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1 Introduction

A quantum system is often described by a W*-algebra 9t with a o-weakly continuous group of automor-
phisms 7¢. Such a pair (9, 7%) is usually called a W*-dynamical system.

Definition 1.1 We say that (I, 7%) satisfies the return to equilibrium property if
1. there ezists a unique T'-invariant normal state w on IM;

2. if ¢ is any normal state on M, then

lim ¢('(A)) = w(4), A€m.

t—o00

The conventional wisdom (based on our everyday experience) says that the following statement should
be true in some sense.

Quasitheorem Suppose that the W*-dynamical system (9, 7") describes a physical system that is
1. infinitely extended;
2. a localized perturbation of a a thermal equilibrium system;
3. sufficiently reqular;
4. sufficiently generic.

Then it should satisfy the return to equilibrum property.

The main goal of our paper is the proof that a certain class of Pauli-Fierz systems satisfies the return
to equilibrium property. Pauli-Fierz systems is the name that we give to a class of some W*-dynamical
systems that are often used to describe the interaction of a small quantum system with a “bosonic
reservoir”. In our paper, the small system will be always described by a finite dimensional Hilbert space
K. The bosons will be described by the Fock space over the one particle space Z, denoted I's(Z). The
bosons can be interpreted eg. as photons or phonons. Pauli-Fierz systems usually arise in physics as
simplified versions of the non-relativistic QED.

In the case of finite volume Pauli-Fierz systems, the W*-algebra of observables is simply B(H) for
H =K ®Ts(Z2). From the point of view of the classification of W*-algebras, such algebras are type I
factors, so they are rather simple-minded. The dynamics is generated by a certain bounded from below
operator H, called the Pauli-Fierz Hamiltonian. The thermal equilibrium state is given by the density
matrix e ## /Tre 8. Note however, that one does not expect the return to equilibrium property to be
true for finite volume systems.

In the thermodynamical (infinite volume) limit at positive temperature it is not possible to describe a
bosonic reservoir by a type I algebra. Instead, one has to use the so-called Araki-Woods representations,
which lead to type III algebras Mg 1, which we call (left) Araki-Woods algebras.

Using Araki-Woods algebras we can define a one parameter family of W*-dynamical systems (B(K)®
Mg, TZ;) , which we call thermal Pauli-Fierz systems. Note that they are defined in a canonical way given
the inverse temperature § € [0, co] and the Pauli-Fierz Hamiltonian H. For the zero temperature, that is
for B = oo, the system (B(K)®@Mx 1, 74,) is just the type I W*-algebra B(H) equipped with the dynamics
generated by H. For § €]0, o], the systems (Mg, Té) can be interpreted as the thermodynamical limit of
the same underlying physical system. Their algebras are type III and, in general, they are non-equivalent
for distinct 3. The analysis of the family of W*-dynamical systems (Mg 1, Té), for 8 €]0, 0], is the main
subject of this paper.

The Pauli-Fierz systems that we consider satisfy the two first conditions that we mentioned in the
“quasitheorem”. They describe an infinitely extended system—which for 8 < oo mathematically is



expressed in the fact that their W*-algebra is of type III (a rather nontrivial kind of a W*-algebra).
The choice of the Planck law in the Araki-Woods representation expresses the fact that the system is a
localized perturbation of the thermal equuilibrium. Nevertheless, these conditions are not sufficient to
guarantee the return to equilibrium property. It is easy to see that this property is violated eg. for free
Pauli-Fierz systems.

There are several approaches that can be used to express the “regularity” of interacting Pauli-Fierz
systems (the third condition in our “quasitheorem”). The approach that we adopted is based on the idea
of Jaksié¢ and Pillet of gluing negative and positive frequences of the bosons [JP1, JP2]. This allows us
to define a “conjugate operator”—the generator of translations in the spectral variables. Unlike in the
original approach of Jaksi¢ and Pillet, we do not assume the analyticity with respect to this conjugate
operator, but only the differentiability (of sufficiently high order). This is a much weaker assumption than
the analyticity and allows us to treat Pauli-Fierz systems more efficiently, especially at small temperatures.

To express the genericity of the interaction we use some simple algebraic conditions on the interaction
derived from the so-called Fermi Golden Rule. The Fermi Golden Rule describes how to compute the
eigenvalues and resonances of a self-adjoint operator to the second order. In particular, it can be used to
predict which eigenvalues will disappear when we switch the interaction on for small coupling constant
(and turn into resonances, if the system is sufficiently analytic).

It turns out that in the case of thermal Pauli-Fierz systems the computations of the Fermi Golden Rule
lead to two distinct conditions that guarantee the return to equilibrium property. The first one applies
only to the zero temperature (5 = 0o) and is relatively easy to compute. What is more interesting is what
happens at positive temperatures (5 < o0o). For the whole range of positive temperatures 5 €]0, co| the
Fermi Golden Rule gives a single condition that guarantees the return to equilibrium for sufficiently small
nonzero coupling constants. In order to check this condition, first we need to construct a certain (finite
dimensional) x-algebra. The definition of this *-algebra depends only on the Hamiltonian H and not on
the inverse temperature (. If this x-algebra has a trivial commutator, then for any positive temperature,
for a sufficiently small nonzero coupling constant, the return to equilibrium property holds.

If we assume the two kinds of generic assumptions (the zero-temperature and the positive temperature
one) plus a sufficient regularity of the interaction, then we can prove that the return to equlibrium is
uniform in temperature (at least for not too large temperatures). In other words, we can show that for
any (p > 0 there exists A\g > 0 such that for 0 < |A\| < A¢ the return to equilibrium is true. This result
would be impossible to obtain using just the translation analyticity. In fact, it was this result, which was
the main motivation for us to study the Mourre theory version of the Jaksié-Pillet approach in [DJ].

Before we explain the tools that we use in our paper, let us recall some important elements of the
theory of W*-algebras that we will use [BR, DJP]. One of the most important concepts of the modern
theory of W*-algebras is the so-called standard representation [Ha] (see also [A2, Co, BR]). We say
that a quadruple (7w, H,J,Hy) is a standard representation of a W*-algebra 9, if 7 : M — B(H) is
a x-representation, J is an antiunitary involution on H and H, is a self-dual cone in H satisfying the
following conditions:

1) Jr(9M)J = w(M)’,

2) JAJ = A* for A in the center of M,

3) JU =V for U € Hy,

4) m(A)Jr(AYH4 C Hy for A e M.

It can be shown that every W*-algebra possesses an essentially unique standard representation.

The standard representation has several important properties. First of all, every normal state w on
M has a unique vector representative 2 € H, . Secondly, every W*-dynamics 78 on 9 has a canonical
implementation in the standard representation by a strongly continuous unitary group, so that

n(rt(A)) = etlr(A)e .

for a certain self-adjoint operator L. The operator L is fixed by the condition e'**H, C H, and is called
the Liouvillean. It encodes all the properties of 7% in a particularly convenient way. This encoding is



described partly in the following theorem:

Theorem 1.2 1. The Liouvillean L has no eigenvalues iff the the W*-dynamics t* has no invariant
states.

2. The Liouvillean L has exactly one nondegenerate eigenvalue at zero iff the W*-dynamics m° has a
single invariant state.

3. Suppose L has no singular continuous spectrum, has exactly one nondegenerate eigenvalue at zero
and the corresponding eigenstate is separating for M. Then the return to equilibrium property is
true for (O, °).

As we see from the point 3) of the above theorem, the return to equilibrium follows from the ap-
propriate spectral properties of the Liouvillean. The main goal of this paper is to prove these spectral
properties. This proof consists of two basic steps.

First let us describe the first part. We want to show that the Liouvillean Lg has a zero eigenvalue. In
the case of Pauli-Fierz Liouvilleans with 8 < oo, this follows from our forthcoming paper [DJP], where
we extend the well known perturbation theory for KMS states due to Araki [Al, BR] to the case of
unbounded perturbations. By these results the Pauli-Fierz Lioubilleans Lg always have an eigenvector
with the eigenvalue zero. This eigenvector represents a S-KMS state for the dynamics Tg. By the general
theory of KMS states, this eigenvector is always separating.

In the case 3 = oo, the Liouvillean also has an eigenvector with the zero eigenvalue. This eigenvector
corresponds to the ground state of H. It is not separating for the algebra though. Therefore, even if
we prove that it is the unique eigenvector of L, and that L., has no singular continuous spectrum, we
cannot conclude that the return to equlibrium holds.

The second part of the argument is based on the paper [DJ], which was devoted to the study of
spectral properties of Pauli-Fierz operators. The results of [DJ] imply that under generic assumptions
the space of eigenvectors of Lg is at most 1-dimensional. The main idea of the approach of [DJ] is to apply
the Mourre theory to the Pauli-Fierz operator restricted to the orthogonal complement of the vacuum
sector and then to use the Feshbach method to get spectral information about the full operator. These
results are conveniently formalized in the so-called Fermi Golden Rule Operator, that encodes the shift
of eigenvalues due to the second order perturbation theory.

Now, combining the two parts, we obtain the main result of our paper saying that Pauli-Fierz Liou-
villeans Lg, generically, have no singular spectrum except for a single nondegenerate eigenvalue at zero.
Under some additional conditions, our results are true uniformly for 5 € [Gy, o0]

For f < oo, B-KMS vectors are separating, as a consequence we obtain the return to equilibrium
property.

We argued above that Pauli-Fierz systems at positive temperatures should involve Araki-Woods alge-
bras and the W*-algebraic formalism. This point of view can be justified by invoking the thermodynamical
limit of finite volume systems. This argument can be made easily rigorous, although we are not going
to do it in this paper. Instead, in the appendix we included an extensive discussion which shows how
Araki-Woods representation and thermal Pauli-Fierz systems arise in the finite volume case. In this case,
there is no real need to use the W*-algebraic language at all. In fact, all the Liouvilleans Lg are unitarily
equivalent to the operator H ® —1 ® H. Nevertheless, even in this case, using various representations
seems to be advantageous from the purely algebraic and computational point of view.

