about such Hamiltonians are the so-called higher order
estimates due to Rosen. They are described with some of their consequences in Sect. 7. Strictly
speaking, their proof contained in [Ro2] does not cover the class of Hamiltonians that we consider.
Therefore, we indicate how to modify the arguments of [Ro2] to cover our class of coupling
functions g.

In Section 8 we study the commutator of H with the second quantized generator of dilations
A. The operator A will play the role of a conjugate operator in the Mourre theory. The abstract
framework of this section is based on [ABG], where a theory of the C*(A) property is developed.
Such a careful treatment of this question was not needed neither in [DG1] nor in the case of
N —particle Schrédinger operators.

The case of the ¢3 model, ie the case when P is a polynomial of degree 4 is simpler. For exam-
ple the construction of the space cutoff ¢4 model can be done without using the  —representation
(see [GJ2]). Similarly the Mourre theory in the (3 case can be treated in a simpler way, under
weaker conditions on the cutoff function g.

Sect. 9 is devoted to the spectral theory of P(¢)2 Hamiltonians. The analog of the HVZ
theorem is proven in Subsect. 9.1. This result was first proven in [GJ4, S-H.K]; we give a
different proof (analogous to the one given in [DG1]), which is essentially a by-product of the
techniques which we develop in our paper for other purposes.

In Subsection 9.2 we prove the Mourre estimate for H. The proof is similar to the one
contained in [DG1]. The Mourre estimate implies the local finiteness of the pure point spectrum
outside of the thresholds. The set of thresholds is defined as {A\+nm | n=1.2,..., A € opp(H)},
where op,,(H) denotes the pure point spectrum of H. Note that this result implies that the pure
point spectrum of H is contained in a closed set of measure zero.

Under stronger conditions on the coupling function, we can also show the limiting absorption
principle, which implies the absence of singular continuous spectrum. More precisely, we show
the existence of the boundary value of the resolvent on the real line

lim(A) (A + i — H) 7 (A) 7,

where A is the conjugate operator and p > %

In Section 10 we study the scattering theory for spatially cut-off P(¢), Hamiltonians. The
basic construction of scattering theory in the context of this paper are asymptotic fields, that is
the limits of the field operators in the interaction picture:

ai’#(g) =5 lim eitHa#(gt)e_itH,

t—=+o0

where g; := etV ke+m? g. We prove the existence of the asymptotic fields and show that they
realize a CCR representation satisfying the Fock property. This result was first proven in [HK].
Up to technical details due to a more singular character of the interaction, the proof of the
existence of asymptotic fields follows the proof of the analogous result in [DG1]. The proof of
the Fock property is based on the general theory of CCR representations. Its main ingredient
is the concept of the number operator associated to regular CCR representation described in



Section 4. Note that the proof of the Fock property contained in [DG1] was different — it was
closer to the original argument of [HK].

With the CCR representations given by a7 (g) one can associate the spaces of asymptotic
vacua JCF, that is the states annihilated by asymptotic annihilation operators. The Fock property
is equivalent to saying that vectors of the form a®*(g;)---a™*(gn)¥, where 1) € KT, span the
whole Hilbert space H. It is easy to see that the bound states are contained in the spaces of
the asymptotic vacua K*. The property of asymptotic completeness means that the spaces K+
are equal to the space of bound states of H. This property is formulated at the end of Sect.
10. Among its consequences are the fact that the asymptotic vacua at t = —oo and at t = 400
coincide and the justification of the formalism of asymptotic states commonly used by physicists.

In Section 11 we describe various propagation estimates. Their proofs do not differ substan-
tially from the Pauli-Fierz case and we refer to [DG1] for most of them.

In Sect. 12 we prove asymptotic completeness, that is, we show that the space of asymp-
totic vacua equals the pure point subspace of H. In principle, in this section we could repeat
almost verbatim the arguments of the analogous section of [DG1]. Nevertheless, we simplify
substantially the arguments of [DG1]|. The major difference is that in [DG1] we used operators
Py, Q and their asymptotic counterparts. In this paper we avoid using them and the main
role is played by the operators 't (q) (describing something similar to the asymptotic velocity)
and inverse wave operators W (j) (both of these objects were also used in [DG1]). Note in
parenthesis that the absence of the operators P, in the present paper has its price — it seems
that one needs them to show a certain interesting intermediate result concerning the inverse
wave operators W (j) (see [DG1, Thm 7.13]), which, fortunately, is not needed for the proof of
asymptotic completeness itself.

The methods of this paper can be applied to other models of QFT with a localized interaction
and a massive dispersion relation. In particular, one can use ideas of this paper to simplify some
of the arguments of [DG1].

As we mentioned earlier, the P(¢)2 models are the simplest nontrivial models considered in

constructive field theory. Still, their treatment requires a lot of care and involves a number of
various techniques, which go beyond the problems usually encountered in quantum mechanics
and PDE’s. Even more difficult and more interesting problems arise when one considers other
models of constructive field theory such as Ya or A¢3j. It would be interesting to extend our
results to spatially cut-off versions of these models. We believe that it is feasible, since they are
also models with a localized interaction and a massive dispersion relation. In particular, the
framework of scattering theory for these models is essentially the same as the one considered in
this paper. The main new difficulty would be the various renormalization procedures needed to
define these Hamiltonians.
Acknowledgements The research of the first author was a part of the project Nr 2 PO3A 019
15 financed by a grant of Komitet Badan Naukowych. Part of this work was done during a
visit of the first author at the Aarhus University supported by MaPhySto funded by the Danish
National Foundation.

2 CCR Representations

We recall some standard facts on CCR representations.



2.1 Weyl operators

Let H be a Hilbert space. Let g be a real vector space equipped with an antisymmetric form o.
A map
(2.1) g2 hw— Wy(h) € B(H)
is a representation of the canonical commutation relations (in short a CCR representation) over
g in H if .

Wi (h1)Wi(ho) = e 10huh2) 2V (hy + hy),
(2.2)

Wi (h) = Wr(=h), Wz(0) = 1.

Note that as a consequence Wy (h) are unitary and we have

(2.3) Wi (h1) Wi (ho) = e 0ruh2) W (ho) Wi (hy).

2.2 Field operators
We say that the CCR representation (2.1) is regular, if

t — Wr(th) is strongly continuous for any h € g.

From now on we assume that we are given a regular representation.
By the Stone theorem, for any h € g we can define the corresponding field operator

(bw(h) = _igWW(th)‘

dt t=0

The following proposition is well known (see eg [BR]).

Proposition 2.1 i) In the sense of a quadratic form on D(¢r(h1)) N D(¢x(he)) the Heisenberg
commutation relations are satisfied:

(2.4) [¢x(h1), dx(h2)] = io(ha, h2).
ii) Wr(g) leaves invariant D(¢r(h)) and
(2.5) [0 (h), Wx(9)] = i (g, h)Wr(g)-

iii) Let § be a finite dimensional subspace of g. Then
fofr—= Wr(h+f)

1s strongly continuous for any h € g.
i) If § is a finite dimensional subspace of g, then the intersection of D(¢r(hp)--- dx(h1)),
hi,...,hy €, p € IN is dense in 'H.



2.3 Creation and annihilation operators

From now on we assume that g is equipped with a complex structure (that is an IR—linear
operator i : g — g with i2 = —1). We assume that o and i are compatible in the following sense:

o(ih1, ha) + o(hi,iha) =0,
o(h,ih) >0, h #0.
(In particular, this forces o to be non-degenerate). Then
(h1)he) := o(hi,ih2) +io(hi, h2)

defines a positive definite scalar product. From now on we will treat g as a complex space
equipped with this scalar product. One defines the creation and annihilation operators as

@5(h) = L (6n(h) — i64(ih)),

(2.6) V2

aw(h) = %((ﬁﬂ(h’) + i(z)w(ih))'
Clearly,
(2.7) be(h) = —= (a2 (h) + ax(h), h € 5.

V2

Proposition 2.2 i) The operators ak(h) and ar(h) with domain D(pr(h)) N D(¢=(ih)) are
closed. (By Proposition 2.1 iii) this domain is dense in H).
ii) The commutation relations are true in the sense of a quadratic form:

[ax(h1), a7 (h2)] = (halhe)1,
[ax(h2), ax(h1)] = [az(h2), a”(h1)] = 0.
iii) Wr(g) leaves invariant D(a¥ (h)) and
lax(R), Wr(9)] = J5(9, )Wx(g),
[a3 (), Wa(g)] = — 5 (9. B)Wx(g).

w) If § is a finite dimensional subspace of g, then the intersection of D(a¥ (hy)---ai(h1)),
hi,...,hy €, p € IN is dense in 'H.

(2.8)

(2.9)

3 Operators in bosonic Fock spaces

We recall various constructions on bosonic Fock spaces.

3.1 Bosonic Fock spaces

Let h be a Hilbert space, which we will call the 1-particle space. Let ®7h denote the symmetric
nth tensor power of h. Let S,, denote the orthogonal projection of ®"h onto ®7h. If u € ®Lh
and v € ®Ih, then we will write

URs v = Spiqu®v € RPTIY.



If a € B(®Ph,®Lh) and b € B(®%h, @3h), then we will write
a®sb:=381sa®be B(@h, I1%).

We define the bosonic Fock space over § to be the direct sum
I'(h) = P &b,
n=0

Q) will denote the vacuum vector — the vector 1 € € = ®Uh. The number operator N is defined
as

N‘@:h =nl.

For a selfadjoint operator A on I'(h), we denote by Heomp(A) the space
Heomp(A) = {u € H [x(A)u = u,x € C7°(R)}.
We define the space of finite particle vectors and finite particle operators:
Lhin(h) = Heomp(N) := {u € T'(h) | for some n € IN, g, )(N)u = u},

Bin(T(b)) := {B € B(T'(1)) | for some n € N, Ty, (N)Blj, (N) = B}.

3.2 Creation and annihilation operators

There exists a natural representation of CCR over h in I'(h) (where b is equipped with the
symplectic form I'm(-]-)). To construct this representation it is natural to proceed in the reverse
order from the one used in Sect. 2: first one constructs creation/annihilation operators, then
field operators and then Weyl operators. If h € b, we define the creation operator a*(h) by
setting

a*(h) : T'(h) — T'(b),
a*(h)u:=+vn+1h®su, u€ QL.

a(h) denotes the adjoint of a*(h), and is called the annihilation operator. Both a*(h) and a(h)
are defined on I'g,(h) and can be extended to densely defined closed operators on I'(h). By
writing af(h) we will mean both a*(h) and a(h).

Creation and annihilation operators a”(h) on a Fock space satisfy (2.8) .

In our paper we will usually have

(3.1) h = L*(IR, dk).
Then we will often write (as is customary in the literature)
a*(h) = / o ()h(k)dk, a(h) = / a(k)h(k)dk,

where a*(k) and a(k), k € IR, have the meaning of operator valued distributions.



3.3 Field operators

We define the field operator
1
¢(h) := ﬁ(a*(h) +a(h)), h €.

The operators ¢(h) are essentially selfadjoint on T'g,(h) and can be extended to self-adjoint
operators on I'(h). Field operators ¢(h) on a Fock space satisfy (2.4). In the case of (3.1), one
can also write

o(h) = [ h(kyo(k)ar.
where ¢(k) is an operator valued distribution

M@::;%mﬂm+aﬁm,keﬁ.

3.4 'Weyl operators
We introduce also the Weyl operators:
W(h) :=¢e?™  pep.

The map h 2 h — W(h) is a regular representation of CCR, over b in I'(h). Moreover, Weyl
operators in a Fock space have the following properties:

Proposition 3.1 i) the map
RS s W(sh)(N+1)"2

is C' in the strong topology and the map
R > s W(sh)(N+1)"2"°¢
is C' in the norm topology. More precisely,

lim sup s~!|[(W(sh) — 1 —isg(h))(N +1)71/2~¢
s=0jn|<c

i)
[(W(h1) = W (ha))ull < Ce|lh1 — hzlle((Hh1II2 + [lhal*)2 [Jul| + |(N + 1)§UH)-

3.5 Operator dI’
If b is an operator on b, we define the operator

dr'(b) :T'(h) — I'(h),

A g, = £ 10 0o 150~
s Jj=1

= nb®, 1901,
An important example is the number operator

N :=dI'(1).



Lemma 3.2 i) Heisenberg derivatives:
Ldr(b) = dT($b),
[dT'(b1),dT'(b2)] = dT'([b1, ba)).
i1) Commutation properties:
[AD(b), a*(h)] = a*(bh),
[AD(b), a(h)] = —a(b*h),
[AT(b), ig(h)] = @(ibh), if b= b*,
W (h)dL (b)W (—h) = dT'(b) — ¢(ibh) — 3 Re(bh|h) if b = b*.
iii) Estimates:
by < by implies dT'(b1) < dT(b),
IN~2dD(b)ul| < AL (b*b)Zull,
dr(b)® < N'=edl'(b*), ifb>0, 1<a,

dT(ab) < dT(a?)7dT(b9)7,  ifa>0,b>0, ab=ba, p'+q¢ ' =1.

3.6 Functor I'
Let b;,7 = 1,2 be Hilbert spaces. Let ¢ : 1 — bhs be a bounded linear operator. We define

['(q) : T'(h1) — I'(bh2)
Nq)’@’?m =q®---®q.

The T" functor has the following properties:

Lemma 3.3 i) Relationship with dU': assume b1 = ha. Then
edr®) — (b)),
i1) Intertwining properties:
I(g)a*(h1) = a*(¢gh1)T'(q), h1 € by,
I(g)a(q*he) = a(h2)'(q), h2 € bo.
If q is isometric, that is ¢*q = 1, then
[(q)a*(h1) = a*(gh1)T'(q),
[(q)p(h1) = ¢(ghi)T'(q)-

10



If q is unitary, then
T(g)a*(h)T(g™") = a*(gha),

T(q)o(h)T(g") = dlgha).
iii) If ||q|| <1, then
IT(g)[| = 1.
3.7 Operator dI'(q,r)

Let ¢, r be operators from h; to ho. We define
dl'(g,r) :T(b1) — L'(b2),

dI'(q, 7“)‘@: o jXZ:l ®U D @r@¢®ni)
= nr g ¢®m1.
Lemma 3.4 i) Relationship with AT and T':
dr'(1,r) =dI'(r), dI'(r,r) = NT(r).
i1) Heisenberg derivatives of I'(q):
dl(b2)I'(¢) = dT'(g; bag),  T'(q)dl'(b1) = dT'(g; gbr),
§i(@) = dl(q, §a)-
ii1) Intertwining properties:
a(he)dl'(q,7) = dT'(q,7)a(q"he) 4+ T'(q)a(r*hs),
dl'(g,r)a*(h1) = a*(qh1)dI'(q, ) + a*(rh1)T(q).

iv) Estimates:
0<r, and 0<gq<1implies dI'(qg,r)<dl'(r),

1 1
|(u2|dl(g, rory)un)| < [[dT(rar3) 2ug|[|[dT (r1ry) 2w, gl <1,

_1 * \ %
INT2dT(q, ryull < [dC(r*r)2ull, [l < 1.

3.8 Tensor product of Fock spaces

We will adopt the following convention for tensor products: E ® F' will denote the algebraic
tensor product of E and F, except when E,F are both Hilbert spaces, in which case it will
denote the hilbertian tensor product. Let bh;, i = 1,2 be two Hilbert spaces. Let i1,i9 the
injections of b1, ha into by @ ha. We define U : T'(h1) @ I'(h2) — T'(h1 @ h2) as follows:

(p+q)!

(3.1) Uu®@wv:= T

[(i1)u ®s D(io)v, u € @Phy, u € @Ibs.

11



Proposition 3.5 i) U is unitary,
aﬁ(hl D hQ)U = U(au(hﬁ QI+ 1® aﬁ(hg)), hi1 € b1, ho € b,
¢(h1 ® ho)U = U(¢p(h1) @ 14+ 1@ ¢(ha)), h1 € b1, ha € ba.

iv)
(3.2) dl(by @ bo)U = U(dAl'(b1) @ 1+ 1@ dI'(b2)),

Ul (q1) ® T'(q2) = T'(q1 ® q2)U.

3.9 Scattering identification operator [

Along with the space I'(h) we will consider the space I'(h @ ) ~ T'(h) @ T'(h). We will use the
notation

No:=N®1, Ny:=1&N.
We will also write

ag(h) =d'(h)®1l, d

oo

(h) := 1®d*(h).

Following [HuSp1], we define the scattering identification operator

I : Thn(h) ® Dain(h) — Chn(h),

(p+q)!

(3.3) Tu®@wv:= gl

u®sv, u € ®Lh, ve®lp.

Another formula defining I is
I:=T0G)U

where U : T'(h) @ I'(h) — I'(h @ b) is the unitary operator introduced in (3.1) for h; = ho = h and
i:hdbh—b,
(ho, hoo) — ho + hoo-

Note that since ||i| = v/2, the operator I'(i) is unbounded. Therefore, I is unbounded too.
Yet another formula defining I is:

n p p n
(3.4) I '1;[1 a*(hi)2® '1211 a*(gi)Q:= '1;[1 a*(g;) '1;[1 a*(hi)Q,  hi,g; €.
If h = L%(IR, dk), then we can write still another formula for I:

1

(p))?

(35) Tu®d = /w(kl, e k)a (k) - a(ky)udky - dky,  w e T(b), & € @P.

12



Proposition 3.6 i) Let b, q be operators on h. Then
dI'(b)I = I(dI'(b) ® 14+ 1 ® dI'(b)),
I'(g)I = IT(q) ® I'(q).

ii) For h € b
a(h)l = I(ag(h) + ass(h)),
a*(h)I = Ia§(h) = Ia}k (h).

iii)

(3.6) I(No + 1)_k/2]l[0’k} (Nso) is bounded.

3.10 Operator [(j)
Let jo, joo be two operators on . Set j = (jo, joo). We define
I(]) : Fﬁn(h) ® Fﬁn(h) - 1_‘ﬁn(h)

1(j) := 1T(jo) ® T (joo)-
If we identify j with the operator

J:hdh—b,
j(ho@hoo) = j0h0+jooh007

(3.7)

then we have
1G) = T
Remark 3.7 I(j) equals T'(j*)* in the notation of [DG1].
Note that I = I(1,1). Other formulas defining I(j) are

n D D n
(38) I(]) '1;[1 a*(hZ)Q & 41:[1 a*(gi)Q = '1;[1 a*(jogi) .1_11 a*(joohi)Q, h;, gi €Y,
(3.9) (I a™(hs ) = T0Ly (ag(ghi) + aso(i5hi)) @ @ Q, by € b.

Lemma 3.8 i) . ) )
TG () =T (Jojo + Jeooo)-
In particular, if j5 + ji = 1, then
II*(j) = 1.
i1) Intertwining properties: For h € h
a(h)I(j) = 1(7)(ao(j5h) + as (j3h)),
a*(joh)1(j) = 1(j)ag(h),
a*(Jooh)I(j) = 1(j)az. (h).
i) 1(j) is bounded iff ||75jo + jiojooll < 1, and then

I = 1.

13



Let us note some additional properties of I(j) in the coisometric case.

Lemma 3.9 Assume

(3.10) J0Jo + Jeodse = 1.
(This assumption implies that j is coisometric, that is jj* =1). Then
i)

IG)I(j) = 1.
i) Intertwining properties:
a*(W)I(G) = 1) (af (G5h) + % (),
P(R)I(j) = I(j) (¢0(joh) + Poc(ih)) -
ii1) If in addition jo, joo are self-adjoint, then

dL'(b) = I(j) (AT (b) ® 1+ 1@ dI(b)) I*(j) + 3dT(ad} b + ad]_b).

3.11 Operator dI(j,k)
Let 7 = (Jo,Joo), k = (ko, ko) be pairs of maps from b to h. We define
dI(]a k) : Pﬁn(b) b2y Fﬁn(h) - I‘ﬁn(h)

as follows:
dI(j,k) == I(dT(jo, ko) ® I'(jeo) + T'(jio) @ AT (Joo, koo))-

Equivalently, treating j and k as maps from h @ b to b, as in (3.7), we can write
dI(j,k) :=dl'(j, k)U.
Remark 3.10 dI(j,k) equals dU'(j*,k*)* in the notation of [DG1].
Lemma 3.11 i) Heisenberg derivative of 1(j):
§i1() = A1, &),
1(5) (dT(bo) ® 1+ 1 ® dT'(bso)) = dI(3, k),
dr(b)1(7) = dI(j,b7)-

Here b, by, boy are operators on b and k = (jobo, jooboo)-
i1) Intertwining properties:

dI(j, k)ag(h) = a*(joh)dI(j, k) + a*(koh)1(7),

dI(j; k)(ao(ioh) + ace(isch)) + 1(7)(ao(kgh) + ass(kSh)) = a(h)AI(j, k).

14



i) If j0J§ + Joodie < 1, ko, koo are self-adjoint, we have the estimate:
(usldI*(j, kyun)| - < AT ([kol)¥ @ Tus [T ([kol) e
+|1® AT ([koo|) 2ua||[[AT([oo|) 2t |, ur € T(), ua € T(h) @ T(h).
v) If jojs + JooJie < 1, then

I(No + Noo)™2dI* (j, k)ul| < [[AT (ko + kookic)2ull, u € T(1).

3.12 Wick polynomials
Let w € B(®Fh, ®Ih). We define the operator

Wick(w) : Tan(h) — Tan(h)

as follows: 1 i

. n'(n +q—p)!
(3.11) Wick(w) ] -~ )
This definition extends to w € Bg,(I'(h)) by linearity. The operator Wick(w) is called a Wick
polynomial. The operator w is called the symbol of the Wick polynomial Wick(w).

Before we describe properties of Wick polynomials, let us introduce more definitions. If u
is an element of a Hilbert space H, we denote by (u| the map H 2 v — (u,v) € C and by
|u) : C — H its adjoint.

If u e @, verly, we B(®@Ph, ®Ih) with m < p, n < ¢, then, to simplify the notation,
we will introduce the ‘contracted’ symbols

W Rg ]1®(”‘p) .

(v|w := ((v| ®s ]l®(q_”)> w € B(®@Ph, ®I7"h),
wlu) = w (|u) ®s ]1®(p_m)> € B(®@F~™h, ®1h),
(vlelu) = ((v] @5 150 ) w (u) @, 19C~™)) € B(2E~™h, @1").

Theorem 3.12 i) Case p=q=0. Let A € C = B(®%h, ®°h). Then Wick()\) = A1
i) Case p=q = 1. (Note that @' =) For b € B(h) we have

Wick(b) = dI'(b).
iii) Cases q=0,p=1and q=1, p=0. For h € h we have
Wick(|h)) = a*(h), Wick((h]) = a(h).
i) Let u € @'y, v € @Y, w € B(®Ph, ®1h). Then
Wick([v) @, w @, (u]) = Wick(|v)) Wick(w) Wick((u]).
v) Let hy, ... hy b, ... hg €h. Then

Wick (‘ Iy @s -+ @ hy) (], @ - - - @ h’l)y) = a*(h1) - a*(hg)a(h) - - a(h}).
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vi) Let w € B(®Fh, ®1h). Then
Wick(w)* = Wick(w*).

Note that v) of the above theorem (which follows immediately from iv)), justifies the name Wick
polynomials.

If we fix a basis {h;}icr of b, then any operator in B(®Fh, ®7h) can be written as a sum
(convergent for the weak topology):

w = E Wiy gty iy ®s -+ ®s hiy) (hi, s -+ - s hy |
i1peyiqyil el
where we can assume that w, ., . . is separately symmetric wrt the first ¢ and the last p
(TR P A )
indices. Then, writing af for a” (h;), we have
1 pr— * * 3 DY .
Wick(w) = E Wiy gt il Gy~ Qg Gty ==+

1
. —
(SWSRUN P A i}

In later sections, we will consider the case when h = L?(IR, dk). Any operator w from S(IRP)
to S’(IR?), in particular, any w € B(®Ph, ®7h), has a distributional kernel
(3.12) w(ky,. .. ke ko, ... k) € S (IRPTY),

q> "Vp»

where we can assume that the kernel w in (3.12) is separately symmetric wrt the first ¢ and
the last p variables. The following formal expression is then commonly used to denote the Wick
polynomial Wick(w):

(3.13) /w(lﬁa---,kq,k;w--,k’l)a*(k1)-~-a*(kq)a(k;)--~a(k’1)dk1---qudk;---dk’l.

Although the definition (3.11) always makes sense, let us describe a few cases in which a rigorous
meaning can be attached to the formal expression (3.13).
First of all if u € 'y (S(IR)), a(k1) ... a(ky)u is well defined as an element of S(IRP) ® I'(h).
This shows that the expression
[ wky, ... kg, k), .. K))

q> "Vp>
(3.14)
x (a(ky1) ... a(kg)ula(k]) ... a(k:p)u)r(h) dky, - - - dkgdky, - - - Ak}

is well defined for u € Tz, (S(IR)), w € S'(IRPT?). Hence if w € S’(IRPTY), (3.13) always makes
sense as a quadratic form on I'g, (S(IR)).

If u € D(NP/?), a(ky) ... a(ky)u is also well defined as an element of @ L?(R) @ I'(L?(IR)).
and the expression (3.14) is well defined for u € D(N®PWPD/2) w € L2(IRP*9). Hence if
w € L2(IRP*Y), (3.12) makes sense as a quadratic form on D(N3UP(P9)/2),

The following proposition summarizes basic properties of Wick polynomials.

Proposition 3.13 i) If w € B(®Lh, ®%) and k +m > 252, then

IV + 1) *Wick (w) (N + 1) 7| < [Juw].
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If moreover, s-lim w, = w, then
s- lim (N + 1) "*Wick(w,,)(N 4+ 1)™™ = (N + 1) *Wick(w)(N + 1)~™.

n—oo

i) Identities:
Let w € Bgy(I'(h)), b € B(h). Then

(3.15) [dT(b), Wick(w)] = Wick([dT'(b), w]).
Let w € Bgn(T'(h2),'(h1)), g € B(b1,h2). Then
(3.16) I'(q)Wick(wI'(q)) = Wick(T'(q)w)T'(q).

Let w € Bgn(T'(h1),T(h1)), g € B(b1,h2). Then

(3.17) I'(q)Wick(w) = Wick(T'(q)wI'(¢*))T'(q), for isometric g,

(3.18) I'(q)Wick(w)T'(¢71) = Wick(I'(q)wI'(¢™Y)),  for unitary q.

Let w € Bgn(I'()), h € b. Then

(3.19) [Wick(w), a*(h)] = pWick(wl|h)),  [Wick(w),a(h)] = ¢Wick((h|w),

(3.20) W (h)Wick(w)W Z Z 15’: z: LTS Wick (),
s=0r=0

where

(3.21) wsp = (W) || pEP=9)),

Proof. The first part of i) is a particular case of the well known N, estimates (see eg [GJ1]).
It follows directly from the definition (3.11) and the fact that

(n!(n+q —p)!)?

< (n+q—p)tnP2.
n — p!

The second part of i) follows similarly from (3.11). All identities of ii) are easy, except for the
last one which follows for example from Thm. 3.12 v) and the identity

W(h)a" (W (=h) = " () + ()
g
Let now K be an additional Hilbert space. If w € Bgn(K ® I'(h)), then we can also define
Wick(w) as an operator acting on K ® I'gy(h), by

. _ Vnln+q—p)! Bn—p),
ch}{<w)‘l€®®gb = (=) Ik ® Sptq—pw @ 1

for w € B(K ® ®Ph, K ® ®%p). This construction can be used for example if one considers
generalizations of Pauli-Fierz Hamiltonians with more general interactions than those considered
in [DG1].
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In particular, this additional space can be also a Fock space. Then if
w € B(®%'h1 ® ®2he, @51 © ®%h2),
we define:

Wick @ Wick(w)

®e1h10R02h2

— A/ml(ni+q—p1)! y/na!(na+q2—p2)!
T (n1—p1)! (n2—p2)! (Sn1+q1 —p1 @ Sn2+q2_p2)

19(=p1) @ 4 @ 1®M2—P2)

We extend this definition to w € B(I'an(h1) ® T'an(h2)) by linearity. The following proposition
is completely similar to Prop. 3.13.

Proposition 3.14 i) For w; € B(Tgn(h;)),i = 1,2 then
Wick @ Wick(wy ® we) = Wick(wq) @ Wick(ws).

ii) If

q1 b1 q2 D2
w = ’@fs hi,l)(@fs gi1| ® | @?s hi,2)((%’s gi2

then
Wick © Wick(w) = (T1{'a* (hi 1) ® T1{a* (hi) ) (T a(gi1) @ TH?a(gi2) ).

iii) For j; € B(f)z),l =1,2, we B(Fﬁn(f)l) X Fﬁn(b2)>
['(j1) ® I'(j2) Wick ® Wick(wI'(j1) ® I'(j2)) = Wick @ Wick(I'(j1) @ I'(j2)w)T'(j1) @ T'(j2).
iv) for w € B(QY b1 @ QL2 b2, QL b1 ® QL h2) and k; +m; > w, 1 =1,2 we have:

[(N 4+ 1) @ (N +1)"F2Wick ® Wick(w)(N 4+ 1)"™ @ (N +1)"™2| < ||lw||.

In the next proposition we describe additional properties of Wick polynomials which have a nice
formulation if one uses the Wick ® Wick notation.

Proposition 3.15 i) Let w € Bgn(I'(h1 @ b2)). Then
U*Wick(w)U = Wick @ Wick(U*w0).

Here the map U : Tgn(h1) @ Dgn(h2) — Can(b1 @ bo) is defined as follows (recall that iy,i9 are
the injections of h1,b2 into b1 @ bha):

(p+q)!

(3.22) Uuy @ ug := i

F(il)Ul ®s F(?:Q)'UQ, U € ®§b1a Uz € ®th

it) Let w € Bgn(I'(h)). Then

Wick(w)I = IWick ® Wick(PwI).
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Here I : Can(h) @ Tan(h) — Tan(h) is defined as follows:

(p+q)!
plq!

(3.23) Tu@uv = u®sv, uc@h, ve .

and P : Tgn(h) — Tan(h) @ Tan(h) is defined as
Pu:=u®Q, ueTay(h).
i11) Let us keep the notation of ii) and let j be as in Subsection 3.10. Then

Wick(I'(jo)w)I(5) = I(5)Wick @ Wick(PwIT (o) ® T'(jioo))-

Proof. By linearity it suffices to check the identities i) and i) for w of rank one. One can then
use the identities in Lemma 3.5 ¢4), Thm. 3.12 v) and Prop. 3.14 i) to verify i) and 4i). Finally
iii) follows from i), the fact that I(j) = IT(jo) ® I'(joo) and Prop. 3.14 4ii).0

In the following sections, we will need to estimate some commutators between Wick poly-
nomials and I'(q), I*(j) operators. To this end we will need the identities described in the next
proposition.

Proposition 3.16 Let w € Bg,(I'(h)). Then
i) for g € B(h):

[T (q), Wick(w)] = I'(q)Wick (w(1 — T(g))) + Wick((I'(q) ~ Dw)T'(q).
it) for j = (jo,joo) € B(b @b, b):
I*(j)Wick(w) — (Wick(w) ® 1)I*(5)

= I*(j)Wick(w(1 - T(53)))

+ Wick © Wick((D(j5) — 1) ® T(j%) F*wP* ) I*(j)

+ Wick © Wick(1@ (D(j%) — [9)/(Q) I wP*) I*(j).
Proof. i) follows directly from the identity (3.16). To prove ii), we deduce from Prop. 3.15
that

I*(j)Wick(w) = I*(j)Wick (w(1l = T(j5)) ) + Wick ® Wick(T(j§) @ D (j3) [*wP*) I*(j).
We use then the identities
w® |Q)(Q = PwP*, P = (1 |Q)(Q))]*,

to obtain
Wick(w) ® 1 = Wick @ Wick(w @ 2)(0)

= Wick @ Wick((1® [2)(2))[*wP*).
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Next we write

L) @ T(k) — 1@ Q)9
= (PG - 1) © 1) + 10 (TG - 19)(9)

to obtain 7). O

Lemma 3.17 Assume that h = L*(IR,dk) and that w € B(®Ph, ®"h) is given by a kernel w as
in (8.12) with w € L*(IRP*T).
i) Let g € B(h), ||q|| < 1. Then for m +k > B:

(N +1)~™[I'(q), Wick(w)](N + 1)7"||
(3.24) | |
< CprSupi<i<pir 120D @ (1-q)® ]1®(p+r72)w\|L2(1Rp+r)-

ii) Let j = (jo, joo) With jo, joo € B(h), |l43d0 + jicdeoll < 1. Then for m +k > Ef-:

|(No + Noo + 1)~ (1* () Wick(w) — (Wick(w) @ 1)T*(5) ) (N + 1)~
(3.25) < CprSUPi<i<ptr 112071 @ (1 - jo) ® ]1®(p+r7i)w||L2(]Rp+r)

+ Cprsupicicpir [1507V @ (joo) @ 1EPH D] 1y

Proof. To prove i) it suffices by Prop. 3.13 i) to estimate the operator norm of the symbols
w(1—-TY(g)) and (I'(¢) — 1)w, which are bounded by the r.h.s. of (3.24).

Similarly to prove ii) it suffices by Prop. 3.14 iv) to estimate the operator norm of the
symbols w(1 — T'(j§)), (D(GE) — 1) @ D) FwP* and (1@ (T(5%) — |2)(Q)*wP* (note that
II*(j)|| =1 by Lemma 3.8 iv) and I*(j)N = (No + Noo)I*(5))-

The norm of the first symbol is bounded by the r.h.s. of (3.25) by the same argument as
in 7). Since ||[T'(j%)|| = ||P*|| = 1 the norm of the second symbol is less than |JwI(I'(jo)1) ® 1|
which is bounded by the r.h.s. of (3.25). Similarly the norm of the third symbol is less than
|wIT® (T (joo) —|2)(Q])|]. This is also bounded by the r.h.s. of (3.25). (Note that I'(js.) —|Q2)(Q
vanishes on the vacuum sector). O

4 Fock representations of CCR

In this section we described the construction of the Fock subrepresentation of a regular CCR
representation, (see [BR, CMR]).
4.1 Construction of the Fock subrepresentation

Suppose that we are given a regular CCR representation over a pre-Hilbert space g in the Hilbert
space H. Let h be the completion of g.
We define the space of vacua

Kr:={ueH|a(h)u=0, h € g}.
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Proposition 4.1 i) K, is a closed space.
i1) KCr is contained in the set of analytic vectors of ¢r(h), h € g.

Proof. K is closed as an intersection of null spaces of closed operators. To prove i) we will
show that
(4.1) (u|Wy(h)u) = exp(—||h||>/4), u € K.

Clearly, K C D(¢x(h)), hence for u € K
f(t) = (u[Wx(th)u)
is continuously differentiable. We have

LF) = i(uldn(h)We(th)u)
= 5 (an (h)u|Wr(th)u) + =5 (W (th)ax(h)u) — $t[|h][ (u| Wi (th)u)
= —5t|[h]*f(2).

Therefore
F(t) = exp(—t?||n[|*/4),

which shows (4.1). Now the spectral theorem implies that u is an analytic vector for ¢.(h) and
thus ¢ — Wp(th)u extends to an analytic function around the real axis. O

Define the space H, := K; @ T'(h). We define Q : £, @ T'gn(g) — H by setting
(4.2) Qe @ (h)PQ := ¢ (h)Pyp, heg, PekT.
(Note that the vectors ¢(h)PQ = 272/2a*(h)PQ for h € g span @Ph)

Proposition 4.2 The map €, extends to an isometric map
Qr :Hy — H,

satisfying
(4.3) Q1@ a”(h) = a (R)Q, h € g.

4.2 Number operator

We discuss now the number operator N, associated to a regular CCR representation in the
space H. One can give two equivalent definitions of N;. Note that a more general notion of a
number operator associated to a CCR representation, (which in particular does not need to be
a positive operator) has been introduced by Chaiken in [Chl, Ch2].

The first definition uses the intertwiner Q.. Define D(N;) := Q.K; ® D(N), which is a
subspace of H, whose closure is Ran{),. Let N, be the operator on H with the domain D(N;)
defined by

Ny :=Q1® NQ..

(Note that N, needs not be densely defined).
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Before we give an alternative definition of N, let us recall some facts about quadratic forms.
We will assume that a positive quadratic form is defined on the whole space ‘H and takes values
in [0, oo]. The domain of a positive quadratic form b is defined as

D(b) := {u € H| b(u) < oo}.
If the form b is closed, then there exists a unique positive self-adjoint operator B such that
D(b) = D(B2), blu) = (u|Bu).

If A is a closed operator, then ||Au||? is a closed form. The sum of closed forms is a closed form,
and the supremum of a family of closed forms is a closed form.
The following theorem gives an alternative definition of N.

Theorem 4.3 For each finite dimensional space § C g, one defines

dimf

nrg(w) = Y lax(hi)ull?,
i=1

where {h;} is an orthonormal basis of f. (If u & D(ax(hi) for some i, then ny;(u) = o0). Then
the quadratic form ny; does not depend on the choice of the basis {h;} of . The quadratic form
ny s defined by

Ny (u) := sup; ngs(u), u € H.

Then D(ny) = D((Nw)%) and
nr(u) = (u|Nyu), u € D(Ny).

In particular, RanQ); = D(n,).

To prepare for the proof of the above theorem, note thlat n, defines a positive operator, which
we denote temporarily Ny, such that D(n,) = D((N;)2) and

(4.4) nx(u) = (u|Nyu), u € D(Ny).

Our aim is to show that N, = N,.
Note also that
(4.5) D(ng) C D(¢=(h)), hE€g.

1
Lemma 4.4 Ifv € D(NZ), and F is a Borel function, then

(4.6) ax(h)F(Ny — 1)v = F(Ny)ax(h)v.

Proof. First we note that Wy (h) maps D(n,) into itself and we have
(4.7) M (Wa(h)u) = nx(w) + (ulx (ih)u) + |21 |lul* /2.

In fact, using (2.5) we see that (4.7) is true if we replace n, with n, ;, where f is a finite subspace
of g containing h. Then (4.7) follows immediately.
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By the polarization identity, (4.7) has the following consequence for u,w € D(ny):

(4.8) (N2 W ()| NZ W (h)us) = (NZw| N2 ) + (] b (i) + |22 (w]us) /2

Replacing w with Wi (h)*v and using the invariance of D(n,) under Wy (h) we can rewrite (4.8)
as follows, for u,v € D(ng):

(

— (NZWa(h)*o|N2w) + (W (h) ol én(ih)u) + L[R]2(Wi (B)*vlu).

Ao~

o| N2 W, (h)u)
(4.9)

Next assume in addition that u,v € D(Ny). Then we can rewrite (4.9) as
(NWU|WW(h)U)
(4.10) i 1
= (Wa(h)*v|Nzuw) + (W (h)*vldx(ih)u) + 5|22 (Wr (h) v|w).

Next we set h = tg, for g € g and we differentiate (4.10) w.r.t. t. (Differentiating is allowed by
(4.5)). We obtain . 3
(4.11) (Nzv[@r(g)u) = (éx(g)v|Nru) — i(v|¢r(ig)u).

Substituting ig for g in (4.11) we obtain
(4.12) (Nxv|¢r (ig)u) = —(¢x(ig)v|Nru) +i(v]dr(g)u).
Adding up (4.11) and (4.12) we get
(4.13) (Nzvlax(g)u) = (a5 (9)v|Nrw) — (v]ax(g)u), u,v € D(Nx).
Next let us assume that u € D(N,?) Then Nyu € D(NW%) C D(ax(g)). Hence (4.13) implies
(4.14) (Nzvlag(g)u) = (v]ax(9) (N — D)u).
Therefore, ax(g)u € D(N,) and we have
(4.15) Nrar(9)u = ar(9)(Ny — 1)u,

or equivalently } .
(4.16) (Nr + Naz(9)u = ar(9)(Ny + X — 1)u.

Now let v € D( Né) and A > 1. Then (N, + A —1)"'v e D( Nﬂ%) Therefore, by (4.16)
(4.17) (Nx + Nar(g)(Ny + X = 1)t = ag(g)v.

Multiplying this with (N 4+ A)~! we obtain

(4.18) ar(9)(Ne + X —1)"1o = (Nz + X) " Lar(g)v.

Since linear combinations of functions (Nz +XA)~! with A > 0 are strongly dense in the Von
Neumann algebra of functions of Ny, and ar(g) is closed, (4.18) implies

for any bounded Borel function F. O
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Lemma 4.5 K, = {0} implies D(n,) = {0}.

Proof. Suppose that D(n;) # {0}. We know that N, > 0. Therefore, o(Ny) is nonempty and
bounded from below. Hence Ao := inf o(Ny) is a finite number, and Ranljy, ,41{(Nx) # {0}
By Lemma 4.4, for any h € §

(419) aﬁ(h)ﬂ[Ao,A0+1[(NW) = ]1[)\0—17/\0[(Nﬂ'>a’7l'(h)'

But B
]1[)\071,)\0[(N7T) = 0

Therefore, (4.19) is zero and )
Ranﬂp\o_l)\o[(]\fﬁ) - ICTI-.

a

The following lemma is immediate:
Lemma 4.6 Suppose that H = Ho ® H1. Suppose that
hoh— Wr(h)eH

is a CCR representation and Wr(h) leave Hy invariant. Then Wr(h) leave also Hi invariant.
Thus we have two CCR representations

g3 h— Wr(h)

Ho’

g3 h— Wr(h)

Hy
Let K, Nw,i denote the corresponding spaces of vacua and the operators defined by (4.4) for

the representations 1 = 0,1. Then
(420) ’Cﬂ' = ]Cﬂ',O @ ’Cﬂ',b

(421) Nﬂ' = NW,O @ Nﬂ-,l-

Lemma 4.7 The operators Wr(h) preserve RanQ, for h € g.

Proof. Since Q is isometric, Q;(K; ® I'gn(g)) is dense in RanQ,. It is also preserved by

¢=(h), h € g, and consists of vectors analytic for ¢.(h). Hence, it is also preserved by W (h) =
eonh) [

Proof of Theorem 4.3. By Lemma 4.7, we are in the situation of Lemma 4.6 and we have
two CCR representations in Hy = Ran{); and in H; = Hé.
By the definition of N, we have

N7r = N7T,0 S N7T,17

where D(Ny.1) = {0}. We check immediately by (4.3) that Ny o = Ny . )
We know that Kr C Ho, hence Kr1 = {0}. By Lemma 4.5, this implies D(N1 ) = {0}.
Therefore, N, = N,. O
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5 Gaussian random processes and the (J)-space representation

In this section we describe the ()—space representation of Fock space and discuss the notion of
Wick ordering associated to a Q—space representation. We also recall the notion of hypercon-
tractivity, following [S-H.K, Sil].