In order to make the problem more accessible to a wider audience, we included a whole section
where a simplified version of our main result is described. Note however, that this section is completely
independent of the rest of our paper and it can be skipped by a more advanced reader.



1.1 Comparison with the literature

Hamiltonians similar to those considered in our paper can be traced back to a famous paper by Dirac
[Di]. Since then, they appear frequently in the physics literature [PF, He, CT]. In the recent years
there has been a revival of interest in rigorous results about these operators, starting with such papers
as [JP1, Sp2, BFS1, Sk, DG].

From the technical point of view, the results of our paper concern mainly spectral properties of a
certain class of Pauli-Fierz operators. A large part of the literature on spectral analysis of Pauli-Fierz
operators can be divided into two classes. The first uses the generator of translations as the main tool
and the second—the generator of dilations.

The idea of using the generator of translations started in the work of Jaksi¢ and Pillet [JP1, JP2],
where it was applied to deform analytically positive temperature Pauli-Fierz Liouvilleans. The infinites-
imal version of this method based on the Mourre theory was studied in [DJ]. That paper was a technical
preparation for the present paper. In fact, in the introduction to [DJ] we roughly described the applica-
tions contained in this paper (without, however, giving exact conditions).

The generator of translations is also the main tool of the interesting paper by Merkli [M], which is
devoted to the proof of the return to equilibrium in the mean. That paper, however, does not use the
results of [DJ], instead it is based on the technique of a “modified conjugate operator” originally due
to Huebner and Spohn, elaborated later in [BFSS|. The results of Merkli have a lot of similarity with
the results of this paper. One of the differences is the fact that Merkli is interested in the return to
equlibrium in the mean, which means that he does not need to show the absence of singular continuous
spectrum. His proof is based on the virial theorem, whereas the method of [DJ], on which the present
paper is based, is based on the limiting absorbtion principle. The most important difference between our
and Merkli’s approach, however, is that whereas in our approach the main role is played by the study
of the Pauli-Fierz operator restricted to the orthogonal complement of vacuum states, Merkli works on
the whole Hilbert space. We believe that the method applied by Merkli is much more complicated and
indirect than ours. Merkli’s main result is not uniform in the temperature.

The generators of dilations in the context of massless Pauli-Fierz operators were used first by Bach-
Froehlich-Sigal in a series of papers [BFS1, BFS2, BFS3, BFSS]. In [BFS4] they applied this technique
to study the return to equilibrium uniformly in temperature. A distinctive feature of their approach is
the so-called renormalization group technique, which in this context is meant to describe an iterative
procedure based on the Feshbach method, used to control the spectrum of Pauli-Fierz operators. The
results of [BFS4] resemble closely ours and Merkli’s. Strictly speaking, however, the conditions of the
result of Bach-Froehlich-Sigal are not comparable to ours and one can find interactions which can be
treated with one method and not by the other.

[BFS4] gives conditions that guarantee the return to equilibrium uniformly in the temperature. These
conditions are different than ours. What concerns the infrared decay of the interaction, they are somewhat
less restrictive than our conditions. This appears to be due to Bach-Froehlich-Sigal’s use of the generator
of dilations, and not of translations as in our paper. Note, however, that the methods of our paper seem
more transparent than those of [BFS4].

Let us stress that the algebraic conditions on the interaction that guarantee the return to equilibrium
for small nonzero coupling constant, which are given in our paper, are very simple and natural. These
conditions seem to appear for the first time in the literature. Somewhat similar conditions in the context
of the generator of a dynamical semigroup were described by Spohn in [Spl].

The Fermi Golden Rule Operator, that is one of the main tools of our paper, is closely related to the
generator of the so-called dynamical quantum semigroup obtained in the weak coupling limit, sometimes
called the Davies generator. The Davies generator was introduced in [Da] and was extensively studied
in the literature, eg in [Spl]. Let us stress that the Davies generator is a different object from the Fermi
Golden Rule Operator. It has a more direct physical meaning in terms of the evolution of expectation
values. It always has a stationary state. On the other hand, the Fermi Golden Rule Operator may have



no stationary state at all (eg. in the case of two thermal reservoirs at different temperatures). Its main
role is to describe the 2nd order correction to the eigenvalues and resonances.

One can distinguish two basic approaches to the algebraic quantum statistical physics. Either one
tries to describe a physical system by a C*-dynamical system (a C*-algebra with a strongly continuous
1-parameter group of x-automorphisms) or a W*-dynamical system. From the conceptual point of view
the first approach has some advantages. In fact, it was more popular in the early years of algebraic
quantum statistical physics. Unfortunately, realistic physical systems, especially those involving bosons,
often do not fit easily into the C*-algebraic framework.

The most comprehensive exposition of algebraic quantum statistical physics is [BR]. It describes both
the C* and W*-algebraic approaches. Nevertheless, it is the C*-algebraic approach, which is emphasized
in this monograph.

The point of view of our paper, which is purely W*-algebraic, owes a lot to the work of Jaksi¢-Pillet
[JP1, JP2]. They made it clear that the analysis of algebraic properties of quantum system can be based
on the study of spectral properties of the Liouvillean (although these ideas can be traced to earlier works,
such as [Ja]).

An extensive discussion of the algebraic framework for quantum statistical systems inspired by [JP1,
JP2] is contained also in [BFS4].

Our presentation of the algebraic approach to Pauli-Fierz systems has some points that are absent or
difficult to find elsewhere. We tried to explain the role of the standard representation and its relationship
to what we call the semi-standard representation. Our exposition of the Araki-Woods representation
and confined systems should help the reader understand how the W*-algebraic description of quantum
systems arises.

2 Simplified version of the main results

This section contains a self-contained description of a simplified version of the main results of this paper.
Readers who prefer a more complete exposition can skip this section altogether.

2.1 Pauli-Fierz system at zero temperature

Suppose we consider a small quantum system interacting with scalar massless bosons. We assume that
the small system is described by a finite dimensional Hilbert space K and a self-adjoint operator K. The
bosons are described by the one-particle space R?, where ¢ € RY is their momentum and |¢| is their
energy (dispersion relation). The full Hilbert space of the system at zero temperature is K ® T's(L?(R?)),
where T's(L2(R?)) denotes the Fock space over the 1-particle space L2(R9), and the free Hamiltonian is

He=K®1+12 / €la” (€)a(€)d,

where a*(§)/a(€) are the creation/annihillation operators of the boson of momentum §. We fix an
operator-valued function R? 5 ¢ — v(¢) € B(K). The interaction is given by the operator

Vie [0@ s a©+ '€ @ o)
The full Pauli-Fierz Hamiltonian equals
H:=Hp + AV,
where A € R. Observables of our system at zero temperature are described by the W*-algebra

B(K ® Ts(L*(R%))) (2.1)



and the dynamics is given by _ _
TH(A) == 'H AetH, (2.2)
2.2 Araki-Woods representations

Suppose now that the bosonic field has a nonzero densty given by a function
RY5 € s p(€) € [0, 50,

The W*-algebra B(I's(L*(R%))) does not describe adequately such bosons any more. It needs to be
replaced by the algebra 9,1, the (left) Araki-Woods algebra at density p.

The algebra 9, is constructed as follows. It is represented on the Hilbert space T's(L?(R%) @ L2(R?)).
The creation/annihillation operators corresponding to the first L2(R¢) (which describe excitations) are
denoted by af (§)/ai(§) and those corresponding to the second L?*(R?) (describing holes) are denoted by
ai(€)/ar(€). (1/r stand for left/right). 9, is generated by the operators of the form

expi([(F(E)(1+p(€))2af (€) + T(€)p(§) 2ax(€) + he)de),
where f € L%(R?) satisfy [ |f(£)]?p(£)d€ < oo.

2.3 Pauli-Fierz systems at a nonzero density

Suppose now that the small quantum system, described by the Hilbert space K interacts with the bosons
of density p. Instead of the algebra (2.1), adequate at temperature zero (equivalently, at p = 0), they
should be described by the W*-algebra

B(’C) ® Emm. (23)

This algebra has an obvious representation in the Hilbert space K ® I's(L?(R?) @ L?(R?)), which we call
the semistandard representation.
The dynamics (2.2) should now be replaced by the dynamics

T; (A) — eitL;;)emiAeitL;emi, (2.4)

where the self-adjoint operator Lff“’i, which we call the Pauli-Fierz semi-Liouvillean at density p is defined
as follows:

L = Ko 14 1o [ (ai(©a(e) - gla; (©a(6) s
Qi = (14 p(€)30(€) @ i (€) + p(€) " (©) 9 an(€))dé + e
L;emi — ?fmi + )\Qiemi.
Let us stress that the W*-dynamical system
(B(K) @ M1, 77), (2.5)
which we call the Pauli-Fierz system at density p, is canonically defined given H and p.

Remark 2.1 The physical interpretation of a Pauli-Fierz system at density p can be described as follows.
First we consider the finite volume version of the system (2.1) with the W*-dynamics (2.4). The
density matriz

L(p(14p)~")/TTp(1 +p) ",



defines a state on the W*-algebra B(T's(Z)). It is a quasi-free state of density p. One can pass to the
thermodynamical limit looking at states that in the bosonic variables are local perturbations of this state.
This limit is equal to (2.5).

Thus if the volume was finite, all the systems (2.5) would be unitarily equivalent and completely
described by the operator H. The operators L;emi would be unitarily equivalent for different p. This is no
longer true in the infinite volume case.

2.4 Pauli-Fierz systems in a standard representation

As mentioned in the introduction, every W*-algebra has a distinguished representation, called the stan-
dard representation. In the case of the algebra 2.3, it can be naturally realized in the Hilbert space
K ® K @ Is(L*(R?) @ L%(R?)). In this representation, the operator A ® B € B(K) ® 9, is represented
as AR 1z ® B. (K denotes the space complex conjugate to K).