5.1 Gaussian processes

Let f be a real Hilbert space with the scalar product (hy, he), hy,ho € . Let @ be a space with
a o-algebra Q and a probability measure . Let Exp(F') denote fQ Fdu, for any measurable

function F on Q. A linear map
(5.1) f>h— ¢(h)

into measurable functions on @ is called a Gaussian random process if
Exp (6(h)%) =277(h,h)",  Exp (¢(n)**') =0,

or equivalently
- 1
Exp (el¢(h)) = exp <2(h, h)) .

Proposition 5.1 The following conditions are equivalent:

(1) Q is the smallest o-algebra for which ¢(h), h € § are measurable;
(2) L*(Q, i) is spanned by ¢(h)"™, h € §;

(8) L(Q, ) is the smallest W*-algebra containing ¢*™) | h € f.

We refer to [Sil, Lemma I.5] for the proof.

If the conditions of the above proposition are satisfied, then one says that the process (5.1)
is full. If not, one can always make it full by choosing a smaller o-algebra of subsets of Q.
(Obviously, this procedure does not change the Hilbert space spanned by ¢(h), nor the W*-
algebra spanned by eid’(h)). Let us assume that the random process (5.1) is full.

Let P, denote the projection onto polynomials of degree n in ¢(h), h € §, inside L*(Q, u1).
For any hi,...,h, € f we define

:¢(h1> t ¢(hn) = (]1 - Pn—1)¢(h1) T ¢(hn)
We recall the well known Wick identities

[n/2]

)= E () (= )™
(5.2) /2]
GO = S ey 00" (h(h, R

5.2 ()—space representation of Fock space

Let b be a Hilbert space with a complex conjugation ¢, that is an antilinear map ¢ : h — b such
that ¢ = 1 and (ch|cg) = (g|h). We set b, := {h € h | ch = h}. Let M. C B(['(h)) be the
abelian Von Neumann algebra generated by the Weyl operators W (h) for h € h.. The following
basic result follows from the fact that € is a cyclic vector for M, (see eg [S-H.K]).
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Theorem 5.2 There exists a compact Hausdorff space Q, a probability measure p on QQ and a
unitary map R such that

R:T(h) — L*(Q,dp),
RQ =1,
RM.R* = L>=(Q,du).
where 1 € L?(Q,du) is the constant function equal to 1 on Q. Moreover,
RT'(c)u = Ru, u € T'(h),
and be > h+— Ro(h)R* is a full Gaussian random process on Q.

The space L?(Q, du) is called the Q—space representation of the Fock space I'(h) associated to
Me.
The following property of the Q—space representation is often useful (see [Sil, Prop.1.7]).

Proposition 5.3 Let h = by @ bo, where b;,7 = 1,2 are Hilbert spaces with conjugations c;.
Equip b with the conjugation ¢ = c¢1 @ ca. Then as Q—space representation of the Fock space
I'(h) one can take L*(Q,du) for

Q= Q1 %X Qa, 1 = 11 @ pa,
where L?(Q;,du;),i = 1,2 is the Q—space representation of I'(b;). We have
RU = R ® Ry,
where U : T'(h1) @ ['(h2) — I'(h) is defined in Subsect. 3.8.

To simplify notation, we will often omit the unitary transformation R in the formulas.
Similarly a function V' on @) will be identified with the operator of multiplication by V on
I'(h) = L*(Q, dp).

In particular an element of I'(§) = L?(Q,du) can be considered as a multiplication operator
on I'(h), ie as an unbounded operator affiliated to the Von Neumann algebra 9M.. For v € T'(p)
this operator will be denoted by Wick.(v). It is the unique operator affiliated to 9. such that
Wick,(v)2 = v. For instance, if h € h = @_b:

Wick.(h) = a*(h) + a(ch).

One can generalize this formula to an arbitrary v € I'ay(h), by writing Wick.(v) as a Wick
polynomial.

Proposition 5.4 Let v € Tgy(h). Then
Wick.(v) = Wick(y.(v)),

where
Ye(v) : Tin(h) = Cen(h)
1s defined by
(5.3) (us|ye(v)ur) == (IT(c)us ® ua|N1"20), ug, us € Dgn(h).
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Proof. The proposition follows from Prop. 5.6 below. In fact by linearity we may assume that
v =Ia*(h;)Q. Using then the concrete expression of 7.(v) given in Prop. 5.6 i) we easily check
the proposition. O

Proposition 5.5
i) Ye(v)2 =,
ii) Ye(v)L'(c) = T'(c)ye(I(c)v),
iii) if v € &8, 7.(v) € & B(@h, &2 D).

r=0

Using the identity (3.16) (which is also true for antilinear ¢) we see that 4i) in Prop. 5.5 is
equivalent to the identity
I'(c)Wick,(v) = Wick.(T'(c)v)I'(¢),

which in turns follows from the fact that I'(c) is simply the complex conjugation on L?(Q,dpu).
Proposition 5.6 i) Let v = IT{a*(h;)Q. Then:
Wicke(v) = Xjcqu,..py Wiera™ (hi)igra(chs),

Ye(v) = ZIC{l,...,p} ‘ %% hl)(?ﬁ_ chil.

ii) (Wick’s theorem). For h € b.:

1 £ r * r —r
:p(h)P:= W; ( » > a*(h) a(h)P".

Proof. it is easy to verify that the operator in the right hand side of the first identity of i)
commutes with ¢(h), h € b, and maps 2 onto v. Hence it equals Wick.(v). The second identity
of i) follows then from Thm. 3.12 v). To prove i), we first claim that : p(h)P: Q = 2p%a*(h)pﬂ.
In fact the r.h.s. is orthogonal to the polynomials in ¢(h;), h; € b, of order less than p — 1 and
differs from ¢(h)PQ2 by a polynomial of order less than p — 1. Hence it equals : ¢p(h)P: Q. Now i)
follows from i) and the fact that since : ¢(h)P: is affiliated to M., Wick.(:¢(h)P:)Q =:¢p(h)P:. O

If h = L?(IR,dk) and the conjugation c is defined by h(k) = h(—k), (which will be the case
in the P(y)2 theory), and v € ®?L*(IR), then using the notation (3.13) we can write:

Wick,(v)

= 3 (V) Sl R )
“(

xa*(ky)...a*(kr)a(=krs1) ... a(—kp)dky - - - dk,.
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5.3 Hypercontractive semigroups

Let (Q, 1) be a measure probability space.

Definition 5.7 Let Hy > 0 be a selfadjoint operator on H = L*(Q,du). The semigroup e~ tHo
is hypercontractive if

i) e7t0 js a contraction on LY(Q,du) for allt > 0,

1) 3T,C such that

e 0l @ < Cl¥ 2 @an:

The abstract result used to construct the P(¢)e Hamiltonian is the following theorem, due to

Segal ([Se]).

Theorem 5.8 Let e 0 be a hypercontractive semigroup. Let V' be a real function on Q such
that V € LP(Q,dy) for some p > 2 and eV € LY (Q, dy) for allt > 0. Let V,, = Iyv|<myV and
H, = Hy+V,,. Then the semigroups e *H» converge strongly on H when n — oo to a strongly
continuous semigroup on H denoted by e tH . [Its infinitesimal generator H has the following
properties:

i) H is the closure of Hy +V defined on D(Hp) N D(V),

it) H is bounded below:

H>—c—Inle” | o@.apn

where ¢ and p depend only on the constants C and T in Def. 5.7.

The following technical result (see [Sil, Lemma V.5] for a proof) will be used later to show that
a given function V on @ verifies e € L (Q, du).

Lemma 5.9 Let for k > 1, Vi,V be functions on Q such that for some n € IN

IV = Viller@apy < Clp— 1)k,
(5.4) (Q.dp)
Vi, > —C(Ink)™

Then
p{g € QIV(g) < —2C(Ink)"} < Ce™*"
for some o > 0. Consequently e="V € LY(Q, du), ¥t > 0.

The following theorem of Nelson (see [Sil, Thm. 1.17]) establishes a connection between
contractions on h and hypercontractive semigroups on L2(Q,du).

Theorem 5.10 Let r € B(h) be a selfadjoint contraction commuting with c. Then

i) UT(r)U* is a positivity preserving contraction on LP(Q,du), 1 < p < co.

i) if ||r| < (p—l)%(q— 1)_% forl < p,q < oo then UT(r)U* is a contraction from LP(Q,du)
to LY(Q,du).

Combining Thm. 5.10 with Thm. 5.8, we obtain the following result.
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Theorem 5.11 Let b be a Hilbert space with a conjugation c. Let a be a selfadjoint operator
on b with
(5.5) la,c] =0, a>m>0.

Let L?(Q,du) be the Q—space representation of I'(h) and let V be a real function on Q with
V € LP(Q,du) for some p > 2 and eV € LY (Q, du) for all t > 0. Then:

i) the operator sum H = dI'(a) + V is essentially selfadjoint on D(dl'(a)) N D(V).

it) H> —C, where C depends only on m and He_VHLp(deu), for some p depending only on
m.

Note that by applying Thm. 5.10 to a = (¢ — 1)_%]1;) for ¢ > 2, we obtain the following lemma
about the LP properties of finite vectors in I'(h) (see [Sil, Thm. 1.22]).

Lemma 5.12 Let v € ®'h and ¢ > 2. Then

IRV La@,an) < (¢ — 1) 2|3

6 The spatially cut-off P(p), Hamiltonian

In this section, we recall some standard facts about the construction of the spatially cut-off
P(p)2 Hamiltonian. Some of these facts are presented in a slightly more general form, which
will be useful later when we will consider the Mourre theory for P(¢)e Hamiltonians.

6.1 The spatially cut-off P(¢), model

We recall now the definition of the spatially cut-off P(¢)s model that we will study in this paper
(see for example [GJ1, S-H.K]). P(¢)2 models describe quantum field theories in 2 space-time
dimensions, which means that the 1—particle Hilbert space b is taken equal to L?(IR,dk). We
normalize the Fourier transform by

F: AR, dz) — L2(RR, dk),
Fx(k) = x(k) = [ e Fox(x)da.

The complex conjugation is the map ¢ defined by ch(k) = h(—k), which corresponds to the usual
conjugation f — f on L?(IR,dz) by Fourier transformation. The bosonic Fock space I'(h) will
be denoted by H.

We fix the dispersion relation

RSk wk) = (k2 +m?)2, m > 0.

The kinetic energy is Hy = dI'(w).
Let us now define the interaction term. Let

(6.1) o(z) = /e_ilm (a*(k) + a(—k)) dk

w(k)?

be the local relativistic field operator defined in distribution sense.
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Note that the local field ¢(x) is denoted by a different variety of the letter phi than the Segal
field ¢(h), h € b (see Subsect. 2.2). It is useful to note that ¢(x) can be formally expressed in
terms of ¢ as follows. Set

F(k) = V2w(k) 2.
Let 7, : L*(IR,dk) — L*(IR,dk) be the translation by z, that is 7,h = e ***h. Then formally

(6.2) o(z) = ¢(1of).

Unfortunately, 7, f ¢ L?>(IR), so (6.2) has to be understood in distribution sense.

To remedy this one introduces UV-cutoff fields. Let x € Li(IR,dz) N L*(R,dz) with
J x(z)dzr = 1 and let kK > 1 be a large UV-cutoff parameter. We introduce for later use the
cutoff fields

ox(z) =k [oy)x(k(y —z))dy

(6.3) = J eI (@ (k) + a(=k) Sy
If one sets k
6 50 = VB D)

then one can write

‘pn(w) = QS(Txfli)

Note that since the function 7, f, (k) = e_ik“f((%)w(k‘)_% belongs to h., ¢ (z) is affiliated to the
algebra M.. We will set poo(2) := p(z).
To define the spatially cut-off P(p), interaction, we fix a real polynomial of degree 2n:

2n
(6.5) P(A) =Y a;N, with ag, > 0,

j=0
and a real function g € Li; (IR, dz) N L*(IR, dz) with g > 0. We set for k < oo:
(6.6) Vi = /g(az) :P(pg(z)): dx

which is an unbounded operator affiliated to .. We will see later that, when x — oo, Vj
converges in L?(Q, du) to a function V', which we will denote by

V= /g(:L‘) Pp(2)): da.

Alternatively one can view the multiplication operators Vi, and V as Wick polynomials, using
the discussion in Subsect. 5.2. In fact for p € IN, we have

Jg(x) :pu(z)?: dx

p
(6.7) =X ( f ) Jwp (ks ke gty k)
xa*(ky)---a*(kr)a(—=kry1) - - a(—kp)dky - - - dkp,
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for

(63) wplhy, - k) = (3 RIS k) 2.
1

From Lemma 6.1 and Prop. 6.5 below, we deduce that V and V,; are defined as unbounded
operators with domain D(N)™. This implies that the operator sum Hy + V is well defined as a
symmetric operator on D(Hp) N D(N™).

The construction of a unique selfadjoint extension of Hy + V' is outlined in Subsect. 6.4.
This Hamiltonian is denoted by

H=Hy+ /g(m) :P(p(x)): dx
and is called a spatially cut-off P(p)e Hamiltonian or simply a P(y)e Hamiltonian.

6.2 Assumptions on g

In this subsection, we discuss the various assumptions on the cutoff function g which will be
used in our paper.

A spatially cut-off P(¢)2 model is completely specified by the polynomial P and the cutoff
g. Let us introduce the following assumptions:

(A) g>0,g € Lh(IR,dz) N L*(IR, dz).

Assumption (A4) is a standard assumption needed to construct H as a selfadjoint operator. (This
assumption can be relaxed to g > 0, g € Lk (IR, dx) N L'(IR, dx) € > 0, see [Sil]).

(C) g € H3(RR).

Assumption (C) will be needed if degP = 4 to ensure that D(H) = D(Hp) N D(V). This fact
allows to give a simpler treatment of the Mourre theory for ¢4 Hamiltonians that does not use
the QQ—representation.

(Mm) (x-9,)Ygc L*(R,dz), j=1,...,m.

Assumption (Mm) is needed to define the commutators adjp,)V where a is the generator of
dilations on h as densely defined operators (a priori they are only defined as quadratic forms).

(Is) (z)%g € L*(R,dx), s > 0.

Assumption (Is) is needed for the scattering theory of spatially cut-off P(p)s Hamiltonians. In
particular (Is) for s > 1 is a short-range condition, under which the asymptotic fields and the
wave operators can be constructed.

(Bm) g(z) < Cy(y)(z —y)", |(z- ) g(z)| < Cg(x), 0<j <m.
Assumption (Bm) will be needed in Section 8 in order to be able to control the commutator

adgp () V. Note that (Bm) implies (Mm).
We will always assume (A). All other assumptions will be explicitly stated.
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6.3 Some properties of the interaction kernel

We collect here various properties of the interaction kernels wy, ., of the Wick polynomials V..
The following lemma is well known.

Lemma 6.1 The kernels wy, are in L*(IRP) for 1 < k < 00 and ||wpx — Wpoollr2rr) <
Cllgll2arys™c; € > 0.

Proof. We use the bound »
(69) Hllja Z i CL] p/ p— 1)7

which follows from the fact that ,
(IEA)P < SN,
1

p/(p=1) : -3

applied to A; = II;4a; Applying (6.9) to a; = w(k;)"2 we obtain that w, . and hence

wp,; for kK < oo belong to LQ(]Rd). The bound on ||wp x — wp || is & direct computation, using
(6.9). O

We deduce from Lemma 6.1 the following result:

Lemma 6.2 The operators V(N + 1)~ are bounded on H for 1 <k < oo and ||(V — Vi)(N +
D™ < CllgllLeryx ™, € > 0.

Lemma 6.3 Let j € C*°(IR) with j =0 near 0 and j = 1 near infinity. Then for 1 <i < p:

O(R™*) under hypothesis (Is),
HJ( )prL2 (wmr) € { o(RY) under hypothesis (A).

Proof. It suffices to prove the lemma for ¢ = 1.
It follows from (Is) that § belongs to the Sobolev space H*(IR). Let us first check that

(6.10) | Dy, |*w, € L*(IRP).

By interpolation it suffices to check this for s € IN. We see that 0§ wp is a sum of terms of the

form
P

GO kw2 (k) T (k) 2,
1
where s = s1 + so and hence §(*1) € L2(IR). Since §(*V) belongs to L*(IR,dk), the bound (6.9)
gives that O} w, € L*(IRY), and hence (6.10) is true. Next we note that since j vanishes near
the origin, j(z) = |z|*js(x), where js is bounded. Now

Al . _Dkl —s - _Dkl s
—) = = s D .

and by the spectral theorem, j4(
follows then from (6.10). O

71;’“1 ) is a uniformly bounded operator on L?(IR?). The lemma
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6.4 Existence and basic properties

We summarize now standard results on the existence of the P(y), Hamiltonian( see [GJ1, Se,
S-H.K, Rol]).

Theorem 6.4 Let P be a real, bounded below polynomial of degree 2n and g > 0, g €
LE(R,dz) N L*(IR, dx). Then:

i) the Hamiltonian H = Hy +V for V.= [g(x) : P(p(z)) : dx is essentially selfadjoint on
D(Ho)ND(V).

ii) there exist b,C > 0 such that the following first order estimates hold

(6.11) Hy < C(H +b),

(6.12) N < C(H +b).

Proof. i) follows from Thm. 5.11 using Lemma 6.6 below. i) follows from Thm. 5.11 with a
replaced by (1 — €)a. (6.12) follows from (6.11). O

Proposition 6.5 Let P(\) be a real polynomial of degree 2n as in (6.5) and P(\) be a real
polynomial of degree < 2n. Assume that the coefficient ag, of P(X) and ag, of P(X\) satisfy
|agn| < agn. Let g, € Lz (R, dz) N L*(IR, dx) be two functions with g > 0,]g| < g. Let

g / (@) P(p(x): da.

Then V is a multiplication operator in the Q—space representation and there exist C, b such
that .
V| < C(H +D).

The above theorem and proposition follow from the next lemma, where we collect some
well-known properties (see eg [Ne, Se, S-H.K]) which show that the P(y)2 interaction is a
multiplication operator in the (Q—space representation.

Lemma 6.6 Under the conditions of Proposition 6.5, set

Wi=C [ g@) :P(p@): ~(x) : Plo(w)): do.

Then W is a multiplication operator in the QQ—space representation. Moreover W € LP(Q,du)
for all p < oo and ||e™™W || 11(0.4u) depends only on P, P and ||g|l 11 (r)nz2(R)-

Proof. Note first that since |§| < g, [|gl|z1 r)nz2(r) I8 less than [|g]| 11 wr)nz2(r)- Let for £ > 1
W, be the cutoff operator defined as in (6.6). Both W and W,, are Wick polynomials. Applying
Lemma 6.2 we see that W(N + 1)~™ is bounded and

(6.13) (W = W) (N + 17" < Cllgll2grys™ € > 0.
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We have seen at the end of Subsect. 6.1 that W, is a multiplication operator by a function W,
on Q. Moreover W, € L*(Q,dp) since [|Wllr2(0au) = [[WkQl3 < co. Next it follows from
(6.13) that W, is Cauchy in L?(Q,du) and hence converges to W in L?(Q, du) when k — +o00.
We note then that WQ € ®2"h since W is a Wick polynomial of degree 2n, which by Lemma
5.12 implies that W € LP(Q, du) for all p < oo.

To bound He_tW||L1(Q7dM), we will use Lemma 5.9, checking that the constants C, e, n there

depend only on P, P and 9l L @rynz2@r)- The first bound of (5.4) follows from (6.13) and
Lemma 5.12. To check the second bound, we use the Wick identities (5.2), which yield

2n  [p/2] ) Ly
Plon@)i= £ ar = byrllon@l T pn(oP?,
(6.14) . p27n [p72]

Plon(a))i= 32 ap 3 byellon(@)U on(e)

for b, 0 = 1. Hence as an inequality between functions on @ we have:

(P (os(2)): =] Plpu(@)): | > Fa(on(@)),

for
2n [p/2]

(6.15) Fe(N) =D > eprllon(@) AP,
p=0 r=0

and c2,0 = a2, — |G2s|. If we apply the bound a?"v?=2" < eb? + C.aP to all terms in (6.15) for
p < 2n and use that ag, — |ag,| > 0, we obtain

(6.16) Fe(A) 2 =C(llpn(@)Q2)*" +1).

By a direct computation, we check that ||¢. ()| = [|¢x(0)Q2]] € O(In n%) This gives

Wi = [9(@):P(px(x)): —g(z) : P(¢n(z)): da
> [ g(x) : Pp(2)): —g(x)| : P(pn()): |dz
> —Cllgllpr ) (0 k)™ + 1),

which proves the second bound of (5.4), with a constant depending only on ||g||;1(r). O

7 Higher order estimates

In this section we will state some higher order estimates which will be very important in the
sequel. These higher order estimates are due to Glimm and Jaffe [GJ2] for the ¢4 model and (in
a more general form than here) to Rosen [Ro2] for the general P(¢)2 model. Note however that
the proof in [Ro2] is only valid under the additional hypothesis that g € C§°(IR) (see Remark
7.5). In this subsection we will explain the modifications to Rosen’s proof necessary to treat the
general case when g € Li (IR, dx) N L?(IR, dx). The reader may also consult [Si2] for a review
of higher order estimates.
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Theorem 7.1 Assume hypothesis (A). Then there exists b > 0 such that for all o € IN, the
following higher order estimates hold:

[NY(H +b)~¢[| < oo,
(7.1) |HoN“(H + b)"""%|| < oo,
|N®(H +b)"Y(N + 1)17¢| < c0.