Let us describe the Liouvillean of the dynamics T;Z

Ly =K®1l1-19K0l+10l® /(Iflai‘(&)al(ﬁ) = [¢lag (&)ax())d;

Q, = / (1 +p(€))Z0(€) ® 1@ af (€) + p(€)2v*(€) @ 1 @ ar(€))dE + he,

JQuJ = / (14 p€) 1 ©(E) ® az (€) + p(€) F1 ©7°() ® m(£))de + he,

Ly =Lty + AQ, — AJQ,J.

Let us note that from the mathematical point of view Pauli-Fierz Hamiltonians, semi-Liouvilleans and
Liouvilleans are quite similar. They belong to the class of operators that we call Pauli-Fierz operators. A
detailed study of spectral properties of Pauli-Fierz operators has been done in our previous paper [DJ].
In this present paper we apply these results.

Remark 2.2 Let us remark that in the case of the finite volume the Liouvilleans L, for distinct densities
p are unitarily equivalent to one another. This is no longer true in the infinite volume

2.5 Thermal Pauli-Fierz systems

The most important class of Pauli-Fierz systems corresponds to the family of densities given by the
Planck law
p(&) = (1 — 1)~

Such systems are called thermal Pauli-Fierz systems at inverse temperature 3. Let us restrict our attention
to such systems.

Let us change slightly the notation: instead of the subscript pg let us use 3, thus we will write Lg,
74 instead of L,, and 7.

Let us describe (a simplified version of) the main result of our paper. We will use the following
notation. sp(K) will denote the spectrum of K. If k1, ko € sp(K) (that is, if k1, k2 are eigenvalues of K)
we will write v¥1:k2(¢) for the matrix elements of v(¢) between the corresponding eigenspaces of K. If
either k; or ke does not belong to sp(K), we simply set v¥1:*%2(¢) = 0. We will write ko for the infimum
of the spectrum of K. The spectral projection of K onto k € sp(K) will be denoted by 1 (K).

Theorem 2.3 Suppose the following conditions are satisfied:



1. § >0, and forn=0,1,2,3 we have

o e PP <L
o <ed ()

4qn

£
|§ldgm

2. dim 1y, =1 (the operator K has a nondegenerate smallest eigenvalue);

3. There exists ¢ > 0 such that for any k € sp(K), k # ko,

> )P (pw) o (pw)ptHdw > el (K);
peER

4. If B € B(K) and for any ¢ € R?
B Y o= 3 MTEGB,

kesp(K) kesp(K)
B* Z oR ek (g) = Z oF €Lk () B,
kesp(K) kesp(K)

then B is proportional to the identity operator.

Then for any Bo > 0 there exists \g > 0 such that for 0 < |\ < Ao and S € [Bo, 0], the Liouvillean
Lg has no singular continuous spectrum and a unique eigenvalue, which is at zero and nondegenerate.
Consequently, for 0 < |A| < Ao and B € [By, 0|, the Pauli-Fierz system (B(K) ® 9)?571,75) satisfies the
return to equilibrium property.

3 Basic notation and facts

3.1 Miscellanea

We set C; :={z€ C : Imz > 0}.

B¢ denotes the closure of a set B. In particular, C{ = {z € C : Imz > 0}.

We will use notation 6(p) for the Dirac delta at 0, Pp~! for the principal value of p~! and (p +i0)~*
for limo(p +ie)~!. Thus if R 3 p+— f(p) is a continuous function, then we will write

J f(p)d(p)dp = £(0),
[ fo)yPp~tdp = lgg)l(f:; + /7)f(p)p~tdp,

[ f(p)(p+i0)~tdp = Eg)lf F(p)(p + ie)~Ldp,

provided the above limits exist.
We will sometimes use the so-called Sochocki formula:

(p+1i0)~' = Pp~t —ind(p).
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3.2 Operators in Hilbert spaces

Let H be a Hilbert space with the scalar product (¥V|®), ¥, d € H.
B(H), B+ (H) and U(H) denote the set of bounded, bounded positive and unitary operators on H.
I2('H) will denote the space of Hilbert-Schmidt operators on H with the scalar product Tr(B*A) and
[+ (H) the positive Hilbert-Schmidt operators.
If U € H, then |¥) denotes the operator

CoA— AV eH,
and (¥] := |¥)* denotes the operator
H>®— (¥|®) eC.

In particular, if ||| = 1, then |¥)(¥| is the orthogonal projection onto W.

If A'is an operator on H, then sp(A) denotes its spectrum and sp,(A) its point spectrum (the set of
eigenvalues of A).

If A is self-adjoint and O is a Borel subset of R, then 1g(A) denotes the spectral projection of A onto
©. 1P(A) denotes the projection onto the subspace spanned by the eigenvectors of A. 12°(A) denotes the
projection onto the absolutely continuous part of the spectrum of A and 1°°(A) := 1 — 12°(A4) — 1P(A)
denotes the projection onto the singular continuous part of the spectrum.

If A is closed and © is an isolated subset of sp(A) (closed and open in the relative topology of sp(A)),
then 19(A) denotes the spectral (Riesz) projection of A onto ©.

If z € sp(A) is an isolated point of sp(4), or A is self-adjoint, we will write 1.(A) instead of 1;.1(A).

3.3 Fermi Golden Rule Operator

In this section we introduce a general framework, which can be used to formalize 2nd order perturbation
theory of linear operators, incorporating elements of the Feshbach method.

Suppose that H is a Hilbert space with a distinguished finite dimensional subspace HY. We set
HY = (HV)L. We will use the 2 x 2 matrix notation for operators, that is if B € B(H) it will be
sometimes written as
BV BVV

B = _ _
BVV BVV

(3.6)

Suppose that L is a self-adjoint operator that leaves H" invariant. Thus it can be written in the
block matrix form as

LYY 0
Le=| & |, 3.7
! 0 LYY (3.7)
We will often write E instead of L}", and £ for H". We define the subspaces
E° :=Ranl.(F), e € sp(E),
We have the decomposition
E= & ¢&-
e€sp(E)
We will write
B2 :=1,,(F)Bl.,(E), e1,es€sp(E), Be€B(E).
Let @ be self-adjoint operator on H such that Q*Y = 0 and Q'Y = (Q"V)* is bounded.
For z ¢ sp(L}Y) we introduce
w(z) = QVV(21VY — LYY)1Q™. (3.8)

11



Let us assume that for e € sp(E), there exists

hf(()l w(e +1€)® =: w(e +i0)°°.

The Fermi Golden Rule Operator (abbreviated as FGRO) is defined as

'= Y w(e+i0)*
e€sp(E)

We will say that I" is the FGRO associated with the triple (H", L, Q)
In general, I" is not self-adjoint and it is convenient to use the following notation for its real and
imaginary part:
'R :=Rel = %(I‘ +I*), Tli=Iml= %(I‘ —TI™).

Clearly, I' is a dissipative operator, this means that
[ =TR it (PRYy* = TR, r'<o.
Besides,
ree = w(e+1i0)°¢, T2 =0, eg # e
ET =TE, ETR=TRE, ET'=T'E.

If we assume that LYY + QVV is essentially self-adjoint on D(LVY) N D(Q"Y), then we can define the

self-adjoint operator
Ly = Lu+AQ,

The main application of the Fermi Golden Rule Operator T' is to describe in a concise way the second
order perturbation predictions for the point spectrum of L.
In our previous paper [DJ] we proved that under some assumptions the operator

Lpmnr(T)(E + A°T) (3.9)

can be used to predict the possible approximate location of eigenvalues of Ly and to estimate from above
their multiplicity. Our present paper will heavily depend on this result.
Note also that
E+\T (3.10)

can be used to predict the approximate location and multiplicities of eigenvalues and resonances of Lj.

3.4 Space L*(R)

In this subsection we describe some operators acting on L?(R).
Let r denote the self-adjoint operator of multiplication by the variable in R. That means

r¥(p) = p¥(p).
Note that throughout the paper in the context of the space L?(R), the generic name for a variable in R
will be p. On the other hand, the multiplication operator on L?(R) by its natural variable will be r.
We introduce the self-adjoint operator s on L*(R):
1
sU(p) := sV, ¥(p).

Note that [s,7] = i. We will write (s) := (1 + s%)2.
The following theorem is well known:

12



Theorem 3.1 1) Suppose thatn =1,2,... andn >n — % Then the function

Cy 32 () (z = 1) "{s) " € BL’(R))

extends from Cy to a continuous function on (Cﬁrl.
2) Let n > %. Then for f € D((s)"), there exists a unique continuous function R — f(p) € C which is a
representant of f. For any p € R and n > % define a linear functional 7, : L*(R) — C by

Tpng = (<3>7n9) (p)-
Then
1. mpy is bounded;
2. R3pr mp, € B(LA(R),C) is continuous;
3. For % <m < ny we have
m—-mn2 —
Tp,m (8) = Tp,ma-

Remark 3.2 Define an operator m, : C(R) N L*(R) — C by 7, f := f(p). Then mp, = mp(s)~".

3.5 Space L*(R,€)

Let £ be a Hilbert space (not necessarily separable). We say that a function R 3 p — ¥(p) € & belongs
to L2(R, &) iff

1. There exists a separable subspace & such that for any p € R, U(p) € &.
2. For any ® € £, R p— (®|¥(p)) € C is measurable.
3. [1¥()*dp < oo.

Let p — U(p) belong to L2(R, £). We say that it belongs to N'(R, £) iff ¥(p) = 0 for almost all p € R.
We define
L*(R,€) = L2(R,E)/N(R,E).

We easily see that there exists a unique unitary operator
E® L*R) — L*(R,E),

such that ¥ @ f € £ ® L?(R) is mapped onto p — f(p)V.
Suppose now that ¢ € B(K, L?(R) ® £) and (s)"®1¢ ¢ is bounded. Then for p € R we can define

q(p) = 1e®@mp n(s)" ¢ € B(K,E).
Clearly, the definition of ¢(p) does not depend on the choice of n > % and
R>p—q(p) € B(K,E)

is a continuous function.
If f € L*(R), we have the identity

¢ (r)g = / ¢ ()1 (P)a(p)dp. (3.11)

Note the estimate

llg*qll S/Ilq*(p)q(p)l\dp=/Hq(p)Hde- (3.12)
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3.6 Conjugate Hilbert spaces

If K is a Hilbert space, then the space K conjugate to K is any Hilbert space with a distinguished
antiunitary map o
KaU— Vel (3.13)

The map (3.13) is called the (external) conjugation on K.
Note that, by the Riesz lemma, K is naturally isomorphic to the dual space to K, that is to B(IC, C):

K>U¥ — (¥ € B(K,C).
If A€ B(K), then A € B(K) is defined as

EB@HZE::EEK.