In the case of the ¢3 model a better estimate is known.

Theorem 7.2 Assume degP =4 and hypothesis (C). Then there exists b > 0 such that
[ Ho(H +b)~}| < o0.
Consequently D(H) = D(Hy) N D(V).

Proof. The proof given in [GJ2] for g € C5°(IR) is still valid under hypothesis (C). In fact one
first proves that if W = [ g(z) :px(2)P: da for p < 4 then (see [GJ2, Equ. 2.17]):

4
Arrrs 1 _ 1
I(Ho + 1)~ [Hg , [Hg , W]](Ho + 1) 7'[| < Cllw2 Y ki)wpll 12 (ma-
1

1 11
(Note that the expressions W, [HF, W] and [Hg, [Hg, W]| are well defined as quadratic forms
1

on 8 = Iy (C5(IR)) since HE preserves S). One uses then Jaffe’s double commutator trick (see
eg [Si2, Sect. 4]) to obtain that as quadratic forms on S

(7.2) H? > c¢(HE +V?) —d.

Now it follows from the higher order estimates that any core for Hy is a core for H, and in
particular S is a core for H. Hence (7.2) extends to D(H), which proves the theorem. O

Remark 7.3 The importance of the higher order estimates comes from the fact that the domain
of H is not known explicitly. In particular, the question if D(H) = D(Ho)ND(V) is still an open
problem, except for the o3 model, where this result was shown by Glimm and Jaffe in [GJ2]. This
means that for u € D(H) the identity Hu = Hou+Vu does not make sense for the general P(p)s
model. However a consequence of the higher order estimates is that D(H™) C D(V) N D(Hp) so
that this identity makes sense for v € D(H™).

The proof of higher order estimates in [Ro2| is based on the pullthrough formula, which
gives an expression for the multi-commutators of annihilation operators a(k;) with the resolvent
(H — z)~!. The technical problem is that in order to make sense of these formal computations
one needs a subspace D of H which is in the domain of all powers of creation operators and on
which H is essentially selfadjoint.

To circumvent this difficulty, Rosen introduced cutoff Hamiltonians for which the interaction
acts only on a finite number of degrees of freedom. In a (Q—space representation these cutoff
Hamiltonians become differential operators, for which the construction of a subspace D with the
above properties is easy. The higher order estimates are then shown for the cutoff Hamiltonians,
with constants uniform in the cutoff parameters. The proof is then completed by taking the
cutoff to infinity.
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7.1 Cutoff Hamiltonians

In this subsection we introduce the U.V. cutoff Hamiltonians used in the proof of the higher
order estimates.

Let § be a Hilbert space equipped with a conjugation c. Let 71 : b — b1 be an orthogonal
projection on a closed subspace by of h with [m1,¢c] = 0. Let hll be the orthogonal complement
of h1. In all formulas below we will consider 7; as an element of B(h, h1). With this convention
the orthogonal projection on b, considered as an element of B(h, b), is equal to 7im.

Let U : T'(h;) ® I'(h) — T'(h) the unitary map defined in Subsect. 3.8. We denote by
L?(Q1,du1), L*(Qf,dui) the Q—space representations of I'(h1), T'(h). Recall that by Prop.
5.3, we may take as (Q—space representation of I'(h) the space L?(Q,du) for Q = Q1 x Qf,
p = p1 ® pi. Accordingly we denote by (qi,¢i) the elements of Q = Q1 x Q5.

If W e B(I'(h)) we set:

B(D(n)) 5 LW := U(T(m)WT(r}) ® 1)U".
Lemma 7.4 i) If w € Bg,(I'(h)) then
(7.3) I3 Wick(w) = Wick (T (7m )wl (7] m1)).

i) If V is a multiplication operator by a function in L*(Q,du) then II1V is the operator of
multiplication by the function

(7.4) WV = [ Via)at
1

Proof. To prove i) we may assume by linearity that
q p
w = | (E?s hi)(%sgi‘;

for which the verification of i) is easy. To prove i) we first deduce from Prop. 3.5 that I'(m )U =
1®182)(£2|. This implies that as a multiplication operator on Q1, I'(m)VT'(7]) is given by (7.4).
Then one uses Prop. 5.3. O

In particular if W = II{a*(h;)Il{a(g;), then
(7.5) LW =Ta* (rimh) I a(riT1g:).
Let now {m, }new be a sequence of orthogonal projections on h such that

(7.6) Tn < Tntls [Tn,c] =0, s lim 7w, =1,

n—-4oo

and let II,, the associated maps defined by (7.3). Using the representation (7.4) it is shown in
[S-H.K, Prop. 4.9] that

i) I,V — V in LP(Q,du), when n — oo, if V € LP(Q,du),
(7.7) -
i) le™ ™V 1 0.am) < 1™Vl La(@uap)-
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Let us now specify the particular sequence of projections corresponding to the lattice regular-
ization and volume cutoff used in [Ro2]. For v > 1 we introduce the lattice v=!1Z and let

R>k— [k, cv'Z

be the integer part of k defined by —(2v)~! < k — [k], < (2v)~L. For v € v~™1Z, we denote by
ey € b the vector e, (k) = v%]l],(gv)_ly(%)_l](k —7) and set a*(v) := a®(e,). For k € [1,+oo[ an
UV cutoff parameter, we denote by I', the set v1ZN{|y| < K}, by by, the finite dimensional
space spanned by {e,}+er, ,, and by 74, the orthogonal projection from b onto by .

Let us fix a sequence (ky, vy,) tending to (0o, 00) in such a way that

(78) ]‘_‘Hnyvn - ]‘_‘K/n+lavn+17

We denote by I',, the finite lattice Iy, ,,, and choose as m, the projection on b, := b, +,, which
satisfies (7.6).
IfV = [g(z):P(p(z)): dz, we define the cutoff interaction:

V, =11, V.
Using (7.5) and (6.7), we obtain the following explicit expression for V;:

degP

(7.9) Vo= ap [ 9@) pua)s do,
p=0

where
p
(7.10) ISOn(CU)p:: Z < I; > Z a*(’)/l) - a*(,),r)a(—’yr+1) ... a(_’Yp)HZl)Mn(Z', %)7
=0 Y1y ¥p €L
and
1 +(2vn)71 ) L
(7.11) ;Ln(l','y) =g / 1 e_l<x’7+k>w(7 + k‘)_idk‘
—(2vp)~

Remark 7.5 Our definition of the cutoff interaction is different from the one used in [Ro2]. In
fact the cutoff interaction used there is obtained by replacing the orthogonal projection m, : h —
bn by the unbounded operator:

h+— Z viéh('y)ey.
'YEFNnaUn

With this convention, it is easy to see that for example V,Q will not converge to VQ for an
arbitrary g € Liz (R, dz) N L*(IR, dz).

To define the cutoff kinetic energy, we set as in [Ro2]:

wn IR — 1R,

wn (k) := w([klv,)-
Since [wy, m,] = 0, the operator w, acts on b, and h-. By Prop. 3.5, we have:
(7.12) Hop = dD(wp) = Uy (d0(wnly ) @ 1+ 16 dD(wal,1)) Uy,

where U, is the unitary operator between T'(h,) ® T'(h;-) and T'(h). The cutoff Hamiltonian is
then defined as:
H, = Hy, + V.
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7.2 Properties of the cutoff Hamiltonians

In this subsection we collect some properties of the cutoff Hamiltonians which are needed to
prove the higher order estimates. These properties are: existence of a suitable domain of essential
selfadjointness, uniform lower bounds and finally resolvent convergence to the Hamiltonian H.

Proposition 7.6 (Ro2) The Hamiltonians HJ, j € IN are essentially selfadjoint on

Proof. As in [Ro2], we have:

Up HoUp = Hy @ 1+ 1@ dT (wnly 1),

for H, = dF(wn]hn) + Vj,. Since b, is finite dimensional, in the Q—space representation H,
becomes a differential operator —A + W(z) for W a bounded below polynomial, acting on
L2(RY™Y dg). By [GJ3, Thm. 2.2.6] HJ is essentially selfadjoint on I'g,(h,) for j € IN. The

arguments in [Ro2] give then the proposition. O
Proposition 7.7 Let for n € IN, g, € Lz (IR, dz) N L*(R, dz) with |§,| < Cg and P(\) a real
polynomial of degree less than degP — 1. Then there exist constants a,b > 0 such that

HO,n < a(Hn + b),

J gu(2) : P(en(x)): dz < C(Hp + ).

Proof. Let

W = [ gw) s Pe(@): ~gnla) s Plp(): d,

and W,, = IL,W". By Lemma 6.6 ||e_thHL1(Q,du) is bounded uniformly in n. Hence by (7.7)
|le=tWn |21 (Q,dp) is bounded uniformly in n. On the other hand Hy ,, = dI'(wy), where wy, satisfies
(5.5). It follows then from Thm. 5.11 that Hy, + W), is bounded below uniformly in n. This
shows the second bound in the proposition. The first one follows from the same argument,
replacing Ho, by (a —1)Hp,. O

Finally the following result is shown in [S-H.K, Prop. 4.8].

Proposition 7.8 For z < —b:
(Hy, —2)"' = (H — 2)7' in norm

when n — —+00.
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7.3 Proof of the higher order estimates

We now explain the modifications to the proof of Rosen [Ro2] needed in our case. The only
places where modifications are needed are the ones where the interaction V;, appears, ie in [Ro2,
Lemma 4.4]. We define for I ={1,...,s}, k; e R, i € I:

V= ady,) -+ adg(,) Va,
which is well defined as an operator on D,,. The analog of [Ro2, Lemma 4.4] is now:

Lemma 7.9 There exist b,c > 0 such that for all A\, 2 < =b, (Hy, — X2)~ 2V (H, — /\1)7%
defined on (H, — )\1)2Dn extends to a bounded operator on H such that

[N

1(Hn — A2) "2V (Hy — M) 72| < elBw(ks)~

Proof. Using (7.10) and the commutation relation
* 1
[a(k), a” (V)] = ey (k) = v26(7, [k]),
for
N lify = ’7/7
o) = { 0 otherwise ’

we obtain that:
[a(k),: P (x):] =0, if |k| > Ky,

and
d D * *
[a(k),: ¢h(2):] = TZ()T( - )ng,...,wpel“na (v2) -+~ a*(yr)a(=yr+1) -+~ al=p)
1
X’UT% :U%(xa [k]vn)Hg/‘n(x77i)v
if |k| < k.
We obtain

Vi = = Ik <ny (i vy/? / D)L i (2, [l ) = P (pn () da.
For fixed (ki,...,ks), the operator V! is of the form:

/gn(m, ki,..., ks) Q(gpn(x)) dx

for
Gnl@ K, k) = v g ()T M ggry <y (i) pon (2, K,
and Q(\) = P®)(\). Since
w(7)

sup ——— < cp,
veTy k<1 w(v + k)
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we have: )

[ (2, )| < cow (k) Fv, %,

which yields
- s _1
|Gn (@, Ky, oo k)| < cog(@)Mw(k;) 2.

Applying then Prop. 7.7, we obtain that
|(H, + b)_%VnI(Hn + b)_% | < C’H‘{w(ki)_%, uniformly in n,

which implies the lemma. O

7.4 Number energy estimates

In this subsection we state a consequence of the higher order estimates which will be used in
the sequel. We will denote by H®*' the Hamiltonian H ® 1 + 1 ® Hy, acting on the extended
Hilbert space H*** = T'(h) ® I'(h).

We will use the following notation: let an operator B(t) depending on some parameter ¢ map
N, D(N™) C 'H into itself. We will write

(7.13) B(t) € (N +1)"On(t?) for m € R if

[(N +1)"" " B(t)(N + 1)F|| < Cp(t)?, keZ.
If (7.13) holds for any m € IR, then we will write

B(t) € (N +1)"0nN(t?).

Likewise, for an operator C(t) that maps N, D(N™) C H into N, D((Np + Neo)™) C H™ we
will write

(7.14) C(t) € (N +1)"Opn(tP) for m € R if
[(No + Noo) ™)V + D < Cult)?, ke Z.
If (7.14) holds for any m € IR, then we will write

B(t) € (N 4+ 1)"®0n(t9).
The notation (N + 1)on(tP), (N + 1)™on(tP) are defined similarly.

Proposition 7.10 The following properties hold:
i) uniformly for z in a compact set of C we have:

(H-2)"te N+ 1D On(Imz™), meR.
ii) for x € C§°(IR) we have:

IN"X(H)NP|| < o0,m,p € IN.
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Proof. ii) follows directly from (7.1). To prove i), it is enough to prove that for m € IN
(N +1)™H - 2) " (N + )™ € O(|[Imz|™"), m € R.

We use an induction on m. For m = 0, i) follows from (7.1). Assume that 4) holds for m — 1.
Then we write:

N™(H —2) YN+ 1)t=™
= N™(H +b) "N+ 1)'"™(N + )" NH +b)(H — z) (N + 1)
=N"H+b) I (N+DI(N+ 1) 1A+ b+ 2)(H — 2)"H)(N +1)t™,

So i) for m follows from (7.1) and the induction hypothesis.O

7.5 Commutator estimates

In this subsection we estimate commutators between operators I'(¢), I(j) and the Hamiltonians
H and H®*. These estimates rely on the identities of Subsect. 3.12 and the higher order
estimates.

The following lemma is analogous to [DG1, Lemma 3.3].

Lemma 7.11 Let g € C’(‘)’O(IRd), 0<q<1,qg=1 near0. Set for R > 1, where ¢®(z) = q(%)-
Then for x € C°(IR):

R (N 4+ 1)"°0n (R~ ™0 ynder hypothesis (Is),
[T(g™), x(H)] € { (N +1)"0n(RY) under hypothesis (A).

Proof. Let us prove the lemma under hypothesis (Is), the proof under hypothesis (4) being
similar. We have [['(¢%*), N] = 0, hence T'(¢'?) preserves D(N"). By Lemma 3.4 1)

(715) [H07 F(qR)] = dr(qu [w’ qR])7
[w,q?] is bounded and hence [Ho,T'(¢®)](Ho + 1)~! is bounded. Therefore, T'(¢*) preserves
D(Hy).

Using that on D(Hg) N D(N™) we have H = Hy + V and TI'(¢?) preserves D(Hy) N D(N"),
the following identity is valid as an operator identity on D(Hy) N D(N"):

[H,T(¢"™)) = [Ho, T'(¢")] + [V, T (¢")] =: T
Using (7.15) and the fact that [w, "] € O(R™!), we get
[T(¢"), Hol € (N +1)On(R™),

and using Lemma 3.17 and Lemma 6.3, we have

[T(¢"), V] € (N +1)"On(R™),

which gives .
(7.16) T € (N + 1)"O(R~ (D),
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Now let

We want to show that
(7.17) N™R(2)(H +b)™ ™™ € |Imz|20(R~ ™) m >0,

(7.18) (H+b)"""™R(z)N™ € |[Imz|2O(R~ ™) m > 0.

By the higher order estimates (7.1) D(H™) C D(Hp) ND(N™), so the following operator identity
holds on D(H™1):
R(z)=(z— H) 'T'(z— H)™.

Now
INTR(2)(H +b)~" ™| < |[N™(z — H)"H(N + 1)~
X[[(N + 1) T(N + 1)~ |[(N 4 1) H A+ b)Y [|[(H +b) (2 — H) 7],

which proves (7.17), and (7.18) follows then by taking the adjoint.
If x € C§°(IR), we denote by x € C5°(C) an almost analytic extension of y, satisfying

>~<|IR =X
|0zx(2)] < Cp|Imz|™, n € IN.

We use the following functional calculus formula (see [HS, DG2]) for x € C§°(IR):

(7.19) V(A) = = / 0:%(2)(z — A)'dz A d=.
21 J¢
Let now x1 € Cg°(IR) with x1x = x and X1 an almost analytic extension of x;. We write:
N™[x(H),T(¢")]NP
= N"x1(H)[x(H),T(¢")N? + N™[x1(H),T(¢")]x(H)N?
=2 [0 0zX(z) N"x1(H)R(z)NPdz Ad Z
+or o 02X1 (2)N™R(2)x(H)NPdz A d Z.

Using Prop. 7.10 i), (7.17) and (7.18), we see that N™[x(H),T'\(¢"®)|N? is O(R~ (D) as
claimed. O

The following lemma is analogous to [DG1, Lemma 3.4].
Lemma 7.12 Let jo € C°(RY), joo € C®(RY), 0 < jo, 0 < joo, j2 + 42 < 1, jo = 1 near

0 (and hence joo = 0 mear 0). Set j := (jo,joo) and for R > 1 j% = (& jB). Then for
x € C5°(IR):

N +1)=®O0(R~ ™) under hypothesis (Is),

XHEOI () = I ()X (H) € { EN+1)‘ 0(R?) under hypothesis (A).
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Proof. Again we will only prove the lemma under hypothesis (Is). We have by Lemma 3.11 i)
(7.20) HS (1) — 1 (%) Hy € (N +1)On(R7Y).

This implies that I*(jf) sends D(Hy) into D(HS), and since I*(j)N = (Ng + Noo)I*(j7),
I*(j1) sends also D(N™) into D((Ng + Neo)™).
Next by Lemma 3.17 and Lemma 6.3 we obtain

(7.21) (Vo DI*(jB) — ' (F)V e (N + 1)"On(R™*).
This and (7.20) show that as an operator identity on D(Hp) N D(N") we have
(7.22) H™ (R — I*(JH e (N + 1)"On (R~ ™in(15)),

Using then the higher order estimates (7.1) and the fact that I*(jf) sends D(Hp) into D(H§*)
and D(N") into D((No + Nso)™), we obtain the following operator identity on D(H"):

R(z) = (z—H™)'I*(j%) = 1*(j%) (> — H) ™
= (z = H) (I (GR)H — HI* (7)) (= = H) L.

Using Prop. 7.10, we see that
(7.23) (No + Noo)™R(2)(H + b)™™ ™" € O(|Imz|"?) R~ (1),
(7.24) (H™" 4+ b)"™ "R(z)N™ € O(|[Imz|?)R~ ™1,
Let us again pick x1 € C§°(IR) with x1x = x. We have:

(No + Noo) "X (HO)I*(j7) — I* (%) x (H)N™

= (No + Noo)™xa (H*) (x(H) I (j%) = I (%) (H) ) N™

+(No + Noo)™ (1 (HE)I* () = I* (%) xa (H) ) x (H)N™

= 3 [ 02X(2) (No + Noo)™x1 (H*Y)R(2) N™dz A d Z

+5= Jo 02X1(2) (No + Noo)™R(2)x(H)N™dz A d Z.

Using Prop. 7.10 i), (7.23) and (7.24), the above operator is O(R™ ™ (1) as claimed. O

8 A conjugate operator for P(yp), Hamiltonians

8.1 Introduction

This section is devoted to the study of a conjugate operator for P(p)s Hamiltonians. The
central point of the construction of a conjugate operator A for a Hamiltonian H is the proof
that the quadratic form [H,iA] defined on D(H) ND(A) extends as a bounded operator from
D(H) to D(H)* which is locally positive, ie such that Ia(H)[H,1A]IA(H) > cola(H) + K, for
co > 0, A C IR an open interval and K a compact operator. However the local positivity of the
quadratic form [H,iA] is not sufficient to apply the Mourre method. Additional conditions on
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H, A are needed. It seems that the weakest property one can impose is the property that H is
of class C1(A), introduced in the book [ABG].

Let us recall the precise definition. First let us define this property for a bounded operator
B on H. Let A be a self-adjoint operator on H. We say that B € C*(A) if the map

S — elsABefisA

is C! for the strong topology. The condition that B € C'(A) can be characterized in terms
of the commutator [B, A]. Namely (see [ABG, Lemma 6.2.9]) B € C'(A) if and only if the
quadratic form on D(A)

Q(v,v) = (Av, Bv) — (B*v, Av), v € D(A)

satisfies
(8.1) 1Q(v,v)| < C|lv? v € D(A).

Let us note the following consequence of the C(A) property, proven in [ABG]:

Proposition 8.1 Let B be bounded and B € C*(A). Then B maps D(A) into itself, so that the
expression [A,i1B] makes sense as an operator on D(A) and

d . .
geISABe_ISA = [A,iB].

For an arbitrary self-adjoint operator H [ABG] propose a different definition (which is equiv-
alent to the one above for bounded H): H € C!(A) if for some z € o(H) the map

S — eisA(Z _ H)flefisA

is C! for the strong topology. These are some of the consequences of the fact that H € C1(A)
(see [ABG, Thm. 6.2.10, Prop. 7.2.10)):

Proposition 8.2 Let A, H be self-adjoint and H € C'(A). Then the following is true:

i) For z ¢ o(H), (2 — H)™! maps D(A) into itself, the space (z — H)"*D(A) does not depend
on z and is a dense subspace of D(A) ND(H).

ii) D(A) N D(H) is dense both in D(A) and in D(H).

iii) The quadratic form [H,iA] on D(A)ND(H) extends uniquely to a bounded operator [H,iA]o
from D(H) to D(H)*.

w) For any A € IR, the virial relation Ny (H)[H,iAlolxy(H) = 0 holds.

In our case the application of the Mourre method to P(y)2 Hamiltonians runs into two
related problems. The first problem is that (except for the ¢3 model) the domain of H is not
explicitly known. (This indicates that it is unlikely that the stronger set of conditions introduced
in the original paper of Eric Mourre [Mo], which require in particular that ¢'*4 preserves D(H),
can be checked for P(¢)2 Hamiltonians).

The second problem is that the actual computation of [H,1A], needed to prove its positivity,
cannot be done easily on D(A) N D(H), since the identity H = Hy + V needed to do this
computation does not make sense on D(H). For general P(y)2 Hamiltonians, these two problems
will be addressed in Thms. 8.4 and 8.7 below. If degP = 4, a simpler argument, using the Wick
calculus instead of the QQ—representation can be used to show that H € C1(A). This is done in
Thm. 8.8
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8.2 Analysis of [H,iA] part I

Let a = (v Dy + Dy - ) = —3(k - Dy + Dy, - k) be the generator of dilations on L*(IR, dk). We
denote by A the second quantized generator of dilations

A :=dl(a).

We put
Hél) := [Hy,1A] as a quadratic form on D(A) N D(H,),

(8.2) VW) .= [V,i4], as a quadratic form on D(A) N D(N™).
HW .= [H,iA], as a quadratic form on D(A) ND(H™).

Remark 8.3 It is important here to define the quadratic form [H,iA] on D(A) N D(H™). In
fact from the higher order estimates (7.1), we know that D(H™) C D(Hp) N D(N™) so that on
D(A)ND(H"™) we have [H,iA] = [Hy,1A] + [V,i4].

By a direct computation we see that H(gl) extends uniquely as a bounded operator from
D(Hy) to M (still denoted by H"), equal to dT'(k - Vew(k)).

Note that the operator e*® commutes with the conjugation c¢. Therefore, since V is a
multiplication operator on Q-space, so is V1. In this subsection we will study properties of
V() which follow from the assumption (M1) and its expression as a Wick polynomial.

It is convenient to introduce the notation Hg = eiSAHe*iSA, Hy, = eiSAHoe*iSA,VS =
e*4Ve 4 We have Ho s = dI'(ws), for ws(k) = w(ek), and using (3.18), we see that V
is a Wick polynomial with the kernels w, s = I'(e!*%)w,,.

Theorem 8.4 Assume hypothesis (M1). Then
i) the form V1) extends to a bounded operator from D(N™) to H. It is a multiplication
operator on Q-space by a function in Q LP(Q,dp).
p<oo

i) the form HO extends uniquely as an operator still denoted by HY) bounded from D(H™)
into 'H.

i) for all z € o(H), forr > 2n, (2 — H)™" € C1(A) and hence the following identity holds
as an identity between bounded operators from D(A) to H:

—r —r . d -r
(8.3) AH—-z)"=(H-2)""A+ 1£(H5 — 2) Lo
where .
(8.4) %(HS — )i o= D (H = 2) T (HEY + V) (H - 2)7 !
j=0

s a bounded operator on H.
iv) Assume in addition that degP = 4 and that hypothesis (C) holds. Then (z—H)™! € C1(A)
and the following identity holds as an identity between bounded operators from D(A) to H:

AH =2)" = (H = 2)""A+ (H — 2) " (= + VO (H - 2)~
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In the next subsection we will need to approximate V by V. Let us set
V(1) .= [V.,i4], as a quadratic form on D(A) ND(N™).

Proposition 8.5 Assume hypothesis (M1). Then
i) the form V,i(l) extends to a bounded operator from D(N™) to H. It is a multiplication operator
on Q-space by a function in <ﬁ LP(Q,dp).

p<oo

i1) as bounded operators from D(N™) to 'H, we have:

iii) For some € > 0
VO =Vl < Clo— 1), > 0.

Lemma 8.6 Assume hypothesis (M1). Then
i) uniformly in k,
dl'(a)wy .~ € L*(IRP), 1 < k < 00,

it) there exists € > 0 such that:

1AL (@) (wp,n = wp.c0) | L2(wr) € O(K™F).

Proof. We compute

dl'(a)wp o0

= (g(3] ki) ) TR (ki) ™2 + 527 G(F i) (aw (i) ~2) ) i ()2,
and

dl'(a)wp
— (g (S} k) JTIRR(E i) ™% + 520 95 k) (i) 3 R(50) ) Wi (k) 202,

Using (M1) and the bound (6.9), one sees that dI'(a)w,,,, € L*(IRF), 1 < k < oo.
Then one checks that

k
(8.5) la®(1 — X(—))w(k:)*%\ < C’\k|*%+€/<f€, for some € > 0 and o = 0, 1.
K

Using again (6.9) we deduce from (8.5) statement i) in the lemma. O

Proof of Theorem 8.4. Applying Prop. 3.13, we obtain the following identity between
quadratic forms on D(A) N D(N™):

p
(8.6) S f)fw,(,l)(kl,...,kr,kT+l,...,k:p)

46



where
wz(,l) = dI'(a)wy.

By Lemma 8.6 with x = oo, w;(,l) € L?(IR?). Hence, the ths of (8.6) defines a bounded operator

from D(N™) to H. Next we note that v e @?,’;0 ®P p, since V() is a Wick polynomial

of degree 2n. Hence by Lemma 5.12 VIVQ e Q LP(Q,du). Therefore, as a multiplication
p<oo

operator V1) ¢ pg)o LP(Q,dp). This ends the proof of i).

Let us prove #ii). For r € IN,z € C\o(H), the following identity makes sense (all terms are
bounded operators):

r—1

(8.7) (Hs—2)""—(H—-2)"=) (Hy—2)"""(H - Hy)(H — 2) 77",
j=0

We deduce easily from the explicit form of Hy s that

(8.8) | Hos(Ho +1)7Y| < C, uniformly for |s| < 1,

Since Ho s and Ho commute, this implies that D(H ;) = D(Hg) for 7 € IN. Since on the other
hand ¢'54 preserves N, we have

(8.9) (N +1)*(Ho +1)* < C(Hs + )", a >0, [s| < 1,

ie Rosen’s higher order estimates are uniformly valid for Hy, |s| < 1.
We will first show that for » > 2n

(8.10) sV(Hs — 2)™" — (H — 2)™") is uniformly bounded for |s| < 1.

To prove (8.10) it suffices to show that

(8.11) |((H, — 2" = (H = 2)")ull < Csllull, u € D(H), |s| < 1.

By the higher order estimates, D(H™) C D(Hy) N D(N™) and hence D(H™) C D(Hy) N D(V).

Hence we can write:

(512) (Hs—2)"" = (H—2)")(H+0b)™"
’ " (Hy — 2)"™(Hy — Hos + V — Vi) (H — 2) 91 (H + b) ™.

j=0
We note that (is)~}(Hos — Ho) = dT'((is7!)(ws — w)) and that
s-limg_0(is) "1 (Hos — Ho)(Ho + 1)1
(8.13) = H"(Hy+ 1)1,
I(Ho,s — Ho)(Ho +1)7"|| < Cls].

The same result holds for (is)™!(H + 1)1 (Hops — Ho).

For j +1 > n, we write:
(is)~(Hy — 2)7" (Ho,s — Ho)(H — 2) 79"

= (i) "(Hs — 2) ™" (Hos — Ho)(Ho + 1) (Ho + 1)(H — )7/,
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and for r — j > n we write:
(is)"'(Hs — 2)~"" (Ho,s — Ho)(H — z)~7~*
= (is)"'(Hs — 2)7""(Ho + 1)(Ho + 1)~ ' (Ho,s — Ho)(H — )77,
Since r > 2n, if 0 < j < r —1 we have either j+1 > n or r — j > n. Using (8.9) we obtain that
(8.14) |(is) "L (H, — 2)""M (Hy s — Ho)(H — 2)7 97 < C.

Next it follows from Lemma 8.6 i) for k = co that the map

N

p
S wps =g (es Z k:,) P w(ek;)™
i=1
is C1(IR, L?(IR?)) with derivative dT'(a)w,. This implies that

(8.15) (i) "N+ 1) (Ve = V)N +1)7"2 - i(N+1) " VIO(N 4 1)

in operator norm when s — 0, for ry + 19 > n.
We write

(is) ' (Hs — 2) " (Vs = V)(H — 2) 77!
= (i8) Y Hs—2) " (N+ 1) (N + 1)/ (Vs = V(N + 1) YN + 1)I(H — 2)=7—L.
Using (8.9), we obtain that
(8.16) (i)™ (Hs = 2)7" (Vs = V)(H = 2) 7Y < C.

Combining (8.16), (8.14) and (8.12), we obtain (8.11) and hence (8.10).

By (8.10), to prove that (H —z)~" € C*(A) if suffices to show the convergence of (is) ™! ((H;—
z)™" — (H — 2)7") on a dense subspace of H. But by (8.13) and (8.15) this convergence holds
on D(H™) and we have

r—1
SH — )y = S (H — =) I HY + VO (H =2
j=0

This completes the proof of 4ii).
Let us now prove iv). We assume hence that degP = 4 and hypothesis (C) holds. By Thm.
7.2 and (8.8), the Glimm-Jaffe estimate holds uniformly in |s| <1

Hg S C(HS + b)27
(8.17)
N2+ C(Hg +b)2.
Another consequence of the fact that degP = 4 is that
(8.18) (is) (N + 1)V = V)N + 1) = i(N 4+ 1) VO(N 1)

since we may take n = 2 in (8.15). Next if we use (8.13), (8.18) as before and (8.17) instead of
(8.9), we see that the proof of iii) extends to the case r = 1.
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Finally let us prove ii). By Remark 8.3 the quadratic form [H,iA4] on D(A) N D(H") is
equal to [Hy,iA] + [V,14]. We have seen that [Hp,iA| extends as an operator H(gl) such that
Hél)(Ho + 1)1 is bounded, which by the higher order estimates implies that Hél)(H +b)""is
bounded. In i) we have seen that [V,1A4] extends as an operator V(1) such that V(N +1)~"
is bounded, which again by the higher order estimates implies that V(l)(H + b)~"™ is bounded.
It remains to check that the extension of [H,iA] to an operator H() with domain D(H") is
unique, ie that D(A) N D(H"™) is dense in D(H™). For uw = (H + b)""v € D(H"), we set
ue = (H + b)7"(1 + ieA)"tv. Clearly ue € D(H") and u, tends to u in D(H™) when € — 0. It
follows then from 4) that ue € D(A), which completes the proof of ). O

Proof of Proposition 8.5. i) follows from Lemma 8.6.
To prove ii) we note that

1) = v

f A )N + 1) < Cllwp — wp | p2mey < Ok~

To show iii) we note that
IV = Vil 2. = llwp — wpkll p2(rey < Cr

Then we use Lemma 5.12. O

8.3 Analysis of [V,i4] part II

In this subsection we continue our study of [H,iA]. The main new ingredient is the use of
hypothesis (B1), which will allow to dominate |[V(1)|, as a function on Q—space, by H, using
hypercontractivity arguments.

Theorem 8.7 Assume hypothesis (B1).
i) There exists co,b > 0 such that

|(w, HMw)| < co(u, (H + b)u), u € D(H™),

and hence HY) extends uniquely as an operator bounded from D(H%) to D(H%)*

i) H € CY(A).

iii) The operator [H,iAly from D(H) into D(H)*, associated to [H,iA] by Proposition 8.2,
coincides with HY and hence is bounded from D(H%) to D(H%)*

iv) The wvirial relation holds

]I{A}(H)[H,iA]O]l{)\}(H) =0, e R.

Thm. 8.7 is the main result of this section. Property i) allows in particular to justify the virial
relation v). Property i) allows to actually compute [H,iA]y which will be important to prove
its positivity in Subsect. 9.2.

In the @3 case a similar result holds under weaker hypotheses on g.
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Theorem 8.8 Assume degP =4 and hypotheses (M1), (C).
i) There exists co,b > 0 such that

|(Hu, Au) — (Au, Hu)| < col|(H + b)ul|?, u € D(A) N D(H),

and hence HY) extends uniquely as an operator bounded from D(H) to D(H)*.

i) H € CY(A).

iii) The operator [H,iA)y from D(H) into D(H)* associated to [H,iA] coincides with H™).
iv) The wvirial relation holds

]l{A}(H)[H, IA]()]I{/\}(H) =0, A e R.

It is convenient to make a specific choice of the cutoff x used to define the cutoff interactions
V. Namely we will fix for this section

(8.19) (@) = %e_m, k) = (1 + k)L,

We denote by u x v the convolution
wro(a) = [ulp(e - ydy.

so that F(u *v) = F(u)F(v). Recall that the function f, was defined in (6.4).

Lemma 8.9

Tm(iafn) = 2T.Ifl-€ — Qg *Txfm

where m
() = ke HI7l 4 Ze*mm.

Proof. After conjugation by the Fourier transformation, we are reduced to check that

(~kk — ) = (260 — )

This is a direct computation, using (8.19). O

Lemma 8.10 Assume hypothesis (B0). Then there exists Cy such that for k > m:
(8.20) | x g(2)] < Cog(x).
An analogous estimate is true if we replace o () with x0z0u(x) or a. * a.(x).

Proof. It is sufficient to show the estimate replacing «,, with a function ki(kx) for » € S(IR).
Now by (B0):

Jg(xz — 2" (k') kda! < Cg(x) f@/)(%)<l’/>/€dx’.
O
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Lemma 8.11 We have:
[A,1 [ g(x)pw(x)Pdx]
(8.21) = [(2p + 0,x)g(z) iy (2)Pda
—p [ [9(x)ax(z — z)px(z')(px(x))P dada’,

Proof. Using
(8.22) vr(2) = A(72 f)

we obtain as a quadratic form on D(A) N D(N%):
[A,ip ()] = d(iats fx)-

Now

iate fx(y) = yOyfuly — ) + 3fxly — @)
=(y— x)‘%fﬂ(y —z)+ %fﬁ(y —2) — 20 fu(y — )
= (2 - xax)Tmfn(y) - fa,{(.%/ - x)Tx’fﬁ(y)dxl7
by Lemma 8.9. This gives

(8.23) Asipn(@)] = 2 = 20)pnle) — [ anla’ = D)pu(e')da’
Since ia = z0, + § preserves L}, (IR, dx), we have [¢(iaT, f), #(7,f)] = 0 and hence
[Aipe()P] = pox(x)P A, ipx ()]
= 2pp(2)? — 20p Pk (x) — p [ (2’ — 2)pu(a )l (2)da,

as a quadratic form on D(A) N D(N?/?). The lemma follows then using (8.24) and integration
by parts. O

(8.24)

As a consequence of Lemmas 8.9, 8.11, we have the following inequality, which should be
understood as an inequality between functions on Q-space:

Lemma 8.12 Assume hypothesis (B1). Then for p e IN

(8.25) ][A,i/g(x)goﬁ(x)pdx]\ < Cp/g(:c)|go,{(x)\pda:, uniformly for k > m.

Proof. Let us denote by I, I> the terms in the r.h.s. of (8.21). We will estimate separately I;
and Io.

Estimate of I:

Since by (B1) |x0.g(x)| < Cg(x), we see that

(8.26) |11|<c/ )| (@) Pde.
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Estimate of Is:
We have:
|12 = pl [ g(@)an(a’ — 2)pu()on(@)P~ dada|

< C [g(z)|ow(a" — z)||px(2") [Pdrda’
+C [ g(x)|ax(z" — z)|[ox(z)Pdeda’,
using the fact that ab?~' < Cy(aP + 7). This yields
I5| < Cocw [ g(x)|px(x)Pdz + Co [ gx(2)| o (x)[Pdz,

for
Cr. = /a,{(m')dx', O = g% Q.

We have used here the fact that g and «, are positive functions. Clearly
(8.27) |ex| < C, uniformly in &,

and from Lemma 8.10, we get that

(8.28) lgi(x)] < Cog(z), uniformly in k > m.

From (8.27) and (8.28), we obtain:

(8.29) |I2] < Cp /g(x)\gon(x)\pd:p, uniformly in £ > m.

a

Proposition 8.13 Assume hypotheses (B1). Then there exists ¢ > 0 such that for t > 0:

U=V € LYQ, dp).

Proof. Set
W=cV — [V

To check that e=" € LY(Q, du), we use Lemma 5.9. The first bound of (5.4) follows from Prop.
8.5 44i). Let us now check the second bound.
Using Wick identities (5.2) and Lemma 8.12 we obtain

2n [p/2] | —r

Vi <GS el X, G gl [ o(@lonop

so that
Vi~V = [ g@)Fulon(w)da,

where Fy;()) is a function as in (6.15), with ¢y 0 = caz, — colagn| > 0 for ¢ > ¢o. Using (6.16)
we obtain

(8.30) — VIV = —eallgll o gmy (llon (2) 2P + 1),

52



which since [|¢x(2)Q] = O(In /{%) completes the proof of the second bound in (5.4). Applying
now Lemma 5.9, we get that there exists c¢ large enough such that e™*V ¢ LY(Q,du) for all
t > 0. This completes the proof of the proposition. O

Proof of Thm. 8.7. For large enough C we have Cw—w) > Cy > 0. Therefore, we can apply
Thm. 5.11 to a = Cw — wM and W = CV — V(Y| and show that CHy — HO(I) +CV — VD) s
bounded from below on D(CHy — H{") N D(N™). But D(CHy — H") = D(Hy) and D(Hp) N
D(N™) contains D(H™) by the higher order estimates and hence is dense in D(H). Therefore
the inequality

HY + v < C(Hy+ V +b) on D(H™)

extends as the inequality
HWY < C(H +b) on D(H).

Likewise, we prove

~HWY < C(H +b) on D(H).

This proves ).
Next, let us show 44). To prove that H € C'(A), we check condition (8.1). Let us first prove
that (H +b)~! preserves D(A). By Thm. 8.4, we have the following identity on D(A), for s > 0:

2n—1
AH +b+s8) = (H+b+s)"A+i Y (H+b+s) " THYOH +b+s) 77
=0

By i) (H +b)"2 HD(H + b)"2 is bounded. Using then the bound
I(CH + b+ )" (H + )2 < c(b+5)72,
we obtain that (H + b+ s)~2" has a norm O(({s)~?") in B(D(A)). We use then the formula

+00
(H+b)"' = cn/ s 2(H + b+ s) 2"ds.
0

The integrand has a norm O(s*"72(s)72") in B(D(A)) hence the integral converges in norm.
This implies that (H + b)~! is a bounded operator on D(A).
Since (H + b)~! preserves D(A), we can write for v € D(A):

Q(v,v) = (v, A(H + b)~"v) — (A(H + b) v, v)
= (Hu, Au) — (Au, Hu), for u = (H + b) 0.
Since (H +b)"'D(A) € D(A) N D(H), (8.1) is implied by
(8.31) |(Hu, Au) — (Au, Hu)| < C(||Hu|)® + ||ul|?), u € D(A) N D(H).

We know by ¢) that (8.31) holds for u € D(A)ND(H™). So to prove (8.31) it suffices to show that
D(A)ND(H") is dense in D(A)ND(H) for the intersection topology. Let hence u € D(A)ND(H)
and u. = (1 + ieH) *"u. Clearly u. € D(A) N D(H"), ue — u, Huc — Hu. Now from (8.3), we
get:

A(1 +ieH) 2"y = (1 4 ieH) 2" Au — ie Z?Zal(l +ieH)" 2T HW (1 + jeH) 1y

= (1 +ieH) > Au — Reu.
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We claim that
(8.32) s- liII(l] R. =0,

which will imply that Au. — Au when € — 0. In fact we write
(1+ieH) 2" HO(1 + jeH) 71
= (14 ieH) "2 (H + b)2 (H + b)) 2 HW (H + b) "2 (H + b)2 (1 + ieH) 91,

Using i) and the bound ||(1 + ieH) ™7 (H + b)%H € O(e_%) for j > 1, we get that R. € O(1). So
it suffices to prove (8.32) on a dense subset of H. For v € D(H"), we have:

(14 ieH) "™ HHW (1 4+ ieH) 7 u = (1 +ieH) " HYO(H 4+ b) " (1 + ieH) 7~ (H + b)"u,

which by Thm. 8.4 i) shows that Rcu — 0 when € — 0. This proves that H is of class C*(A).

To prove iii), we note that both [H,iA]y and H() are extensions of [H,1A] on D(A) N D(H)
and D(A) N D(H") respectively. Since D(A) N D(H") is dense in D(A) N D(H) these two
extensions coincide.

Finally the fact that the virial theorem is true follows also from the C'(A) property (see
[ABG, Prop. 7.2.10]). O

Proof of Thm. 8.8. We will prove that
(8.33) (Hu, Au) — (Au, Hu) =i (u, HYu) + (u, VOu), v € D(H) N D(A).
We have seen in Subsect. 8.2 that
(u, B w)| < ClIHE ull%,u € D(Ho),

and
|(w, V)| < |[(N + 1)ul|?,u € D(N), since degP = 4.

Hence i) follows from (8.33) and the higher order estimates. Hence we have shown (8.31) which,
as we have seen in the proof of Thm. 8.7, implies that H € C*(A), ie that 7i) holds. Finally iv)
follows from 4i) and 4ii) follows from (8.33). So it suffices to prove (8.33).

Since by Thm. 7.2 D(H) = D(Hp) N D(V), we have:

(Hu, Au) — (Au, Hu) = (Hou, Au) — (Au, Hou) + (Vu, Au) — (Au, Vu), u € D(H)ND(A).