Thus we can identify B(K) with B(K).

Remark 3.3 For typographical reasons, sometimes it is convenient to use a different notation for con-
jugation. One can denote (3.13) by .
K>V — r¥elk. (3.14)

The wnverse of (8.14) will also be denoted by k. In such a case k¥ will replace ¥ for ¥ € K; kAx will
replace A for A € B(K).

Remark 3.4 We say that o
K30 —0Teck (3.15)

is an (internal) conjugation on K iff 3.15 is an antilinear map on K and U= 7. If we fix an internal
conjugation in IC, then we can idenify K with KC.

3.7 The identification of Hilbert-Schmidt operators with K ® K

We will often use the identification of the set of Hilbert-Schmidt operators, I2(K) with K ® K, so that
|@1)(®2] € 12(K) corresponds to ¥; ® Wa € K ® K. This identification can be sometimes confusing. To
avoid misunderstanding we will try to make clear which convention we use at the moment.

In particular, let us note the following identities valid for B € B(K) and C € K ® K ~ [2(K):

B®lg C = BC, (3.16)

1x®B C = CB*, (3.17)

Note that on the left of these formulas C' is interpreted as an element of K ® K whereas on the right, as
an element of [2(K).

3.8 The x conjugation

In this subsection we introduce a certain antilinear map x from a dense subspace of B(IC, L ® W) to a
dense subspace of B(K, K @ W). o
Let v € B(K,K ® W). We say that v is -conjugable iff there exists v* € B(K, K ® W) such that

(PQuwpve)=wOTew), PTefl weW.

(If such an operator v* exists, then it is unique.)
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Remark 3.5 Given an orthonormal basis {w; : i € I} in W, any v € B(K,K ® W) can be decomposed

as
v="> Bi®w), (3.18)
il
where B; € B(K) and the sum should be understood in terms of the strong operator convergence. Note
that
v'v =Y BB (3.19)
iel
v 18 *-conjugable iff

> BB} (3.20)

iel
is bounded. If this is the case,

vt =Y B} ® ;).

iel
and (3.20) equals v**v*.

Theorem 3.6 Suppose that either K or W are finite dimensional. Then all v € B(K, K ® W) are
*-conjugable. If n := min((dim K)?, dim W), then

[o*]l < Vvl

Clearly, dim B(K) = (dim K)2. Therefore, we can choose an orthonormal system {w;} in W with at
most n elements such that (3.18) is true. Now

lor 2 = || = B:B; | <3 1B:B|
3 3
=Y ||B;Bil

3
< nH S B By|| = nljv)2.
7

a

Remark 3.7 If W and K are infinite dimensional, it is easy to find an example of v € B(K,K @ W)
which is not x-conjugable.

In what follows, if p is an operator on W and v € B(K,K ® W), we will write pv instead of 1x®p v.

Proposition 3.8 1) If v is x-conjugable, then so is v* and

2) If p € B(W), then
(pv)* = pv*. (3.21)
3) If B € B(K), then (vB)* = B*®1yy v*.
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3.9 Coupling Hilbert-Schmidt operators

Suppose that K is a Hilbert space. In this subsection we describe some notation and identities related to
the space K@ K @ W ~ 12(K) @ W.

Note that this subsection, except for the definition of &, can be skipped on the first reading.

It is useful to define the operation of “tensoring in the middle”, which will be denoted by ®. Let H,
Ha be arbitrary Hilbert spaces. If B € B(K) and A € B(K ® Hy, K ® Hs), we define

B®A =021y, BRAOR1y, € BKOK®H, K@K ®Hs), (3.22)

where 6 : K@ K — K ® K is defined as 0 U1@U, := Uy@V;.
In other words, if C € B(K), A € B(Hz,H1), we set

BRC®A:=C® B® A.

We use Tr to denote the trace. In the context of coupled systems Tr will be reserved for the trace over
the space K. To denote the partial trace over the space YW we will use tr, in particular, if C' € l_l‘_ (KeWw),
then trC will be an element of 1 (K).

Proposition 3.9 Let
Bel*(K), Del*(K,KaoWw),

n€BK,KLRW), v €BK,KaW).
Then the following statements hold:
1K®U1 B =uB,
le@u D = vf D;
1x@T, B = Boly o, (3.23)

1e®@vy D = trDul™;

(on the left we use the K ® K notation for B, D and on the right the [*(KC) notation).
Proof. Tt is sufficient to assume that v; = C ® |w) and v, = C ® |w) for some C' € B(K), w € W. Then
le@u = CQ 1lgQ |w),

le@uf = C* @ 1g ® (w|,

_ (3.24)
1e®@?, = 1k ® C ® |w),
1c@T =1 @ C @ (w.
We may also assume that D = B ® |wp) for some wy € W. Using (3.16) and (3.17) we get
lg®@u B =CB® |w) = O®|w) B,
1E®Ul* D = C*B(U)|U)0) = C*®(U)| B®|U)0);
(3.25)

k@7 B =BC*®|w) = Baly (Cew))",

1c@T: D = BCO(w|wo) :tr(B®|w0) (C*®(w|)**).
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Proposition 3.10 Let B € B(K), and p € B(W). Forv € B(K,K @ W), v, € B(K,K ® W), we have
1k®@T:" p 1g@u B = trpuBu)™ = v BRp" v;. (3.26)
le@uf p1x@T; B = trof B v)p" = v B&p v;. (3.27)

For v 1,v1 2 € B(K,K @ W), we have
1@y p 1g@ui2 B = trvf (5 BRP™ = vy pui 2 B. (3.28)

For v, 1,02 € B(K,K ®@ W), we have

1x®v; 1 p 1x®@Ty 2 B = trBRp v; 507 = Boy 5p vy 1. (3.29)

Proof. We will prove only (3.26). First note that
1k @77 p 1g@u B = 1xQ0; puiB = trpu Boy™. (3.30)
We take vy = C) ® |wy) and v, = C; ® |[w,) for some Cy,C; € B(K), wy, w, € W. Then the left hand
side of (3.30) equals
tr(C1®|pw1) B (C’r ® |mr))**) = tr(C1®|pw1) B C’r®(wr|>
= O\ BC; tr(plw) (wr|) = CiBC,(m|p*w,)

= Ce(w| Bep* C:efw,) = (G @ w))" Bep* Ciefw,) = vf* Bop*v,.

4 Representations of CCR and Fock spaces

In this section we introduce notation related to second quantization and Fock spaces and recall some
of properties of second quantization. Most of this material, especially from the first two subsections, is
quite standard, see eg. [BR], [BSZ], [DG], although various conventions about notation are used in the
literature.

4.1 Representations of CCR

Suppose that Zj is a unitary space, that means, Zj is a complex vector space equipped with a positive
definite sesquilinear product (-|-). Let H be a Hilbert space. A map Zy 3 z — Wir(z) € U(H) is a
representation of CCR if

Wi (21) Wi (22) = e 2GEDW (21 4+ 20), 21,20 € Zo.

It is called regular if
t — Wy (tz) is strongly continuous for any z € Zp,

and
If we have a regular representation of CCR, using Stone’s theorem, for z € Z;, we can define the field
operators

On(2) == %Ww(tz), (4.31)
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and the creation and annihillation operators

(03 = = (6n(2) —602)), Far) i= (0 (2) +i0(i2)). (1.32)

V2 v
Clearly, the field operators are self-adjoint. The creation and annihillation operators can be shown to be
closed.

The von Neumann algebra generated by W (z) for z € Zj is called the von Neumann algebra associ-
ated with the representation z — W (z).

Suppose £ is a conjugation in Zy (an antiunitary map satisfying k? = 1). Let 2y, := {2 € Zo : Kz =
z}. Then the operators Wr(z), z € 2y, generate a commutative subalgebra in B(H). The operators in
this subalgebra will be called k-real.

4.2 Fock spaces
Let Z is a Hilbert space. Set I'?(Z) := ®F'Z and let

I(2):= & I™(2)

n=0

denote the bosonic Fock space. Q will denote the vacuum. For z € Z, the creation operator z(a*) is
defined as
2(@" )V :=vn+12@, ¥, ¥ell(Z).

z(a*) extends to a closed operator. Its adjoint

is called the annihillation operator. The field and Weyl operators are defined as ¢(z) := \/Lﬁ(z(a*) +%(a))

and W(z) = e'?(*). Tt is well known that Z > 2 — W (z) € U(T's(2)) is a regular representation of CCR.
In the usual way, we define the operators dI'(h) : T's(£Z) — T's(Z) for an operator h on Z and
T(u) : Ts(21) — Ts(Z22) for an operator u from Z; to 2.
If 21, Z5 are two Hilbert spaces then

(n+m)!

Uuv, @V, = il

U, @5 Uy, U, €l™(2)), U, cl™(2), (4.33)
defines a unitary map
U: Fs(Zl) (9 FS(ZQ) - Fs(Zl D ZQ)

U is sometimes called the exponential map.

4.3 Squeezed states

This subsection will be used only in Appendix B, and can be skipped on the first reading. In the
mathematical literature squeezed states can be traced back to the work of Friedrichs [Fr].

Let ¢ € Z ®, Z. The vector ¢ can be identified with an operator ¢ € I?(Z, Z) such that ¢* = ¢ We
define an unbounded operator a*ca* on I's(Z) such that for ¥,, € I'?(Z)

a*ca* ¥, =/ (n+2)(n+1)c® T,. (4.34)

(Note that on the left of (4.34) we interpret ¢ as an element of [2(Z, Z) and on the right as an element
of Z ®s Z). The adjoint of a*ca* is denoted by ac*a.
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Theorem 4.1 Assume that c*c < 1.
1) The formula
Q. = det(1 — cc*)7 exp(2a*ca*)Q

defines a vector in T's(Z). It is the unique vector satisfying
19l =1, (2[) >0, (2(a) - cz(a”))2 =0, z€ Z.

2) The formula

R :=det(1 — cc*)3 exp(—sa*ca*)T'(1 — cc*)z exp(3ac*a). (4.35)
defines a unitary operator on T's(Z).
3) Q = R.Q,
4)

RW (2)R: = W((l —cc*) iz (1 - cc*)*%ci).

1

5) If h, u are operators on Z and hc — ch’ = 0, ucu*~" =c, then

RdT(R)R: =dT'(h), R.I(u)R: =T(u).

4.4 Araki-Woods representation

In this subsection we describe the Araki-Woods representation of canonical commutation relations and
the corresponding WW*-algebras. These representations were introduced in [AW]. .
Consider a Hilbert space Z. Consider the Fock space I's(Z @ Z). For (z1,%2) € Z® Z, W(z1,2Z2) will

denote the corresponding Weyl perator. Let 7: Z® Z — Z @ Z be the flip operator, that is
ZOZ3 (21, ;) — 7(21,5) = (73,21) € ZD Z. (4.36)

Let € be o .
ZSZ5(21,72) — €(21,72) = (22,71) € 2P Z. (4.37)

Note that 7 is linear, € antilinear and
e(21,72) = 7(21,72)- (4.38)

Fix a positive operator p on Z. Let Q(p) C Z denote the form domain of p. For z € Q(p), we define
two unitary operators acting on I'y(Z @ Z) as follows:

W,a(z) == W((1+p)22,7%%),
W, (Z) = VV(p%z7 (1 —l—ﬁ)%z).

Let 9, and M, , denote the von Neumann algebras in B(I's(Z @ Z))) generated by W,(z) and
W, +(Z). They will be called the left and the right Araki-Woods algebras.

Theorem 4.2 1a) Z D Q(p) € z— W,1(2) € UTs(Z @ Z)) is a regular representation of CCR. This
means in particular _
Wp,1(21)Wp’1(22) = eiélm(zl‘zz)wp,1(21 + 22).
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The corresponding field, creation and annihillation operators are affilliated to M, and are equal

16) Z 5 Q(p) € Z+— W,,(z) € U(Is(Z & Z)) is a regular representation of CCR. This means in
particular |
W (Z1) W, (Z2) = eilm(zﬂzz)wp’r(z—l + 7).

The corresponding field, creation and annihillation operators are affilliated to M, . and are equal

N

bpa(2) = 0(p¥z, (1+7)43),
2(ap) = (7#2,0)(@) + (0,1 + 7)) (@),
z2(apy) = (piz, O) (a*) + (O, (1+ p)%z) (a).
2) We have the natural unitary identification
Py (2)) ~Ts(2) @ T4(Z2) ~T4(2) @ T(Z) ~ Ts(Z & Z). (4.39)
Let U : 1?(Ts(2)) — Ts(Z @ Z) denote the identification given by (4.39) and set
Iy (Z®Z2)=U"3(Is(2)). (4.40)

Then (M, 1, Ts(Z® Z)),T(€),Ts,+(Z® 2)) is a W*-algebra in a standard form (see introduction and eg.
[DJP]);
3) We have

L(Wp1(2)T(€) = Wy (2).

Consequently, M, 1 =T'(e)M,.I'(e) and
F(E)¢p,l(2)r(€) = ¢pr (),
T(e)z(ap)T(€) = Z(ap,),  T(€)Z(ap1)T(e) = 2(ap,),

4) The vacuum expectation value of the Weyl operators (the “Schwinger function” or “generating func-
tion”) is equal

(QWoa(2)9) = exp (= 4(z12) - (21p2)).
5) Let h be a self-adjoint operator on Z commuting with p. Set
L=dl'(h@ (—h)).
Let ¢ acts on the Weyl operators as follows:

Tt (Wp,l(z)) = Wml(eithz)-

Then 7' extends to a W*-dynamics on M, and L is the standard Liowvillean of T*.
6) Qis a (B, 7")-KMS vector iff h is related to p by

h=p3""(log(p+1) —logp), (4.41)
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or equivalently by
p= (" —1)7,

We have then o
1 e’ +1
(Q|W71(Z)Q) —exp(— Z(Z|e[3h7_12))

It is convenient to introduce the following self-adjoint operator on Z @ Z:

r:=ho(=h).

We have
TrT = -7, ere=—r, ULU*=dIl(r).

If Qis a (8, 7")-KMS vector, then
UW, (2)U* = W (|1 — e 7"[2(2,7)),
Upi(2)U" = ¢(|1 — e 7|2 (2, 7)),

UW,u(2)U" = W (|1 = |3 (2,7)),

Upu(2)U* = W(|1 — 7|3 (z,7)).

5 Abstract Pauli-Fierz operators

In this section, first we introduce the notation that we will use to describe the interaction of a second-
quantized system with another system. Then we introduce the class of Pauli-Fierz operators. We also
describe a number of results about these operators contained in the literature, notably in [DJ], which we
will use later on.

In this section we look at Pauli-Fierz operators just as certain abstract self-adjoint operators. Only
in the next two sections we will put them in the context of W*-dynamical systems.

5.1 Creation/annihillation operators in coupled systems

Suppose that W is a Hilbert space. Consider a bosonic system described by the Fock space T's(W)
interacting with a “small quantum system” described by a Hilbert space £. Their composite system will
be described by the Hilbert space £ @ I's(W). In this section we will describe a formalism which can be
used to describe such coupled systems.

For ¢ € B(K,E ® W) we define the creation operator ¢(a*) as the (unbounded) quadratic form on
& ® Ts(W) whose only nonzero matrix elements are between ¥,, 11 € £ @I (W) and ¥,, € ER T (W),
for n=0,1,2,..., and are equal

(Uns1lg(a®)¥n) = vn + L(¥ni] q®1§vn Un)

The annihillation operator ¢*(a) is defined as the quadratic form on £ ® I's(W) whose only nonzero
matrix elements are between ¥,,_1 € E @ T (W) and ¥,, € E R TT(W), for n = 1,2,..., and are equal

(o alq (@) W) == V(T 1| g @15 W),

Proposition 5.1 The operators q(a*) and ¢*(a) extend to closed operators that satisfy
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Remark 5.2 Suppose that B € B(E), w € W and ¢ = B ® |w), so that ¢* = B* ® (w|. Then
4(a*) = Bow(a*), ¢*(a) = B*©T(a).
Let us note the following obvious estimates

Lemma 5.3 For g € B(E,£®@W) and ¥,, € TH(W) we have
la(@*)Zull < VAT Thall¥l, Nl (@)¥all < VAllall ] (5.42)
For further reference note that if ¥ € £ ~ £ @ T?(W), then
(@) Vg =qloe EQW~ERTIW), (5.43)
and if U3 € EQW ~ E@TL(W), then

¢ (@)U = "0y € £~ ERTOW). (5.44)

5.2 Essential self-adjointness of Pauli-Fierz operators

In this subsection we introduce the class of operators which play the main role in our paper. They are
describe the interaction of a small quantum system with free bosons through an interaction linear in the
field. They often appear in the physics literature, especially as a simplified version of the non-relativistic
QED. From the mathematical point of view they provide one of the simplest nontrivial classes of operators
defined in the framework of the second quantization. In the literature they appear under a variety of
names. We call this class Pauli-Fierz operators, as in [DG] and [DJ].

Suppose that £, W are Hilbert spaces. Let £ be finite dimensional. Let E be a self-adjoint operator
on &, g € B(E,£ ®W) and r a self-adjoint operator on W. A self-adjoint operator on £ ® I's(W) of the
form

Ly =FE®1+1®dl'(r)

will be called a free Pauli-Fierz operator,
Q= q(a”") +q*(a)

—a Pauli-Fierz interaction and
L:=Lgs+2Q

—an interacting Pauli-Fierz operator (X is a real parameter).
We know two sets of assumptions that guarantee the essential self-adjointness of Pauli-Fierz operators:

Theorem 5.4 1) Ifr >0 and r~2q is bounded, then L is self-adjoint on D(Lg).
2) If |r|q is bounded, then L is essentially self-adjoint on D(Ls) ND(Q).

Proof. The proofs of both 1) and 2) can be found in [DJ]. Note, however, that 1) was well known before,
see eg. [BFS1]). O

5.3 Fermi Golden Rule Operator for Pauli-Fierz operators

First let us describe a certain condition that is very convenient if we want to study spectral properties of
Pauli-Fierz operators. This condition is due to Jaksi¢-Pillet [JP1, JP2] and was used also in [DJ].
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We assume that there exists a Hilbert space G and a unitary operator U : W — L?(R) ® G such that
the operator UrU* is the operator of multiplication by the variable in R. We fix such an operator U and
identify W with L?(R) ® G. As in Subsection 3.4 introduce the self-adjoint operator s on L?(R) ® G

sU(p) := %Vplll(p), peR. (5.45)

Let HY := £ @ T2(W) be the distinguished subspace of H := £ ® I's(W). Note that by using
EV—TVRNeH,

we can identify & with HV. Likewise, we can identify Ly" with the operator E on &, (which justifies the
notation introduced already in Subsection 3.3).

Proposition 5.5 Suppose (s)"q € B(E,E @ W) with n > % Then the function
W) = QI - L) QY
=¢*(:-E®1-1®r)"'q,

defined for z € Cy extends by continuity to C%. Moreover R 3 p — q(p) € B(E,€ ® G), defined as in
Subsection 3.5, is a continuous function.

From now on let us assume (s)7q € B(£,€ @ W) with n > % Clearly, Lyg, is a self-adjoint operator
preserving HY, QY = 0 and Q" is bounded. Moreover, the boundary values of w(z) exist. Therefore,
the FGRO T for the triple (£ ® T9(W), L, Q) is well defined.