By definition
(Hou, Au) — (Au, Hou) =i~ (u, Hél)u),
so it remains to justify the identity

(8.34) (Vu, Au) — (Au, Vu) =i Hu, VOu), uw e D(H) ND(A).

Note that while (8.34) holds for example on D(N?) N D(A), it is not obvious that it extends to
u € D(H)ND(A). In fact the expression of V' as a Wick polynomial of order 4 needed to prove
(8.34) is meaningful on D(N?), but not on D(V). To justify (8.34) we use an approximation
argument similar to the one used in the proof of Thm. 8.3.
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So let w € D(H) N D(A), and u. = (1 + ieN) tu. Since by the higher order estimates
D(H) C D(N), ue € D(N?)ND(A) and hence (8.34) holds for u.. So it remains to show that
Aue — Au,Vue — Vu when € — 0. The first convergence is obvious. To prove the second one
it suffices to show that

(8.35) V(1 4ieN)"tu — (1 41eN)"'Wu — 0, when ¢ — 0.

Note that since u € D(N), we can write V as a Wick polynomial to prove (8.35). If
W= /w(k:l,---,k:4)a*(k1)---a*(kT)a(—errl) e a(—kg)dy - - dky,

for w € L*(IR*), then

W(1+ieN)~1

= [(1+ieN +ie(4 —2r)rw(k, -, ka)a* (k1) -+ - a* (kp)a(—krs1) - a(—ka)dky - - dka.
Using the first resolvent formula and the bound || N (1 +ieN)~!|| < ¢!, we obtain that

536) [(W(1+1eN)~1 — (1 +ieN)~""W)ul| < C|(N + 1)ul,
' (W (L +ieN)~! — (1 +ieN) " "W)u|| < Ce|| (N + 1)2u|.

The first inequality in (8.36), it suffices to prove (8.35) for u in a dense subspace of D(N). By
the second inequality in (8.36), (8.35) holds for u € D(N?).O

8.4 Analysis of [[H,i4],iA].

The aim of this subsection is to show that, under hypothesis (B2), H € C?(A). The structure
of the argument is parallel to the arguments used in Subsects 8.2 and 8.3.
We put
H(()Q) = [H(()l), iA] as a quadratic form on D(A) N D(H,),

(8.37) V@ .= [v(D 4], as a quadratic form on D(A) N D(N™),
H® .= [HW i4], as a quadratic form on D(A) N D(H™).
By a direct computation we see that Héz) extends uniquely as a bounded operator from

D(Hy) to H (still denoted by H(gQ)), equal to dT'((k - V)2w(k)).

Proposition 8.14 Assume hypothesis (M2). Then
i) the form V@ extends to a bounded operator from D(N™) to H. It is a multiplication operator
on Q-space by a function in Q LP(Q,dp).

p<oo

i) the form H?) extends uniquely to a bounded operator from D(H™) to M.

Proof. The proof is analogous to the proof of Thm. 8.4 i) and ). We write V(?) as a Wick
polynomial using the fact that a?g € L?(IR), which follows from hypothesis (M2). O

Then we set
V2 .= [vV 4] as a quadratic form on D(A) N D(N™).

The following proposition is analogous to Prop. 8.5.
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Proposition 8.15 Assume hypothesis (M2). Then

i) the form V,.g(2) extends to a bounded operator from D(N™) to H. It is a multiplication operator
on Q-space by a function in <ﬂ LP(Q,dp).
p<oo

ii) As bounded operators from D(N™) to 'H, we have:
Ve = lim v®,

K——+00

iit) For some € >0
IVE — VO 1oga < Clp—1)"6F, € > 0.

Theorem 8.16 Assume hypothesis (B2).
i) There exists co,b > 0 such that

|(u, HDw)| < co(u, (H + b)u), u € D(H™).
Hence H®) extends uniquely to a bounded operator from D((H + b)%) to D((H + b)%)
i) H € C?(A).

The proof of this theorem will be similar to the proof of Theorem 8.7. The main difference
is the following lemma, which is used instead of Lemma 8.12.

Lemma 8.17 Assume hypothesis (B2). Then for p € IN:

][A,i[A,i/g(m)cp,{(x)pdx]H < C/g(x)|<p,i(a:)\pdx, uniformly for k > m.

Proof. We recall from Lemma 8.11 that [A,i [ g(x)p(z)Pdx] = I} + L2, for
I = [(2pg(x) + Ozrg(2))pr(x)Pdz,
Iy =—p [ [ g(@)on(a" — 2)pn(a")(on(x))P~ dada’,

The terms [A,il1] is completely analogous to [A,i [ g(x)pk(z)Pdx], with g replaced by g1 =
2pg + Ozzxg. It follows from hypothesis (B2) that |x0,91(x)| < g(z). The argument used in the
proof of Lemma 8.12 shows then that |[A,i1]| < C [ g(x)|¢x(x)|Pdz.

We consider next [A,1l5]. Using the identity (8.23), we obtain:

(A1) =p [ g(x)ag(s’ —2)2' 0 pu(r))pu(z)P~ dada’
+p [ g(x)ax(z’ — 2)pu(x )x@xcpﬁ(:c)p_lda:dx’
—4p [ g(x)a(z’ — 2)pu (@) (x)P~ dzda’
—p [ g(x)as (@’ — z)a(@" — ") (a")pg(x)P" deda’dz”
—p(p = 1) [ g(x)on (2" — ) (2" — 2)pu(2")pr(z”)px ()P *dada’dz”
=R;+ -+ Rs.

(8.38)

The term R is equal to 415 and hence bounded by C [ g(x)|px(z)[Pdz. Integrating by parts,

we have:
Ri+ Ry = —2p [ g(x)as(z’ — 2)px(z")pn(x)P Ldzda’
(8.39) —p [ 20:g(x) k(2" — )k (2" pr (z)P~ dada’
—pfg(l’)(fﬁl - x)aa:’o%( - ) ( /) (x)p_ldxdx’.
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The first term in (8.39) equals 2I5. The second term is similar to Iz, with g replaced by x0.g.
Note that it follows from (B1) that |x0,g(x)| < cg(z). The third term is also similar to I5, with
ay; replaced by z0,a,. By the argument in Lemma 8.12, we obtain that Ry 4+ Rs is bounded by

C [ 9(@)lpx(x)Pd.
The term R4 is equal to

—p/g(fv)pﬁ(a}" — 2) (2" pr(x)P dadz”, for p. = ax * ay.

Again the argument in Lemma 8.12 shows that Ry is bounded by C [ g(z)|px(z)[Pdx.
Finally to estimate Rj, we use the fact that abcP=2 < C(aP + WP + cP), and get:

R; < C[g(x)an(a —x)a. (2" — x)|p(2")|Pdeds’dz”
+C [ g(x)ak (2 — x)a (2" — 2)|¢w(2))|Pdeds’dz”
+C [ g(x)ay (2’ — z)ay (2" — 2)|pw(x)Pdada’da”

< 20c [ gu(@)lox(@)lPdz + Ccf [ g(2)|pn()Pda,

for ¢, = [ay(zx)dz, 9o = g * ay.. Using (8.27), (8.28), we obtain that Rs is bounded by
C [ g(x)|px(z)|[Pdz. This completes the proof of the lemma. O

Proof of Theorem 8.16. i) is shown exactly as the analogous statement of Theorem 8.7, using
Lemma 8.17 instead of Lemma 8.12.

Let us prove that H € C?(A). It follows first from the fact that H € C'(A) that the following
identity holds as quadratic forms on D(A):

[(H+b)""i4] = —(H+b) " HO(H + b))~}
(see [ABG, Thm. 6.2.10]). To show that H € C?(A), we have to check that
(8.40) (u|[(H +b)"HOH + )7 Alu) < Clul]?2, we D(A).

We have remarked in the proof of Theorem 8.4 (see (8.32)) that D(H™) ND(A) is dense in
D(A) for the graph topology. So it is enough to show (8.40) for v € D(H™) N D(A).
For u € D(H™) ND(A), we have

(H+b) " "HO(H + b))~ u, Au) — (Au, (H +b) " HO(H + b)~u)
HWUO(H +b) " u, (H+b)"1Au) — (H + b) " Au, HO(H + b)~u)
)(H + b) " u, A(H + b)""u) — (A(H +b)"tu, HO(H + b)~'w)

+i(HD(H +b) ", (H +b)""HW (H + b))

= (

(8.41) = (HO
(

+i((H + )" HO(H + b)) u, HO (H + b)~ ).

We use the fact that HM(H + b)~" is bounded by Thm. 8.4 i) to justify the first equality in
(8.41). Then we note that since (H + b)~! preserves D(A), the following identity is valid as
bounded operators from D(A) to H:

(8.42) (H+b)'A=AH+b) " +i(H+b) " HY(H 4 b)7!

and we use the identity (8.42) in the second equality of (8.41).
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Applying Thm. 8.7 i), we see that the last two terms of (8.41) are less than C||u||?. This
shows that as quadratic forms on D(H") ND(A), we have:

[(H+b)""HY(H + )~ iA] = (H + b) ' [HW iA](H + b)~' + R,

where R is bounded for the topology of H. By i), also the first term on the rhs is bounded for
the topology of H. O

9 Spectral analysis of P(y); Hamiltonians

This section is devoted to the spectral theory of P(¢)o Hamiltonians. We first show an HVZ type
result. Note that the C part of the HVZ theorem is well known (see [GJ3], [S-H.K]), although
our proof is different. We then prove the Mourre estimate, which implies the local finiteness of
point spectrum and under additional hypotheses, the limiting absorption principle.

9.1 HVZ theorem and existence of a ground state

Theorem 9.1 We have
Oess(H) = [inf o(H) + m, +o0].

Consequently inf o(H) is a discrete eigenvalue of H.
Let us pick functions jo,jo € C®(IR) with 0 < jp < 1,50 € C§°(IR), jo = 1 near 0 and
g+ j% =1. For R > 1, j® is defined as in Subsect. 7.5. We will also set ¢/ = (j{%)2.

Proof. We prove first the C part of the theorem. Let x € C§°(] — oo, inf o(H) + m]). Because
of suppy we have:

X(H™) = x(H™) {0} (Noo).

Hence using twice Lemma 7.12 we have

X(H) = x(E)I(GT)I*(57) = IGT)x(H)I* () + o(R?)

= TP (H™) 03 (Noo) I* (57) + o(R) = I(j%) 0y (Noo) I* (j7)x (H) + o( RO).
We claim that the operator I(jR)Il{O}(NOO)I*(jR)X(H) =TI'(¢®)x(H) is compact. In fact since
(Ho + 1)%(H + b)_% is bounded by the first order estimates (6.11), it suffices to verify that
I'(¢®)(Ho + 1)_% is compact, which is easy (see eg [DG1, Lemma 4.2]). Hence I'(¢®)x(H) is
compact as a norm limit of compact operators.

Let us now prove the D part of the theorem. Note that it follows from the C part of the

theorem that H admits a ground state. Let A > inf o(H) + m. Let u be a ground state of H.

Let h € C§°(IR) with [ h(k)dk =1 and let g € IR, 29 # 0, ko € IR, ko # 0,w(ko) = A—info(H).
Choose a sequence R; such that lim;_,. j'R; = co and define h; € C§°(IR) by setting

hi(k) = j°h(j(k — ko)),
Then ||hj]| =1, w — limj_,oc h; = 0 and lim;_(w(k) — w(ko))h; = 0. Let

uj = a*(hj)u.
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We have lim;_ [luj]] = 1 and w — limj_o u; = 0. Note that u € D(H™) for any m, so it
belongs to D(HoN™) for any m € R. Therefore, u; € D(Hy) ND(N™) C D(H) and

(H - )\)Uj = (H() +V - )\)Uj
— () (F = N+ a* () + [V, a* (b
=a* ((w(k:) - w(k:o))hj)u + [V, a*(hj)]u.

It is easy to see that
| lim (Pg|wpl| 2 (gp-1) = 0.
11— 00

Therefore, by Proposition 3.13 we get that [a*(h;), V(N + 1)™"+1/2 — 0, when j — oo. This
implies that (H — A)u; — 0 when j — oo, and since u; tends weakly to 0, u; is a Weyl sequence
for A\. O

9.2 The Mourre estimate and its consequences

We denote by 7 the set of thresholds
T 1= opp(H) + mIN™.

For A € IR, € > 0, let I()\,¢) denote [A — €, A\ + ¢]. Likewise, for a subset © C IR, let I(0©,¢)
denote the set {k € R : dist(©, k) < €}.

Theorem 9.2 Assume hypothesis (B1), or if degP = 4, hypotheses (C), (M1). Then
i) let X € R\7. Then there exists € > 0,co > 0 and a compact operator K such that

Wy o) (H)[H, 1A (5 o) (H) > collyne(H) + K.
ii) for all [A\1, \o] such that [A1,\o] N7 =10, one has
dim1PP

[/\1,)\2](H) < 0.

Consequently opp(H) can accumulate only at T, which is a closed countable set.
iii) Let X € R\(7 U opp(H)). Then there exists € > 0,co > 0 such that

Uyone (H)[H, 1A\ o (H) > coly ) (H).

Remark 9.3 There is an example due to Simon [Si3] of a P(y)e Hamiltonian with eigenvalues
embedded in [¥ + m,¥ + 2m|.

Theorem 9.4 Assume hypothesis (B2). Then the strong limiting absorption principle holds:

w— lirﬁo(l + AT (H — A —ie)(1 + |A])™" exists

locally uniformly on o(H)\(T Uopp(H)), forr > 4. Consequently H has no singular continuous
spectrum.
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Thm. 9.4 is a consequence of Thm. 8.16 and the abstract Mourre theory (see [Mo], [PSS], [ABG,
Thm. 7.4.1]).

Proof of Theorem 9.2. The proof will be very similar to that of [DG1, Thm. 4.3]. Let us set
o(k) ==k Vw(k) = k2(k* + m2)~2. Let

d(\) = Il)nfi . 1%’7611{{

p p
S k) | A= 3 wiki) € opp(H)],
~ p P
A\ = ;ng . %em{; ki) | A~ S wlki) € opp(H) .

Let us note that

~ { d(/\)7 A g UPP(H)v
d(\) :=
0, A € opp(H).

We introduce also “smeared out” versions of the functions d(\) and d(\). We set

d®(\) = inf d
(W) = nf d(u),
inf f " G 5 w(ks) € I(ow(H
=T lgpe]R{g: (ki) ‘ )\_Z.;lw( i) € I(opp(H) H)},
dc(\) = f d
() =, dnf dl)

0 P P
=inf %E]R{E ki) | A - 3 w(ki) € oy (H), w)}.

Note that the following equality holds

00 ~ p p
(9.1) inf it <d ()\—;w )+ gw ) = d5(N).

We will use an induction with respect to n € IN. Let us first list the statements that we will
show. We put Ey :=info(H).
Hi(n): Let € > 0 and X\ € [Ey, Ey + nm[. Then there exists a compact operator K, an interval
A > X such that

IA(H)[H,IA]IA(H) > (d(X) — e)Ia(H) + K.

Hjy(n) : Let € > 0 and X\ € [Ep, Ep + nm]. Then there exists an interval A 5 A such that
1a(H)[H,1AJ1A(H) > (d(X\) — €)1a(H).

Hs(n) : Let kK > 0, ¢g > 0 and € > 0. Then there exists 6 > 0 such that for all A € [Ey, Fy +
nm — €g], one has

Lyo06) (H)[H, 1AL 5 (H) > (d*(N) — €)1y 5)(H).

Si(n) : 7 is a closed countable set in [Ey, Ey + nm).
Sa(n) : for all Ay < Ao < Ey + nm with [\, Ae] N7 = ), we have dlmll[/\ o] (H) < 00
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We will prove, for all n € IN, the following implications:
Hi(n) = Ha(n),
Hy(n) = Hs(n),
Hi(n) = Sa2(n),
Sa(n —1) = Si(n),
Si(n) and Hz(n — 1) = Hi(n).

Note first that the statements H;(1) and S1(1) are immediate since the spectrum of H is discrete
in [Ey, Eo + m[. Note also that the implication Sa(n — 1) = Si(n) is obvious. The proof of
the implications Hi(n) = Ha(n), Ha(n) = Hs(n) is a standard argument which adapt directly
to the present setting (see [FH|, [CFKS]). The proof of the implication H;(n) = S2(n) is also
standard and based on the virial relation, which holds here by Thm. 8.7.

It remains to prove that Si(n) and Hz(n — 1) = Hi(n).

Recall that the Hamiltonian H®** acting on H ® H was introduced in Subsect. 7.4. We also
set A" = A1+ 1® A, acting on H® H. Let us first show that for all A € [Ey, Ey +nm — €,
there exists § > 0 such that

17,0y (HE))[H 1A 0 5y (HO) Ty o0 (Noo)

> (d(A) = 2) 0y (H) g oo (Noo)-

To simplify, let us write d'so(w), d'so (@), instead of 1 ® dI'(w), 1 ® dI'(w). We will also
write B instead of B® 1. Using the closedness of 7 in [Ey, Ey +nm], i.e the induction hypothesis
Si(n), we see that

(9.2)

d(\) = sup d* (),

k>0

for A € [Ey, Eg+nm[. So we may choose x small enough so that d®(\) > d(\) —€/3. Next using
Hs(n — 1) we choose 6 such that for A\; € [Ep, Eo + (n — 1)m — €g, we have

. e €
a0 () H. ATy, () = (d00) = § ) Taga ().

Replacing A1 with A — d['(w(k)), we obtain for A € [Ey, Ey + nm — €| the following estimate:
y0) (H + dToo (@) ) ([H,1A] + AT oo (@) ) Uy05, ) (H + dTo0 (@) ) U1 e (No)
> Ty (H + dFoo(w)) (d“(/\ — dl oo (w)) + oo (@) — g) 1 oo (Noo)
= (d*(N) = 5)1r000) (H + dFoo(w))ﬂ[l,oo[(Noo)
> (d() = 2) 15005 (H + Lo (@) ) I e (Neo),

which yields (9.2).
Now let x € Cg°(IR). As in the proof of Theorem 9.1

XAH) = () Loy (Noo) IT* (57X (H) + 1() U1 00 (Noo) I*(77)x* (H)

(9.3)
= D(g™)X*(H) + 1) g oo (Noo )X (H) I (7) + o(R?).
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The first term of (9.3) is compact as in the proof of Thm. 9.1.

Next we use that [H,iA4] equals HY) and that on D(H") H) can be written as H(gl) +Vv A,
Soon D(H™) [H,iA] is similar to H with w replaced by @ and V replaced by the Wick polynomial
V. Tt is then easy to see that the analog of (7.22) holds ie as an operator identity on D(H")
we have:

(9.4 (HE LAPP(GR) — PR, 4] € (N + 1)"on (R,
for [H™*,1A°*"] = [H,iA] ® 14 1 ® d['(®). Using also Lemma 7.12, we obtain

05) X(H)[H,iAIX(H) = T(q")x(H)[H,iA]x(H)
‘ () 1,000y (Noo) X (H) [H AAX ) (H)T* () + o( RY),

where the first term on the right is again compact.
Now (9.2), (9.3) and (9.5) for supp x C [A — d, A + J], yield

X(H)[H 1A (H) > (d(X) = 2¢/3)x*(H) + K1 + o(R),

where K7 is compact. Picking R large enough, this proves Hi(n). O

10 Scattering theory of P(y); Hamiltonians

This section is devoted to the scattering theory of P(¢)2 Hamiltonians. In quantum field theory,
the scattering theory is usually based on the construction of the asymptotic fields, which is done
in Subsect. 10.1. The unitarity of the wave operator (a result originally due to Hggh-Krohn) is
shown in Subsect. 10.2, using general properties of regular CCR representations shown in Sect.
4. The asymptotic completeness property is formulated in Subsect. 10.3 and will be shown in
Sect. 12.

10.1 Asymptotic fields
In all this section, we will assume the conditions (A), (Is) for s > 1.

For h € h we set hy := e **h, We denote by ho C b the space C°(IR\{0}).
Theorem 10.1 i) For all h € b the strong limits

(10.1) WT(h) :==s lim ™ W (h;)e

t——+o0

exist. They are called the asymptotic Weyl operators. The asymptotic Weyl operators can be
also defined using the norm limit:

(10.2) W) (H +5)7" = lim oW (h) (H )",
i1) The map
(10.3) h>h— WT(h)

is strongly continuous and for e > 0, the map

(10.4) h>h— WH(h)(H +b)~
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18 norm continuous.
iii) The operators W (h) satisfy the Weyl commutation relations:

WHR W (g) = e 2 mAW (b 4 g).
iv) The Hamiltonian preserves the asymptotic Weyl operators:

(10.5) MW (h)e H = WH(h_y).

Proof. We have . .
W(ht) — e_ltHOW(h)eltHO,

which implies that, as a quadratic form on D(Hj), one has

(10.6) W (hs) = —[Ho,iW (hs)].

Using (10.6) and the fact that D(H"™) C D(Hy) N D(V'), we have, as quadratic forms on D(H"),
O W (hy)e ™t = it [V W (hy)]e 1H

Integrating this relation we have as a quadratic form identity on D(H™)

. . t syl syl
(10.7) MW (hy)e T — W (h) =i / M HIV, W (hy))e T Hdt.
0

Using Prop. 3.13, we obtain that
[V, W (he)] = W (he) Vi,

where V; is the sum of Wick monomials in (3.20) with s+ > 1. By stationary phase arguments,
we obtain that, for h € b, there exists € > 0 such that

(10.8) hy = ]l{\a:|26t}ht +O(t™).
Using then Lemma 6.3 and the form (3.21) of the symbols of V;, we obtain that
IVe(N+1)7"[| € ™).