Let us introduce the notation

g = 1., (E)®1y q 1., (E).

Then the FGRO T equals

T= > (q)"%(e1—ea+i0—71) g, (5.46)
e1,e2€sp(E)

5.4 Spectral theory of Pauli-Fierz operators

The following theorem is a consequence of the main results of [DJ].

Theorem 5.6 Suppose that 7 > 2, € > 0 and c are fized. Then there exists Ag > 0 such that for any A
and g € B(E,E ® W) satisfying the following conditions:

1) 0 < |Al < Aos

2) L is essentially self-adjoint on D(Lg) ND(Q);

3) I(s)"all < ¢;

4) Th < —€e(1 = 1o(TY));

we have spy. (L) = 0 and dim 1,(L) < dim 1o(T?).

Proof. Fix for the moment ¢ € B(£,€ @ W) such that ||(s)7q|] < oo for n > 2. By Theorems 6.2,
6.3 and 6.4 of [DJ] there exists A\g > 0 such that, if 0 < |A] < Mg and if L is essentially self-adjoint on
D(Lg) ND(Q), then sp, (L) = 0 and dim 1,(L) < dim 1g(I"). But by the general properties of dissipative
operators (see Proposition 3.2 (i) of [DJ]), we have 1g(T") < 1o(T"!). Hence dim 1,(L) < dim 1¢(T'").

If we check the proof of Theorems 6.2, 6.3 and 6.4, we see that the constant Ag is uniform if ¢ is
subject to the conditions ||(s)7q|| < ¢ and T! < —¢(1 — 1o(T'Y)). O
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Remark 5.7 If in the above theorem we replace 4) with

4’) FI < —€

then we can weaken its assumption and demand only that n > 1. (Note that in this case dim 1o(I'") = 0,
and thus we can conclude that L has no point spectrum).

Let us note that in [DJ] we actually prove much more than what we stated above. The following
theorem, adapted from [DJ], expresses in precise terms the intuition about the operator 1, yqr(I')(E +
AT) mentioned in (3.9). In this paper, however, we will not use this result.

(Below, for z9p € R and € > 0, we use the notation I(xo,€) := [zo — €, To + €]).

Theorem 5.8 Suppose that ||(s)7q|| < oo with n > 2 hold. Suppose that for sufficiently small \, L is
essentially self-adjoint on D(Ly)ND(Q). Let k =1 —n~1. Then there exists \g > 0 and o > 0 such that
for 0 < || < Ao, the following is true:
1) If e € sp(E), m € sp(I'°®) N R, then

dim 1%

I(e+)\2m,a)\2+*€)(L) < dim 1m(Fee)~

2)
spp(L) C U U I(e + Nm,a)\*™).

ecsp(E) meRNsp(I'ee)

6 Pauli-Fierz systems

The starting point of this section is a certain Pauli-Fierz operator, denoted H and called a Pauli-Fierz
Hamiltonian. The basic feature of H is the positivity of its bosonic energy. In the context of our paper,
this implies that H is bounded from below. Physical systems at zero temperature are described by
Hamiltonians that are bounded from below. Therefore, we reserve the name a Pauli-Fierz Hamiltonian
to Pauli-Fierz operators bounded from below.

We present some results concerning the ground state of H and the corresponding FGRO, denoted T'.
Some of these results will be needed later in our study of positive temperature Pauli-Fierz systems.

Subsections 6.5-6.8 are devoted to Pauli-Fierz W*-dynamical systems at density p. Here p is a certain
positive operator commuting with the 1-particle energy h. These systems are defined in a canonical way
from the Pauli-Fierz Hamiltonian H and the density p. There are two natural representations of these
systems. The representation that we call the semi-standard representation used to be more common in the
literature. The standard representation acts on a larger space and looks more complicated. Nevertheless,
it is the standard representation which is more useful in the study of Pauli-Fierz systems.

In both semi-standard and standard representation the dynamics can be implemented in by a strongly
continuous unitary group. Its generators are called the semi-Liouvillean Lff’mi and the Liouvillean L,
respectively. Both are examples of Pauli-Fierz operators.

Our main goal is the study of spectral properties of the Liouvilleans. We will describe some of these
results that follow from the literature and the previous section. In particular, we will compute the FGRO
for L,, denoted by I',.

6.1 Pauli-Fierz Hamiltonians

Throughout this section we assume that K is a self-adjoint operator on a finite dimensional Hilbert space
IC, h is a positive operator on a Hilbert space Z and v € B(K,K ® Z). The self-adjoint operator on
KeTsy(2)

Hy = K®1+1®dl'(h)
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will be called a free Pauli-Fierz Hamiltonian and
H := Hy + AV

where A € R and
Vi=v(a®) +v"(a),

will be called an interacting Pauli-Fierz Hamiltonian.
Let us list basic assumptions.

Assumption 6.A h=zv € B(K,K® 2).
Sometimes we will need a stronger assumption.
Assumption 6.B h v € B(K,K ® Z).

Theorem 6.1 1) Suppose Assumption 6.A holds. Then the operator H is self-adjoint on D(Hg) and
bounded from below.
2) Suppose Assumption 6.B is true. Then H has a ground state, that means

dim lipespmy > 1.

Proof. In 1) we just repeat the statement of Theorem 5.4 1).
2) was proven in [Ge] (see also [AH] and [BFS1]). O

6.2 Gluing of reservoir 1-particle spaces

Recall that the reservoir 1-particle space is denoted by Z. It is useful to consider the Hilbert space Z ®Z
with the self-adjoint operator r := h & (—h),
The most important assumption that we need is the Jaksé¢-Pillet gluing condition.

Assumption 6.C There exists a Hilbert space G and unitary operator U : 2@ Z — L*(R)®G such that
U*rU is the operator of multiplication by the variable in R.

We fix the operator U as in the above assumption, and we introduce the self-adjoint operator s as in
(5.45) In what follows we will always suppose Assumption 6.C is true.

Let us note that if Z @ Z is identified with L?(R) ® G, then Z is identified with L?(R,) ® G, since
h = 1[p,c[(r)r. Likewise, Z is identified with L?(R_) ® G. Note also that

V() = (¥)(—p) ¥ e L(R.G). (6.47)

defines a internal conjugation in G.

In the expression (v,0) below we interpret 0 as an operator from K to K ® Z. Thus the operator
(v,0) has the meaning of an operator from K to K®Z P KRZ ~ K@(Z2® Z) ~ K ® L*(R) ® G. It can
be written as a function defined for almost all p € R with values in B(K,K ® G):

v(p), 0
(vvo)(p)—{ v, r= (6.48)

0, p<0.
In the following assumption we have n > 0.

Assumption 6.D(n)o (s)"(v,0) € B(K,K®(Z @ Z)).
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6.3 Fermi Golden Rule Operator for Pauli-Fierz Hamiltonians

In this subsection we will calculate the Fermi Golden Rule Operator for the triple (K @ T'%(Z), H, V).
First let us fix some notation. If X*F = Ranlyy) (K), then we have a direct sum decomposition

K= o K" (6.49)
kesp(K)

We will write
BFR2 = 1, (K)Bly,(K), ki,ks €sp(K), B e B(K),

and also
pFke = 1k1 (K)®]—Z v ]-kz (K)

If k € sp(K), we define the set of allowed transition energies

Fr:={ki—Fk : ki €sp(K)}, F= U T

kesp(K)

and the set of allowed positive transition energies

.7:,;"' = Fr N[0, 00, Ft.= U .7-',;".
kesp(K)

Let ko denote the ground state energy of K, that is
ko := inf sp(K).
Let HY := K@ TY(Z2).
Proposition 6.2 Suppose Assumption 6.D(n)o with n > % is true. Then the function
w(z) =VY(1W - HIV) "tV
=v*(z—K®1-1® h)v,
defined for z € C4 extends by continuity to (Cj}. Moreover, the function (6.48) is continuous in p € R.

Proof. We apply the trick of “gluing non-physical free bosons” [DJ]. Consider the extended 1-boson
space Z @ Z and define the operators r = h @ (—h) and ¢ = (v,0). Note that for z € Cy,

v (z—h)"tv=q"(z —r)"lq

Now the proposition follows by the same arguments as Proposition 5.5.
Exactly as in (5.46), we can compute the FGRO T for the triple (K ® T'%(Z), Hy,, V'), which is equal

r— Z ke

kesp(K)

TEE = N ()PP (p+1i0 — h)~hoh Pk,
PEFk
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Moreover, we have

(FR)kk — Z (U*)k,k—pfp(p _ h)—lvk—p,k
PEFk

Z;r S (W*)ER=P(p)P(p — p1) Lo P* (py)dpy,
yASNa

(IO = -1 3 ()P P(p — h)oh—Pk

pEF,T

-1 3 ()PP (R PR (p).
pE]—',j'

(6.50)

Above we wrote the formula for I'! and I'® in two equivalent forms. In the first form we use the self-adjoint
operator h on Z and the real number p € R. Strictly speaking, neither the proncipal value P(p — h) nor
the deltafunction d(p — h) are well defined as self-adjoint operators. But within the context of (6.50),
these formulas are well defined by the integral expressions using the representation of v into a direct
integral with the fibers v(p1).

Let us note that ground states of K belong to the kernel of T':

Proposition 6.3
(Phykoko — 0,

In particular, TFoko s self-adjoint and
KR < Ker(I'). (6.51)

Proof. Note that ¢(p) = 0 for p < 0. Therefore, all the terms with p < 0 drop out from the formulas for
r''. o

It is easy to see that for a generic interaction v, the kernel of I'' should coincide with the subspace of
ground states of K. Let us formulate this condition as the first generic assumption that we will use in
our paper.

Assumption 6.E dim KerI'! = ko,

Our second generic assumption says that the ground state of K is nondegenerate:
Assumption 6.F [CFo = 1.

Obviously, we have:

Theorem 6.4 Suppose that Assumption 6.D(n)o with n > %, 6.E and 6.F hold. Then dim KerI! = 1.

6.4 Nondegeneracy of ground states of Pauli-Fierz Hamiltonians

In this subsection we formulate the main result of this section concerning Pauli-Fierz Hamiltonians. It
will say that if the interaction v is sufficiently regular and the generic assumptions 6.E and 6.F hold, then
the Pauli-Fierz Hamiltonian H for small nonzero coupling constant has a unique ground state.

Before we do this, we make an observation that the appropriate regularity of the gluing implies the
assumptions of Theorem 6.1 and hence implies the self-adjointness and the existence of a ground state
for H.
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Theorem 6.5 1) Suppose Assumption 6.D(n)g with n > % holds. Then Assumption 6.A holds.
2) Suppose Assumption 6.D(n)o with n > % holds. Then Assumption 6.B is true.

Proof. We use the trick described in the proof of Proposition 6.2. In particular, we use the operators ¢
and r introduced in the proof of this proposition.

To see 1), we note that by Assumption 6.D(n)y with n > %, and Theorem 3.1, for any p € R, the
operator ¢*(p +i0 — r) !¢ exists and is bounded. Setting p = 0 gives

(0 —r)"tg=v*h .

Hence, h~2v is bounded.
Similarly, to see 2), we note that by Assumption 6.D(n)e with n > % the operator ¢*(p +i0 — r)~2q
exists and is bounded. Clearly,
(0 —r)2g=v*h 2.
Hence h™'v is bounded. O

Now we deduce spectral information on H.

Theorem 6.6 Suppose Assumptions 6.D(n)o with n > 2, 6.E and 6.F hold. Then there exists Ao > 0
and such that for 0 < |A| < Ao, the following is true:

1) dim1P(H) = 1

2) b (H) = 0.

3) sp,(H) = infsp(H).

Proof. We extend the space K ® I's(Z) to the space K @ I's(Z) @ I's (2)~KaTli{(Za 2). Note that
K ®Ts(Z) can be identified with K ® T's(Z) ® T'?(Z), which is a subspace of K @ I's(Z) @ T?(Z).
We consider the extended operators

Ly =Hp®l-10dl(h) ~K®1+1edl(r)
Q =Vol ~q(a*) +q*(a).
We set
L:=Ly+2Q ~ H®1—-1®dl'(h).
By Theorem 6.5, H is self-adjoint on D(Hy ). Therefore, L is self-adjoint on D(Lg ). Note also that

spy(H) =spp(L),  spe(H) = spe(L). (6.52)

Clearly, L is a Pauli-Fierz operator such that ||(s)"¢|| < oo for > 2. The FGRO for the triple
(K@TY%Z @ Z), L, Q) is equal (after the obvious identification of Hilbert spaces) to the FGRO for
the triple (K ® I'%(Z), Hy, V), which we studied in the last subsection. By Theorem 6.4, we know that
dim KerI'! = 1. Therefore, Theorem 5.6 implies that there exists A\g > 0 such that for 0 < [A\| < Ao we
have

dim1?(L) <1, spg (L) = 0.

By (6.52), this implies
dim1P(H) <1, sp(H)=10. (6.53)

By Theorem 6.4 2) we have dim 1y sp(z)(H) > 1. Combining this with (6.53) we get dim 1P(H) =1
and sp,(H) = infsp(H). O
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6.5 Semi-standard representations of Pauli-Fierz systems

In this subsection we introduce the notion of a Pauli-Fierz W*-dynamical system. This will be the main
subject of the remaining part of this section.

Let p be a positive operator on Z. The composite system consisting of B(K) and of a reservoir with
density p is described by the W*-algebra

B(K) @M., (6.54)

where 9, C B(I's(Z @ Z)) is the Araki-Woods W *-algebra introduced in Subsection 4.4.
This algebra (6.54) acts in the obvious way on K ® I's(Z ® Z), in fact we have

B(K)®M,, C BK@Ty(Z & Z)).

In this subsection we will use this representation, which we will call the semi-standard representation. In
the next subsection the same algebra will be considered in the standard representation.

Proposition 6.7 Suppose that (1 + p)%v € BIK,K® Z) and ﬁ%v* € B(K,K ® Z). Then following
operators on KQT's(Z & Z):

((1+9)30,0)(@) + (0,07°5% ) (0),

1 1 (6.55)
(v 1+ p)2,0)(a) + (0,7%0" ) (a")
are affilliated to B(KC) @ M, 1.
Set
1 —
gp = ((1+p)70,p2v*) € BK,K ® (Z ® Z)).
We can also write g, in terms of a direct integral of operators in B(K, X ® G):
(L+p)20(p), p>0,
%P) =9 _, .
pv*(=p),  p<0;
Let Q5™ be the sum of (6.55), that is
Qe = (14 p)Fo,phor) (@) + (v (1 + )2, 075t ) ()
= Qp(a*) + q;(a)
The free Pauli-Fierz semi-Liouvillean is the self-adjoint operator on K ® I's(Z @ Z) defined as
LEm =K ®1+1@dl'(h® —h)
=K®1+1®dl(r).
The full Pauli-Fierz semi-Liouvillean of density p is
L;emi — ?fmi + Qzemi. (656)
Assumption 6.G , -
(1+|r)g, € BIK,K® (Z & Z)). (6.57)
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Theorem 6.8 1)
TE(A) = eltbi fe~itle A€ B(K)2M,,

defines a W*-dynamics on B(K) @ M, 1.
2) Suppose Assumption 6.G, holds. Then Liemi is essentially self-adjoint on D(L{™) N D(Qiemi) and

T;(A) = eith’emiAefitL;emi, Ae B(K)yeMm,,,
is a W*-dynamics on B(KC) @ M.

Proof. 1) is obvious. To prove 2) we note that by Assumption 6.G, and [DJP], we obtain the essential
self-adjointness of L;emi. Now [DJP] implies that 7'; is a W*-dynamics. O

Definition 6.9 The pair (B(IC)®EDTP,1, ’7';) will be called the Pauli-Fierz W*-dynamical system at density
p associated to the Hamiltonian H.

6.6 Standard representation of Pauli-Fierz systems

Consider the representation

m:BK)@M, - BKeKaTy(Z2ao Z2)).

defined by
m(A) == 1x®A4, Ae B(K)®M,),

where ® was introduced in 3.22. Clearly,
T(B(K)®@M,,)) = B(K) @ 1 @ M.
Set J := Jx ® I'(¢), where
JeU @ Uy i= Wy @ Uy, Uy, U, €K, (6.58)
and e was introduced in 4.37. Note that
J B(K)®1@M,1 J = 1x@B(K)@M,,
and if A € B(K) ® 9,1, then

Ir(4)J =1k ® (1g20(r) A 1g81(7)),
where 7 was introduced in 4.36.
Theorem 6.10
(v, KeKeTy(282), J, (KeK)saT, 1 (26Z))
is a standard representation of B(K) @ M, 1.

Set 3 .
Q, = 1hQem
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Then
JQpJ = 1IC & (1E®F(T) Q;emi 1K®F(T))

= e (’O%W’ (1 +ﬁ)%ﬁ> (@) + 1k ® (ﬁ**p%,ﬁ*(l +ﬁ)%)(a)
= (e e7g) @) + (1 © 7 ) a).

Clearly @, is affilliated to B(K) ® 1z ® M, and JQ,J is affilliated to 1x ® B(K) @ M, ,.
Set
Ly =K®1®1-13K®1+1®1®dl(r),

and
L,:=Le+2Q, — AJQ,J, (6.59)

Theorem 6.11 Suppose Assumption 6.G, is true. Then L, is essentially self-adjoint on D(Lg) N
D(Q,) ND(JQ,J). Moreover, Ly is the standard Liouvillean for ¢ and L, is the standard Liouvillean
for 7. In particular,

W(T;(A)) = eitLMT(A)e_i“:"7 Ae B(K)@M,,. (6.60)

Proof. (6.57) implies that (1 +|r|)7g, € B(K,K ® (£ ® Z)). Hence

(1+|r)(1g®q, — 1x®77,) € BK@K, K@K ® (Z® Z)).

Hence the essential self-adjointness of L, follows from Theorem 5.4 2).

Clearly,
W(T;(A)) = eit(L""'”\Q")ﬂ(A)e_it(Lf"H‘Qf’), Ae B(K)@M,,.

Now the essential self-adjointness of L, and [DJP] imply that L, is the Liouvillean of T;. a

6.7 Fermi Golden Rule Operator for Pauli-Fierz Liouvilleans

The main objective of this subsection is to compute and study the FGRO for Pauli-Fierz Liouvilleans.
As we will see, they enjoy some special algebraic properties.
Let us formulate the following assumption:

Assumption 6.D(n), (s)"q, € B(£,E® (Z® Z)).

Let us remark in parenthesis that Assumption 6.IXn)g introduced in Subsection 6.2 is a special case
of the Assumption 6.D(n), for p = 0.