This shows that the identity (10.7) makes sense as an identity between bounded operators from
D(H™) to H. It also proves that the norm limit (10.2) exists for h € .

For h € b, let h, € hg such that h = lim,, .o hn. Let 0 < € < % Using the first order
estimates and Prop. 3.1 we obtain

(W () = W (he) ) (H 4+ 6)=| - < [[(W (Ra) = W (R)) (N + 1)< [[(N + 1)<(H + )|
< C(lhn = Il hnll? + 11D + 1),
which implies

lim_sup || (W (hns) = W (he) ) (H + )~ = 0.

N0 teR
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This implies the existence of the norm limit (10.2) for all ~ € h. Now (10.2) implies (10.1). This
ends the proof of i). We have

| (WH(h) =Wt (g)) (H+b)~¢|| < tE«IEloo et (W (hy) — W (ge))(H + b)~e~itH |

< C(llg = hll<(llgl* + 1nI)? + 1),

by Prop. 3.1, which implies the norm continuity of (10.4). This implies the strong continuity of
(10.3) and completes the proof of 4i). Finally i) and iv) are immediate. O

It follows from the above theorem that § > h — W™ (h) is a regular CCR representation.
We next follow Sect. 2, introducing field operators, creation/annihilation operators, etc.

Theorem 10.2 i) For any h € b

d
¢"(h) = —igw+(3h)|s:o

defines a self-adjoint operator, called the asymptotic field, such that
WH(h) = el® ("),

i) The operators ¢ (h) satisfy in the sense of quadratic forms on D(¢*(h1)) N D(¢pT (ha)) the
canonical commutation relations

(10.9) [¢+(h2), ¢+(h1)] = ilm(hg‘hl).
i)

eitH¢+(h)e_itH —_ ¢+(h7t)-
i) For h; € h,1 <i <p, D(H +1)?/?) c D(I¢* (h;)), and

iS]

All_)ll ¢t (hi)(H +1)7P? =s- lim e 11 ¢(hig)e ™ (H +i)7P/2,

t—+o00 i=1

Proof. Properties i) and i) are consequences of the fact that the asymptotic Weyl operators
define a regular CCR representation (see Sect. 2). Property i) follows from Thm. 10.1 iv). It
remains to prove iv). Let us first establish the existence of the strong limit

(10.10) s, lim AT ¢(hy o) (H 4 b) /2™ =: R(hy, ..., h,), for h; €.
For u,v € D(H™), we have

B (0, TG (hig) (H + b) 7P/ 2uy)

= (ve, [H, AT (hi )] (H + )P 2uy) + (v, BT d(hie) (H + b) P uy).

We use again the fact that H = Hyp + V on D(H™) and the higher order estimates, which show
that

(L T0(hy )] (H -+ b) /2 + 0T (h ) (H + b))
= (VLTI (hi, )| (H -+ b) /2 + [Ho i3 (hi )| (H +b) /2 4 0114 hi ) (H + b) /2
= [V, il (i )| (H +b) 772,
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as an identity between quadratic forms on D(H™). Using then the fact that ¢(h) maps D(NF)
into D(Nk_%), we obtain the identity

[V (b )] (H + b)P/% = ZH“ hi) [V, i (g )T, d(hae) (H + b) P/,

as a quadratic form identity on D(H™). For h € b, the term [V,i¢(h:)] is by Prop. 3.13 a Wick
polynomial with kernels of the form wy|h:) or (h¢|w,.

By a stationary phase argument, if h € ho, we can find €y > 0 such that <.yt € O(E™).
Using then hypothesis (Is) for s > 1, Lemma 6.3 and Prop. 3.13, we obtain

(10.11) [V, ig(hy)] € On(t*)(N + 1)™.

Using again the higher order estimates, we obtain that if h; € by, 1 < i < p then

0 _
7 (0 T (b ) (0 + )72

where ||R(t)(H+b)""|| < Ct~*. This proves the existence of the limit (10.10) for u € D(H"), h; €
ho. The estimate

ug) = (v, R(t)uy), u,v € D(H"),

(N + 1)™(@(h1) — $(h2)) (N + 1) 2| < Cl|h1 — ho

and a density argument as in the proof of Thm. 10.1 give the existence of (10.10) for u €
D(H™), h; € b. Finally it follows again from the higher order estimates that TT}¢(h; ;) (H +b)~P/?
is bounded uniformly in ¢, which shows the existence of (10.10) for all u € H.

We prove now the identity iv) by induction on p. We have to show that D(HP/?) C
D(}¢* (h;)) and that R(ha,...,hy) = M5t (h;)(H 4 b)7P/2. This amounts to show that

R(hy,... hy) = s lin(l)(is)_l(WJ“(shl) — I ¢t (ki) (H + b) P2,

S—

Note that by the induction assumption D(H?/?) c D(T5¢* (h;)) and

(10.12) 50" (hi) (H + )77 = s- lim eI (hs)e™ " (H + )7

Using (10.12) and the fact that e W (hy;)e " is uniformly bounded in ¢, we have:
(is) "' (WH(shy) — DIIEeH (h) (H + b)~#/2
=5 lim e (is) "' (W (shys) — DIhp(hi)e " (H + b)~P/2.

t——+o0

So to prove iv), it suffices to check that

(10.13) s- liH(l) s tlim e R(s,t)e 1t =0,
for W (shis) — 1
S - . _
Rs,t) = (=== = i) ) 115 (i) (H + )7/,
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We recall that

W(sh) —1
(10.14) |s|§1s,l|TfIL)||§c H( SS )(N +1) < 00,
and
(10.15) l% ||:ﬁlfc H( —ip(h ))(N +1)727¢

Using (10.14) and the higher order estimates, we see that R(s,t) is uniformly bounded for
|s| <1,t € IR, and using then (10.15) we see that lim,_.g sup,er || R(s,t)u|| =0, for u € D(H®).
This shows (10.13) and completes the proof of the theorem. O

The following theorem follows directly from Thm. 10.1 and from the properties of regular
CCR representations.

Theorem 10.3 1) For any h € b, the asymptotic creation and annihilation operators defined

on D(a*¥(h)) := D(¢* (h)) N D(¢* (ih)) by
at*(h) = 5 (¢F (h) —i¢™ (ih)) ,
a*(h) = 5 (67 (h) +i¢*(ih)).

are closed.
ii) The operators a™™ satisfy in the sense of forms on D(at#(h1)) N D(a*#(hy)) the canonical
commutation relations

[a*(h1),a™™ (h2)] = (ha|h2)1,

[a*(h2),a™ (M)] = [a**(h2),a™™(h1)] = 0.
iii)
(10.16) et (h)e ™t = ¢t (h_y).

w) For hy € h,1 < i < p, D((H +1)?/?) c D(Iat*(h;)) and

2
2

Pat (h)(H +b)"2 =s- Jim TP (hy ) (H + b) " 2e .

10.2 Asymptotic spaces and wave operators

In this subsection, we recall the construction of the asymptotic vacuum spaces and wave op-
erators, due to Hogh-Krohn [HK]. We give a more direct proof of the unitarity of the wave
operators based on the existence of a number operator for the CCR representation given by the
asymptotic Weyl operators. We define the asymptotic vacuum space to be

ti={ucH|a"(h)u=0,hecn}

The asymptotic space is defined as

HY =K" @H.
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Proposition 10.4 i) KT is a closed H—invariant space.
i) KKt is included in the domain of {a**(h;) for h; € .
Hpp(H) C KT

Proof. i)and ii) follow by the properties of CCR relations described in Proposition 4.1. The fact
that Kt is H—invariant follows from (10.16). To prove i) we verify that for u € D(H), Hu = \u,
h € bo, a(hy)e 1ty = e A a(hy)u € o(1). O

The asymptotic Hamiltonian is defined by
Ht =Kt@l+1®dl'(w),
for
K*i=H| .
K+
We also define

QO HT — H,
(10.17)
QY @a*(h1)---a*(hp)Q:=a™(hy)---a™(hp), hi,...,hp€h, P eKT.

The map Q7 is called the wave operator. It is a particular case of the map Q, defined in Prop.
4.2. The following theorem is due to Hogh-Krohn [HK].
Theorem 10.5 Q7T is a unitary map from H™ to H such that:

aH (Rt = Q1@ di(h), hew,
HQT =QtHT.

Proof. By general properties of regular CCR representations, (see Proposition 4.2) the operator
QT is well defined and isometric. To prove that it is unitary, we will show that the CCR
representation b > h — WT(h) admits a densely defined number operator and use Theorem 4.3.

Let n' be the quadratic form associated to the CCR representation W™ as in Subsect. 4.2.
Let us show that D(n') is dense in H. For each finite dimensional space § C b if

dimf

() = ) lla* (ha)ul,
i=1
for {h;} an orthonormal base of §, we have

dimf i
I @l = lim 5 fahae  Hul?
- i=1

= lim (e ™y, dD(P;;)e ),
t—+o0 ’
if P, is the orthogonal projection on e~ . But dI'(P;) < N, so
nf (u) < sup [ N2eHull® < C||(H +b)ul,
by the first order estimates (6.4). Therefore
D(H?) € D(n),
which implies that D(n™) is dense in H and hence, by Theorem 4.3, RanQ* = H. O
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10.3 Asymptotic completeness

The definition of the wave operators seems different from the one commonly used in the physics
literature, where asymptotic creation operators are only applied to bound states of H, generating
the so called asymptotic states. In this respect one can ask what property of the wave operators
should be called asymptotic completeness. A physically important property is the fact that
incoming and outgoing asymptotic vacua coincide, that is KT = K~, where K~ is defined
analogously to K*, with ¢ — —oo replacing ¢ — +oo in the definition of the asymptotic Weyl
operators.

Since we have seen that Hp,(H) C KC*, the natural definition of asymptotic completeness is
that Hpp(H) = K*.

The following theorem is one of the main results of this paper:

Theorem 10.6 Assume hypotheses (B1),(Is) for s > 1, or if degP = 4, hypotheses (C), (M1),
(Is) for s > 1. Then the P(p)2 Hamiltonian H has the asymptotic completeness property:

Hpp(H) = K.

Thm. 10.6 will be proved in Subsect. 12.5, as a consequence of Thm. 12.5 and of the Mourre
estimate.

10.4 Extended wave operator

Recall that in Subsect. 7.5 we introduced the extended Hilbert space and the extended Hamil-
tonian

H™ =T(h) @IT'(h), H™=HxI1+1®dl(w(k)).
Clearly H* is a subspace of H®™' and

H+ — HeXt

H+
Sometimes we will also need the “extended wave operator”. Its domain can be chosen to be
o b
D(Qext,Jr) = @D((H +b)2) @ ®Fh,
p=0
which is a dense subset of H**. Now we set

Qext,—‘r . D(Qext,-‘r) N H,
(10.18) P
Q) @ a*(hy) -+ a*(hp)Q = a™(hy)---a™(hp), Y € D((H +b)2).

Note that Q%% is an unbounded operator. Clearly,
(10.19) Qextﬂ = QF.
HE

We will sometimes treat Q7 as a partial isometry equal to zero on the orthogonal complement
of HT inside H®*. We can then write the following identity:

(10.20) QF = QT 1y

where 1+ denotes the projection onto H™ inside the space H**.
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10.5 Another construction of the wave operators

Recall that in Subsect. 3.9, we defined the identification operator I : I'(h) ® I'(h) — I'(p).
Theorem 10.7 i) Let u € D(Q™%"). Then the limit

. . _iiprext
lim et [e~1tH™y,
t——4o00

exists and equals Q4.

ii) Let x € CP(IR). Then Rany(H®™') C D(Q™Y), Ix(H™") and Q™% x(H®") are bounded
operators and

(10‘21) lim eitHIe—itHeXtX(Hext) _ QeXt’+X(HeXt).

t—+00

Proof. Let us first show ¢). Let u € D((H +1)¥/?)@@%p. Since by (3.6) I(H +1)"*/? @1,y (Noo)
is a bounded operator, it suffices to prove i) for u = ¢ ® I¥a*(h;)Q, ¥ € D((H + i)k/2), h; € p.
It follows from property (3.4) of I that

eitHIefitHeth ® Hllca*(hl)Q — eitHHIfa*(hijt)efitHd}‘

i) follows then from Thm. 10.3 7).
To prove i), we observe that since the boson mass is positive, vectors in Heomp(H™") are
also in Heomp(H) and in Heomp(Noo). So i) follows from 7). O

11 Propagation estimates

In this section we collect various propagation estimates about the evolution e which will
be used in the next section. It is essentially similar to [DG1, Sect. 6], the only difference being
the control of the interaction term V', which is here much more singular. In all this section we
assume hypothesis (Is) for s > 1.

We will use the following notations for various Heisenberg derivatives:

Do = £+ [Ho. i acting on B(H))
D= 2 4+ [H,i], acting on B(H),

The following easy observation will be used to compute Heisenberg derivatives. It follows from
the fact that H = Ho +V on D(H").

Lemma 11.1 Let R >t +— M(t) € B(D(H),H) be of class C*. Then for x € C§°(IR), we have:

Dx(H)M(t)x(H) = x(H)DoM (t)x(H) + x(H)[V,iM (t)]x(H).

We first derive a standard large velocity estimate. It means that no boson can asymptotically
propagate in the region |z| > t.
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Proposition 11.2 Let x € C°(R). For R' > R > 1, one has
> ||
/1 |ar (n[RjR,}( t

Proof. Let F' € C*°(IR) be a cutoff function equal to 1 near oo, to 0 near the origin, with
F'(s) > g g(s). The propagation observable is ®(t) = x(H)dl (F(‘%)) X(H). The proof
is identical to that of [DG1, Prop. 6.1], except for the term x(H)[V, idF(F(@))]X(H), coming

from the application of Lemma 11.1. By Prop. 3.13 and Lemma 6.3, [V, 1dI‘(F(@))] is a sum of
Wick monomials with symbols having an L? norm O(t~*), s > 1, by condition (Is). Prop. 3.13

and the higher order estimates give then that x(H)[V, 1dI‘(F(|it‘))]X(H) € O(t™®), s > 1. Thus
this term is integrable in norm. O

1
3 » 2dt
) e S < clul®

The following proposition contains a more subtle propagation estimate. Its intuitive meaning
is that along the evolution of an asymptotically free boson the instantaneous velocity Vw(k)
and the average velocity 7 converge to each other as time goes to co.

Proposition 11.3 Let x € C°(IR), 0 < ¢ < ¢1. Set

Oteo.en)(£) = AT (% = Veo(k), Tigy o ($)(% = Ve(k)))) -

Then it
o) 1 =
| 10 @ x(E)e a2 < Clul?

Proof. The propagation observable used to prove the proposition is of the form
O(t) = x(H)dL(b(t))x(H),

for
1

x
535 (R
with [0YR(x)| < Cq, suppR C {|z| > ¢y > 0}.
As above it suffices to estimate the term x(H)[V,idl'(b(t))]x(H), the other terms in the
Heisenberg derivative of ®(¢) being similar to those in [DG1, Prop. 6.2]. By Prop. 3.13,
[V,1dI'(b(t))] is a sum of Wick momomials with symbols dI'(b(t))wp,cc, Where w), o is the kernel
defined in (6.8). We use then pseudodifferential calculus, the fact that supp R C {|z| > e}
and Lemma 6.3 to show that dI'(b(t))wee € O(t™*), s > 1. By Prop. 3.13 i) this implies that
X(H)[V,id['(b(t))]x(H) € O(t~*) and hence is integrable in norm. O

). 5 = Val)) +he))

T
t

The following proposition is an improvement on Prop. 11.3.

Proposition 11.4 Let 0 < ¢g < ¢1, J € C§°({co < |z] < e1}), x € CP(IR). Then

/;OO HdF (’J (f) (”; - &u(k:)) +he

2
R

— < Cllul*.
t
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Proof. The proof is identical to [DG1, Prop. 6.3], using the argument in the proof of Prop.
11.3 to control the commutators with V. O

Note that Prop. 11.4 is still true if we replace H by H*' and dI'(b) by dT'(b) @ 1+ 1@ dI'(b),
for b= |J (%) (2 — Ow(k)) + hc|.

The last propagation estimate of this section is the so called minimal velocity estimate, based
on the Mourre estimate shown in Subsect. 9.2. Since the conjugate operator is different from
the one in [DG1], we will give a more detailed proof.

Proposition 11.5 Assume condition (B1). Let x € C°(IR) be supported in IR\(7 U opp(H)).
Then there exists € > 0 such that

/1+°° HF <]l[o,e] ('f‘)) N(H)e 1y

Proof. Let us first prove the proposition for x supported near an energy level A € IR\7Uop,,(H).
By Thm. 9.2, we can find x € C§°(IR) equal to 1 near A such that for some ¢y > 0:

2 ar

& < clul

(11.1) X(H)[H,iA]x(H) > cox*(H).
Let € > 0 be a parameter which will be fixed later. Let ¢ € C§°(|z] <2¢), 0 < ¢ <1, ¢ =1 near

{lz] < €} and let ¢* = q(%).
We use the propagation observable

T (q")x(H).

|

We fix cutoff functions § € C°(IR), x € C§°(IR) such that
supp g C {|z| < 4e}, Gg = q, Xx = x-
Let us show the following estimate:
(11.2) INFEET (g x (H)|| < Ce™ + O (t71), m = 1,2.
First note that by Lemma 3.2 i)
AP < N2 (a®™).

Next:
(11.3) I(¢")dI(a®™)T(¢") = dT'((¢")?, ¢'a®"q¢") < dT(q'a*"q").

qta2mqt < €2mt2mw2m(k) + O(tQm_Q)w(k).
Therefore T'(¢")dT(a*™)['(¢) is less than

Ce?™>Mdl (w?™) + Ct?™2dD (w) < CE™*™dD (w)*™ + Ct*™2dI (w).
Therefore

m 1 — -1
INFA DB < O N B+ O 2N o
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Then we apply the high order estimates.
Now (11.2) implies the uniform boundedness of ®(t).
Let us compute the Heisenberg derivative of ®(¢). Using Lemma 11.1, we have, for dog’ =
oqt + [w,igt):
D&(t) = x(H)dT(¢", dog")4T(¢")x(H) + he

+x(H)[V,i0(¢")] 4T (¢")x(H) + he
(11.4) +t~ X (H)D(¢")[H, AT (¢')x (H)
—t ' (H)T(¢") 4T (¢")x (H)

(
=: Ri(t) + Ra(t) + Rs(t) + Ry(t).

We have used the fact that ['(q') preserves D(Hp) and D(N™) to expand the commutator
[H,i®(t)] in (11.4).
Let us first estimate Ry(¢). By Lemma 3.17 and Lemma 6.3,

[V.il(¢")] € (N +1)7"On(t7%), s > 1,

(
)

Therefore by (11.2)
(11.5) Ry(t) € O(t™%), s > 1.

We consider next R;(t). We have:

1 x x 1
dedt = —— (%X _ z h b Dty gt
oq’ 2t<t Vw(k),Vq(t)>+ c+r n + 7t

where 7 € O(t~2). By the higher order estimates (7.1) ||x(H)dI'(q*,7")|| € O(¢t=2), which using
(11.2) yields

A _
Ix(H)dT(¢",7) T (g )x(H)]| € OF?).
Then we set
A
By = x(H)AT(q', g)(N +1)73,  Bj := (N +1)2 7T(¢")x(H),
and use the inequality

X(H)dT (¢, ¢") 4T (¢")x(H) +he =t"'B1Bj + ¢t 'ByB;

(11.6)
> —t"'B1B}f —t 'ByBj.
We have
~ByBj = —X(H)T(q") 4 (N + 1)T(¢")x(H)
(11.7) = X(H)T(¢")X(H)T(d") % (N + DI(@)X(H)T (g )x(H) + O(t™")

> —2Cix(H)D?(¢')x(H) + O(t™),

where we used Lemma 7.11 and the boundedness of % (N + 1)T'(¢")x(H) in the first step and
the estimate analogous to (11.2):

2
RCH)T(@) 5 (N + DE@)R(H) < O 4+ 0(7)
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in the second step. Next we use that by Lemma 3.4 v):
|V +1)72d0(q" g Yul| < [dT(g"g") 2ul, w € H.

to obtain: )
|(u, Bi Biu)| = [[(N +1)"2dl(q", g")x(H )ul?

< ldr(g™g") 2 x(H)ul[?, u € H.
Using Prop. 11.3, we obtain

(11.8) /1+°° Bie w25 < Cul?
Next we use Lemma 7.11, to write:
Rs(t) =t"'T(¢")x(H)[H,iA]x(H)I'(¢") + O(t?)
(11.9) > Cot T (¢")X*(H)T(¢") — Ct~2
> Cot~'x(H)T*(¢")x(H) — Ct~2.
It remains to estimate R4(t). We have
Ry(t) = —t""x(H)T(¢")4T(¢")x(H)

(11.10) = —t~'x(H)T(¢"X(H)T(¢") 4T (§") X (H)T (¢")x(H)

> —eCot™'x(H)T'(¢")*x(H) + O(t?).
Collecting (11.7), (11.9) and (11.10), we obtain

(11.11) —€*t1B5 (1) Ba(t) + Rs(t) + Ra(t)
| > (=€Cy + Co — eCo)t™ X (H)T(q")*x(H) — Ct~2.

We pick now e small enough so that Cy = —e2Cy + Cy — eCy > 0. Using (11.5), (11.8) and
(11.11) we conclude that

D®(t) > %X(H)Fz(qt)X(H) —R(t)—Ct™®, s > 1.

where R(t) is integrable along the evolution. By the standard argument, this proves the propo-
sition for y with support close enough to an energy level A C IR\(7 U op,,(H)). To prove the
proposition for all x supported in IR\ (7 U o, (H)) we argue as in [DG2, Prop. 4.4.7]. O

12 Asymptotic completeness

12.1 Existence of asymptotic localizations

Theorem 12.1 Assume hypothesis (Is), s > 1. Let ¢ € C°(R), 0 < ¢ <1, ¢g=1o0na
neighborhood of zero. Set ¢'(x) = q(¥). Then there exists

(12.1) s- lim T (¢h)e ™ = T (q).

t—o0
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We have

(12.2) I'(qq) =T ()T (q),
(12.3) 0<TT(q) <TT(Q <1, f0<g<g<1,
(12.4) [H,T"(q)] = 0.

Proof. Let us first prove the existence of (12.1). Using Lemma 7.11 and a density argument,
it suffices to prove the existence of

s- lim ™ x(H)T(¢")x(H)e ™

t—-Fo0
for x € C§°(IR). We compute the Heisenberg derivative:
X(H)DI(¢")x(H) = x(H)dT(q", dog")x(H) + x(H)[V,il(¢")]x(H),
by Lemma 11.1. From Lemma 3.17, Lemma 6.3 and hypothesis (Is) we obtain
(12.5) IX(ED[V,AT (g x (H)|| € O™).

Next we compute:
1
doqt = *tgt + 1t

where
g = =1 ((% = 0w(k))dg(%) + he)

and 7 € O(t~2). Using Lemma 3.4 v) and the higher order estimates, we obtain that
(12.6) IX(H)AT (", r")x(H)| € O(™2).
On the other hand by Lemma 3.4 v) we have
1
(12.7) [(ulx(H)AT(¢", g )x(H)u)| < [|dT(|g* )2 x(H)ul*.

Hence the existence of the limit (12.1) follows from (12.5)—(12.7), Proposition 11.4 and Lemma
AL
(12.4) follows by Lemma 7.11. (12.2) follows from

L(q'q") = T(¢"T(d").

An analogous theorem is true for the free Hamiltonian, but it is much easier. It follows
within each n-particle sector by the stationary phase method. Note that in the free case one
does not need to assume that the cutoff function ¢ is one at zero.

Proposition 12.2 Let ¢ € C§°(R), 0 << 1. Then

s lim e (ghe M) = T (g(Vw)).

t—o0
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12.2 Projection P

Theorem 12.3 Let {g,} € C§°(IR) be a decreasing sequence of functions such that 0 < g, <1,
q =1 on a neighborhood of 0 and NS supp g, = {0}. Then

+ .o Tim T -
(12.8) Py =s nh_)ngolj (qn) exists.

Pd" does not depend on the choice of the sequence {qy,}.
It is an orthogonal projection satisfying

[H, Pyf] = 0.

Besides
(12.9) RanPy" C K.

The range of P(T can be interpreted as the space of states asymptotically containing no bosons
away from the origin.

Proof. The existence of Py~ and the fact that it is a projection follow from (12.2), (12.3) and
Lemma A.3. To show that P~ does not depend on the choice of {g,}, we pick two sequences
{qn},{@n}. There exist for each n € IN an index m,, such that ¢, > G¢m,,dn > Gm,. Hence by
(12.3) we see that

s lim I (g,) = s- lim T"7(gy,).
n—od n—oo

The fact that [H, Py’] = 0 follows from (12.4).
Let us now show (12.9). We know that RanP;" is invariant wrt H, hence D(H) N RanP;" is
dense in RanP;". Besides, K is closed. Thus it is enough to show that D(H) N RanPy" C K.
Let u € D(H) NRanP; . We are going to show that

(12.10) (H+b) 2at(h)u=0, henb,

which will imply v € K. By the continuity of h > h — (H + b)_%cﬁ(h) it is enough to assume
that h € ho. By stationary phase arguments we may choose ¢ € Coo (IR) with 0 < ¢ <1, ¢(0) =1
and supp ¢ contained in a sufficiently small neighborhood of 0 so that q'h; € o(1). Then

u = lim T (¢")e "y,

t—oo
(H + b)_%a+(h) =s- tlim eitH(H + b)_%a(ht)e_itH,
Hence

(H+b)"2a*(h)u = limy_.oe e (H + b)~2a(hy)T(¢")(H + b)~2e H (H + b)2u
(12.11)
= limy o0 €7 (H +b) 720 (q)a(q"he) (H + b)~2e =T (H + b)Zu.

But since ¢'h; € o(1), a(qthy)(H + b)_% € o(1) and therefore (12.11) vanishes. O
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12.3 Geometric inverse wave operators

Let jo € C§°(IR), joo € C®(IR), 0 < jo, 0 < joo, jé + 72 < 1, jo = 1 near 0 (and hence jo, = 0
X

near 0). Set j := (jo, Joo)- Set also gt = (jé,jf)o), where jé(a:) :jo(%), ]éo(x) = joo(?).
As in Subsect. 3.10, we introduce the operator I(5) : T'(h) @ T'(h) — T'(h).

Theorem 12.4 Assume hypothesis (Is) for s > 1.
i) The following limits exist:

(12.12) s- lim ™7 (jt)e 1t
t—-+4o0

(12.13) s- lim et [(jt)e 0™
t—-4o00

If we denote (12.12) by W (j), then (12.13) equals W (j)*.
it) For a bounded Borel function F' one has

WH(j)F(H) = FH*)W*(j).

iij) Let qo,q € C*®(R), Vqo, Vg € CP(R), 0 < 0,900 < 1, qo = 1 near 0. Set j :=
(Jos Joo) = (q0Jo, Gocjoo)- Then
I (q0) @ T(goo (V@)W () = WF(j).
iv) Let g € C*(IR), Vg€ C§°(R), 0 < ¢ <1, ¢g=1 near 0. Then
WG (a) = W (g)),
where qj = (qjo; ¢joo)-

v) Let j = (Jo,joo) be another pair satisfying the conditions stated at the beginning of this
subsection. (Note that jojo + Joojoo < 1 and jojo = 1 near zero). Then

W+(3)*W+(]) = F+<30j0 + 3oojoo)a

In particular, if 53 + j2 =1, then W+ (j) is isometric.
vi) Let jo + joo = 1. If x € C§°(IR), then

QX (HO)WT(5) = x(H).

Proof. Let us first prove the existence of the limit (12.12), the case of (12.13) being similar.
Using Lemma 7.12 and a density argument, it suffices to prove the existence of

s lim eitHe"tX(Hext)I* (jt)X(H)efitH’

t—o0

for some x € C3°(IR). We compute the asymmetric Heisenberg derivative
X(H™)DI*(j)x(H) = x(H™)Dol*(j')x(H)
i (H)(V @ W (5') — I*(5°)V)x (H).
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From Lemma 3.17, Lemma 6.3 and hypothesis (Is), we obtain
(12.14) IX(HE)(V @ 1 (5) = I () V)x(H)|| € O(t™).

On the other hand by Lemma 3.11, we have DoI*(j?) = dI*(j%, dgj?), and, by pseudodifferential
calculus,

- 1
d%)jt = Ekt + Tta

where

K= (kb kL), KL= —3((2 = 0w(k)dje(%) +he), € = 0,00

€

and 7 € O(t~2). Using Lemma 3.11 v) and the higher order estimates we obtain
(12.15) IX(HE) I (5, r)x(H)|| € O(t™?).
Using then Lemma 3.11 iv), we obtain
|(ua | x (HO)AT* (5, k) x (H)ua )|
(12.16) < (@R @ DX (HYua [T (K] 2 X (H e |

) (H Yus ||| AT ([KL )2 x (H )ua .

[N

+[[(1® dr (kL))

Hence the existence of the limit (12.12) follows from (12.14)-(12.16), Proposition 11.4 and
Lemma A.2.
it) follows from Lemma 7.12. iii) follows from Prop. 12.2 and the fact that

[(qh) ® D(ase)I*(57) = I ().

iv) follows from
I*(5)T(¢") = I"((ja)")-
v) follows from
I(GI*(3) = T (5456 + 3atbo)-
Up to tech~nica1 details due to the unboundedness of I, vi) can be considered as a special case
of v) with 7 = (1,1) . To prove vi) we note that

H™ Ny oo[(Noo) > mk + Ey,

where Ey = inf o(H). Hence for x € C§°(IR) we can find n € IN such that

(12.17) X(H) 1y, oo (Noo) = 0.
Therefore

QN (HOW () = Q9 gy (Noo) X (HE) W () (1)
(12.18) = s lims oo eitH]]l[Om](NOO)X(HeXt)I*(jt)e—itH 2)

= s limy_o0 € I ) (Noo ) I* (5" )e ™ x (H ) (3),
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using (12.17) in step (1), Thm. 10.7 43) and Thm. 12.4 4) in step (2) and Lemma 7.12 and the
boundedness of Il ,,)(Neo)(No) ™" in step (3).
Next we claim that

(12.19) |1 et (Noo) I (N +1) 71 < Cln + 1)1

In fact the operator

yy . 00 .
Iy, o (Noo) I*(5) = r<z>11]n,oo[(dr(< 01 )))r(f )
commutes with N. On ®h it can be written as
Z j£1®...®j£n7
f#{ile;=c0}>n

where the indices ¢; take the values 0, co. This explicit expression and the fact that jo 4 joo = 1
imply

[ oo (Noo) T (GO < 1,
which yields (12.19). Hence

lim limsup ||e™ I, .o((Noo)I*(j')e  y(H)| = 0.

n—oo t—00

Since n can be chosen arbitrarily big and
(') = 1,
(12.18) equals x(H). O

12.4 Geometric asymptotic completeness
In this subsection we will show that
RanPOJr =Kt.

We call this property geometric asymptotic completeness. It will be convenient to work in the
extended space H™' and to treat QT as a partial isometry QF : H®' — H, as explained in
Subsect. 10.4.

We will give an explicit construction of the inverse wave operator Q* in terms of the
geometric inverse wave operators W™ (j).

Theorem 12.5 Assume hypothesis (Is) for s > 1. Let jn, = (Jon, joon) Satisfy the conditions
of Subsect. 12.3. Additionally, assume that jo n + joo,n = 1 and that for any € > 0, there exists
m such that, for n > m, supp jo, C [—€,€] Then

QM =w— lim W (j,).

n—oo

Besides
KT = RanPdF .
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Proof. Let ¢ € C§°(IR), ¢ = 1 in a neighborhood of 0, 0 < ¢ < 1. For sufficiently big n we have
qjo,n = jon- Therefore, for sufficiently big n by Thm. 12.4 iii)

(T (q) ® YW (jin) — W (j,) = 0.

Hence

(12.20) w— lim (B @ 1W 7 (jn) = W*(j)) = 0.

Let now u € H, x € C§°(IR). We have

Q+*X(H) _ Q+*Qext,+X(Hext)W+(jn) (1)

— W — limy_ oo QT QU (HE) W () (2)
= w — limy oo QT QTN (H) P @ IWH(j,)  (3)
=w — limy,—00 Py” @ DX (H™)W (i) (4)
— w — limy o Py © TW* (j)x(H) (5)
= w — limy oo W (jin) X (H) (6)-

We used Theorem 12.4 vi) in step (1); step (2) is obvious — we just added w — lim,, . to a
constant sequence; (12.20) was used in step (3) (note that Py” ® 1 commutes with y(H®)); in
step (4) we used K+ O RanP;", Q* 1l @ T = QF, QM*QF = Tt ® 1; in step (5) we used
Theorem 12.4 73); finally in step (6) we used again (12.20). The arbitrariness of x € C§°(IR) and
a density argument imply

O =w— lim W (j,).

n—oo

Therefore by (12.20), (Py” ® 1)QT* = QF*, ie
RanQ "™ C RanPy" @ I'(h) € KT @ I'(p).

But by construction
RanQ™ = KT @ T'(h).
Hence K™ ®@ I'(h) = RanPy @ I'(h), and therefore
Kt = RanP;".

a

12.5 Asymptotic completeness

In this subsection, we will prove Thm. 10.6.
Proof of Thm. 10.6. By Proposition 10.4 and geometric asymptotic completeness we
already know that

Hpp(H) C KT = RanP;".
It remains to prove that Py” < I,,(H). Let x € C°(IR\(7 U opp(H))). We deduce from Prop.
11.5 in Sect. 11 that there exists € > 0 such that for ¢ € C5°([—¢, €]) with g(z) =1 for |z| < €/2
we have

oo = dt
| In@x e Pt S < el
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Since ||T(¢")x(H)e "Hu|| — ||TF(q)x(H)ul|, we have I'*(q)x(H) = 0. This implies that
P[;r S ]lTUO'pp(H)'

Since 7 is a closed countable set and oy, (H) can accumulate only at 7, we see that 1,,(H) =
1;us,, (H). This completes the proof of the theorem. O

A Appendix

The following lemma describes an argument commonly used to prove the so called propagation
estimates (see [DG1, Sect. 8.4] and references therein).

Lemma A.1 Let H be a self-adjoint operator and D the corresponding Heisenberg derivative

d .

Suppose that ®(t) is a uniformly bounded family of self-adjoint operators. Suppose that there
exist Coy > 0 and operator valued functions B(t) and B;(t), it =1,...,n, such that

DP(1) > CoB*(1)B(t) — 3. B (1)Bi(t),
i=1
T IBHe |2t < Clol2, i=1,...,n.
1
Then there exists Cy such that

(A1) 1B o)t < ol

Next we describe how one uses propagation estimates to prove the existence of asymptotic
observables.

Lemma A.2 Let H; and Hy be two self-adjoint operators. Let 9Dy be the corresponding asym-
metric Heisenberg derivative:

2D1‘1>(t) = %(I)(t) + IHQ(I)(t) — I(I)(t)Hl

Suppose that ®(t) is a uniformly bounded function with values in self-adjoint operators. Let
D1 C 'H be a dense subspace. Assume that

|(Y2]2D1@()v)] < '21 ([ Bai () o]l || B1i(t) ¥,

[ |Bai(t)e ¥ 2¢|2dt < C||¢|1?, deH, i=1,...,n,
1

f ||B1i(t)e_itH1d>H2dt < CHQbHQ, (}5 €Dy, 1=1,...,n.
1

Then the limit _ _
s- lim et2@(¢)e it

t—o0

exists.
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The proof of the following lemma is given in [DG1]:

Lemma A.3 Let Q,, be a commuting sequence of selfadjoint operators such that:

0< Qn < 1> QnJrl < Qna QnJrlQn = Qn+1'
Then the limit
Q =s- lim Q,.
n—oo

exists and is a projection.

References

[ABG] Amrein, W., Boutet de Monvel, A., Georgescu, W.: Cy-Groups, Commutator Methods
and Spectral Theory of N-Body Hamiltonians, Birkhaduser, Basel-Boston-Berlin, 1996

[AH] Arai, A., Hirokawa, M.: On the existence and uniqueness of ground states of a generalized
spin-boson model. J. Funct.Anal. 151 (1997) 455-503

[BFS| Bach, V., Frohlich, J., Sigal, I.: Quantum electrodynamics of confined non-relativistic
particles, Sonderforschungsbereich 288 preprint, 1996

[BFSS] Bach, V., Frohlich, J., Sigal, I., Soffer, A.: Positive Commutators and Spectrum of
Nonrelativistic QED, preprint 1997.

[BR] Bratteli, O, Robinson D. W.: Operator Algebras and Quantum Statistical Mechanics Vols
I, II, Springer Berlin 1981

[Chl] Chaiken, J.M.: Finite particles representations and states of the canonical commutation
relations, Ann. Phys. 42 (1967) 23-80

[Ch2] Chaiken, J.M.: Number operators for representations of the canonical commutation rela-
tions, Comm. Math. Phys. 8 (1968) 164-184

[CMR] Courbage, M., Miracle-Sole, S., Robinson, D.W.: Normal states and representations of
the canonical commutation relations, Ann. LH.P. 14 (1971) 171-178

[CFKS] Cycon, H.L., Froese, R., Kirsch, W., Simon, B.: Schrddinger Operators with applications
to Quantum Mechanics and Global Geometry, Springer 1987

[DG1] Derezinski, J., Gérard, C.: Asymptotic completeness in quantum field theory.
Massive Pauli-Fierz Hamiltonians, to appear in Review in Mathematical Physics.

[DG2] Derezinski, J., Gérard, C.: Scattering Theory of Classical and Quantum N -Particle Sys-
tems, Texts and Monographs in Physics, Springer, 1997

[E] Enss, V.: Long-range scattering of two- and three-body quantum systems, Journées “Equa-
tions aux dérivées partielles”, Saint Jean de Monts, Juin 1989, Publications Ecole Poly-
technique, Palaiseau 1989

[FH] Froese, R., Herbst, I.: A new proof of the Mourre estimate, Duke Math. J. 49 (1982)
1075-1085

81



[Ge] Gérard, C.: Asymptotic completeness for the spin-boson model with a particle number
cutoff, Rev. Math. Phys. 8 (1996) 549-589

[GJ1] Glimm, J., Jaffe, A.: Boson quantum field theory models, in Mathematics of Contempo-
rary Physics R. Streater ed. (1972) Academic Press

[GJ2] Glimm, J., Jaffe, A.: A A¢* quantum field theory without cutoffs I, Phys. Rev. 176 (1968)
1945-1951

[GJ3] Glimm, J., Jaffe, A.: Quantum field theory models, in Statistical Mechanics and Quantum
Field Theory, C. de Witt, R. Stora eds (1971) Gordon Breach

[GJ4] Glimm, J., Jaffe, A.: A A¢* quantum field theory without cutoffs: II. The field operators
and the approximate vacuum, Ann. Math. 91 (1970) 204-267

[Gr] Graf, G.M.: Asymptotic completeness for N —body short range quantum systems : A new
proof, Comm. Math. Phys. 132 (1990) 73-101

[HS] Helffer, B., Sjostrand, J.: Equation de Schrodinger avec champ magnétique et équation de
Harper, Springer Lecture Notes in Physics 345 (1989) 118-197

[HK] Hggh-Krohn, R.: On the spectrum of the space cutoff : P(¢) : Hamiltonian in 2 space-time
dimensions, Comm. Math. Phys. 21 (1971) 256-260

[HuSpl] Hiibner, M., Spohn, H.: Radiative decay: nonperturbative approaches, Rev. Math.
Phys 7 (1995) 363-387

[HuSp2| Hiibner, M., Spohn, H.: Spectral properties of the spin-boson Hamiltonian, Ann. Inst.
H. Poincaré 62 (1995) 289-323

[JP1] Jaksic, V., Pillet, C.A.: On a model for quantum friction I: Fermi’s golden rule at zero
temperature, Ann. Inst. H. Poincaré 63(1995) 62-47

[JP2] Jaksic, V., Pillet, C.A.: On a model for quantum friction II: Fermi’s golden rule and
dynamics at zero temperature, Comm. Math. Phys. 176 (1995) 176-619

[JP3] Jaksic, V., Pillet, C.A.: On a model for quantum friction III: Ergodic properties of the
spin-boson system, to appear in Comm. Math. Phys.

[Mo] Mourre, E.: Absence of singular continuous spectrum for certain selfadjoint operators,
Comm. in Math. Phys. 78 (1981) 519-567

[Ne] Nelson, E.: A quartic interaction in 2 dimensions, in Mathematical theory of elementary
particles, R. Goodman, I. Segal eds, MIT Press Cambridge 1966

[PSS] Perry, P., Sigal, .M., Simon, B.: Spectral analysis of N—body Schrédinger operators,
Ann. of Math. 114 (1981) 519-567

[Rol] Rosen, L.: A \¢?" field theory without cutoffs. Comm. Math. Phys. 16 1970 157183

[Ro2] Rosen, L.: The (¢*")2 Quantum Field Theory: Higher Order Estimates, Comm. Pure
Appl. Math. 24 (1971), 417-457

82



[Ro3] Rosen, L.: Renormalization of the Hilbert space in the mass shift model, J. Math. Phys.
13 (1972) 918-927

[Se] Segal, I.: Construction of non linear local quantum processes I, Ann. Math. 92 (1970)
462-481

[Sil] Simon, B.: The P(¢)2 Euclidean (Quantum) Field Theory, Princeton University Press,
1974

[Si2] Simon, B: Studying spatially cutoff ()" Hamiltonians, in Statistical Mechanics and Field
Theory R.N. Sen and C. Weil eds ,New York, Halsted Press, 1972

[Si3] Simon, B.: Continuum embedded eigenvalues in a spatially cutoff P(y)s field theory, Proc.
AMS. 35 (1972) 223-226.

[S-H.K] Simon, B., Hegh-Krohn, R.: Hypercontractive Semigroups and Two dimensional Self-
Coupled Bose Fields, J. Funct. Anal. 9 (1972) 121-180.

[Sk] Skibsted, E.: Spectral analysis of N-body systems coupled to a bosonic system, preprint,
1997

[Spl] Spohn, H.: Asymptotic completeness for Raleigh scattering, preprint 1996

[Sp2] Spohn, H.: Ground state of a quantum particle coupled to a scalar Bose field, preprint
THES 1997

83