In this subsection we suppose that Assumption 6.D(n), with n > % Then we can apply the formalism
of FGRO’s to the triple (IC®K®F2(Z@§), Ly, QP—JQPJ). The FGRO obtained this way will be denoted
by I', and will be used to study the operator L,.
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Define the following self-adjoint operators on K

A = 3 Y ()PP )t

kesp(K) pEFk

= T T @) )P h) R
kesp(K) pEFi

- XX @R = ) ),
kesp(K) pEFk

AL =—m Y X (qp)Fre(p —r)gl PP

kesp(K) pEFk

-3 ()RR 4 p)d(p — Ryt Rk
kesp(K) pe]-',j'

—m 3 2 ()RR (p — h)(v)HHeE

kesp(K) pE]:,:r
Cr X @)L+ SRR,

kesp(K)
Set
Ay = ANGIAL = %X (gt 0 ) lghr
ke€sp(K) pEF%
= > (W)REP (14 p)(p+10 — h)~tohpk
k€sp(K) pEF%

S SR U L R D U L
kesp(K) pEFk

For B € I2(K) set also

Ep(B) =21 3 > (gt (B ®o(p— r)) (rq))k2 ke
k1,k2€sp(K) pEF iy NF gy
=27 Y, > (U*)kl,kl—p(B®(5(p—h)(1+p)%p%>vk2—p,k‘2
k1,k2€sp(K) pe]::—lm]::—z
+27 > S (vrr)kkite (B ®d8(p— E)(l + ﬁ)%ﬁ%) (v*)k2tpike

k1,k2€sp(K) pe]-',j'l ﬁ]—',j'z

+2r X (vr)Rm (B@é(h)(1+p)%p%)vk2,k2.
k1,k2€sp(K)

All the formulas for APR, AIP, A, and Z, are written in two equivalent forms. The first forms involve
the operators q,. They are more compact than the second forms

The second forms involve the operators v and p. They are more directly related to the basic physical
quantities of the system. They are however less convenient. Note in particular, that in the formulas for
ApR and A, the terms with p = 0 need to be carefully interpreted. (The singularity of P(—r)~! and
(i0 — r)~! is “cut” into two parts in these expressions. This problem is absent in the formulas involving
ap)-

In the formulas for A}, and Z,, we singled out the terms with p = 0 (“the infrared terms”). These
terms are due to that part of interacion where the Jaksié-Pillet gluing occurs. They disappear if the
infrared behavior of the system is sufficiently mild.

In the expression for £, we use 7¢; € B (IC,IC ®(Za E)) Let us note the following identities
concerning this operator:

745 = (20, (1+7)2v") = (p

N
N

(1+p)72, 07 2(1+p)2)q,. (6.61)
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We can write 7¢;; fiberwise:

7q,(p) =

Theorem 6.12 If B € [?(K), we have
['y(B) = A,B — BA} +iZ,(B).
The real and the imaginary part of T', € B(I*(K)) are given by
TR(B) = ARB— BAR,
I'L(B) =AlLB+ BAL+E,(B).
Proof. Using (5.46) we see that

r, = Z

e1,e2€sp(K@1-10K) (6.62)
(Lg®a)y — 1x®agpm) " (e1 — ez +10 — 1) 7' (1g@q, — 1k @7,

€2,€1
’

where the superscripts e1, es correspond to the decomposition of @K into the eigenspaces of K@1—-1QK.
Next note that if we now use the superscripts in sp(K) and use the decomposition of I into spectral
subspaces of K, as described in (6.49), then (6.62) can be rewritten as
r, =
kl,kQESp(K) pefklﬁ]'—kQ (663)
(1K®(q;)k17k1—p _ 1’C®q;—7_k1,k1+p) (p +1i0 — 7“)_1 (1E®q1p€2—p7k2 _ 1’C®@k2+p7k2).

Now let B € I2(K). We see that I',(B) consists of 4 types of terms:
Type I Using (3.28), we obtain

(Le®@(g)**P)(p+i0 — r) ! (1g@qs—P*) B
ok k— s o =1 k—pk
—(qp) P(p4+i0—r) q, ""B.

Summing up the above terms over k € sp(K), p € Fi, we obtain A,B.
Type II. Using first (3.29) and then 777 = —r, we get

_ _ . .
(L@ (@)™ P) (—p+i0 — 1) (Le®(7G;)*P*) B
= B(Q;T)k’k_p(—p +1i0 — F)_qu];_pvk

— *\k,k— T —1, k—p,k

= _B(qp) P(p—i0 — 1) lqp ik

Summing up the above terms over k € sp(K), p € Fj. we obtain —BA7.
Type III. We use (3.27) to obtain

(1E®(qz)k2’k27p)(p +1i0 — 7“)71(1& Q (m)khh*p)B

= (CI;)kQ’k"’_pB®(p +1i0 — T)_lB(Tq;)kl_p7k1.
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Type IV. We use (3.26) and then 771 = —r:
(L@ (@) 51 7P (=p+i0 — r) (1g0g>*>~7)B
= (g3")F2 k2 P B@(—p +i0 — 7) ~lrgki—phs
= (q3*7)F> 2P B@(—p 410 + )~ Lghi Pk
= (q;)kz,szpB@)(_p +10 + T), (Tq;)krp,kl.

In the last step we used (6.61) and the fact that p commutes with h.
The sum of type III and IV terms over ki, k2 € sp(K), p € Fi, N Fi, equals —i=,(B). O

Set

~ _ —p _

P= S = Y g,
kesp(K) kesp(K)

W= S ok P S (p)kek
kesp(K) kesp(K)

Here is another useful expression for FIP:
Theorem 6.13 Let By, By € [>(K). Then

~TeBiTL(By) =7 3 Tr(q;pBl - Bl®1?qv;;”) 5(p — (qu32 — By®l7g; )

1
20

')

)
peEF
—r ¥ Tr((1+p)%5p31 B1®1 p p) 5(p—h)((1+p)2’upBg—Bg®1
pEFT
+T > Tr((1+p)2vp32 B2®1p% p) d(p (1+p) 'M)”B1 Bf@lp% )

peF+

Proof. Recall that
-8 = oty

Hence .
—TrBiALBy =3 Tr(q; ™" B1) d(p = r)g;~"" B
k.p
=m 3 Tr(¢h PR B) 5(p —r)(gk2 P2 By).
k1,k2,p
There is an alternative formula for —AL which follows from (3.26) and 777 = —r:
I kok—p (xx\k—p.k § () _ 7
-4, = WZtr( )P (g )R (p — )
=7 Z tr(rqp) P (g )M PR (p + )
= Z tr(rqy) " P* (g5 )Mo (p — 7).
Hence

~TrB{BoAL =1 X Tr(Bi(rq})" ") 6(p — r)Ba(rgs)h Pk

=7 3 Tr(Bilrg)" k) 5(p — r)Ba(rqh)k2mPke = 0.
k1,k2,p
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Recall that

3Z0(Ba) = P (qp)" 71 7P Bo@d(p — 1) (1qp)F2Pk2. (6.65)
1,Rk2,p

Terms coming from =, we split as
= 1 - 1 -
TrBiE,(B2) = ETrBlzp(Bg) + ET‘rBl:p(Bg). (6.66)
The first term on the right of (6.66) we treat as follows:

sTrB{Ey(By) = ) % Te (g5 =% By) "6(p — r) Ba(rq})k> P2
1,R2,p

Then we transform the formula (6.65), using (6.61), (3.28) and then 777 = —r:

15,(B) =7 X (g Bss(p — ) g
k1,k2,p

=T Z tr(qu)khkl*p B, (q;*)szp,kz(s(p _ 7)
k1,k2,p

=T E trqlpﬁ,kl—p B, (q;*T)kg—nkQ(g(p 4 r)
k1,k2,p

=T E trqlpﬂ—nkl Bs (q;*T)k"’_p’b(S(p _ r).
k1,k2,p

Hence the second term in (6.66) can have the form

%’I‘rBpr(Bg) = wk Zk: Tr(Bl(Tq;)krpv’@)*(S(p —7) Bqupﬂ_p:kl.
1,Rk2,p

This ends the proof of the first identity of (6.64).
Let us prove the second identity. We have

> ﬂ(q;PBl _Bi®l FqV;p) S(p— 1) (q;pB2 ~ B,®l ?Z;”)

pEF
-7 3 Tr((l + )3 B, — Bi®l p%ap) 5(p—h) ((1 + p)3P B, — Byl p%ap) (6.67)
peFTU{0}
+r 3 Tr(p%q}pBl - B®1(1 +p)%17*”> §(—p—h) (ﬁ%z}pBg — By®1(1 —l—ﬁ)%z}p).
,pe]-'+

The second term on the right side of (6.67) can be transformed into

* % _ *
Y Tr(3f®1p%ap3;—(1+p)%5p3;) 5(p—h)(B;®1p%@p—(1+p)%5p35)

peF+

=7 ¥ T(B{ @ 1p¥@B; - (14 p)¥i7 By ) (Bs@1p#e? — (1+ p)¥iBs) o(p — h)
peF+

—r ¥ Tr((1+p)%5pB;—B;®1p%ap) 5(p—h)((1+p)%5p3;—B;®1p%a}p).
peF+

In the first step we used (0P)* = v~*_p, then we used (3.28) and in the last step we used the cyclicity of
trace. O

The operators ¢,” and ?qu can be decomposed along the fibers:

_ (1+p)23%(p), p>0
p _
w'P =9 ~p
p2v* (—p), p <0;

- P2 (p), p=0
Tqy (p) = 1 ~p .
(1+p)2v* (=p), p<0;
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Thus the identity of Theorem 6.13 can be rewritten as

TBITL(By) =7 Y T(3 ) By~ Bis ey ) (670) Ba ~ Bosl 7 )
J4S

=7 ¥ T((+p)im) B - Biel phir(p))
peFtuU{0}

X ((1 + )2 0" (p) By — Ba®1 P%W(p))
+7 ¥ Tr((1+ ) or(p) Bs - Bs@1 ptar(n)) (6.68)
peEF+
x((1+ p)¥er(p) BT - Biwl p¥ov(p))
+7rTr((1 +p)37°(0) By — B1®1 péao(()))
x ((1 +)330(0) By — By®1 péaﬂ(o)).
Let us summarize the properties of I',.

Theorem 6.14 1) T, commutes with [K, .
2) T, is dissipative, that means I‘L < 0; consequently, e
3) e~ is completely positive (see eg. [BR]).
4) B € KerFIp iff the following two commutation relations hold

—1tT s a4 contraction.

(1+ )5 (p)B = Bo1pbiv(p), pe F+U{0}, o)
6.69
(1+ ) (p)B* = B'@1p330(p), pe F*.

Proof. 1) and 2) are obvious. 3) follows from the well known form of the generator of completely positive
semigroups [BR].

To see 4) note that B € Kerl'} iff TrB*I",(B) = 0. This means that all the terms of (6.68) with
By = By = B are zero. But this is precisely the condition (6.69). O

6.8 Pauli-Fierz systems with several reservoirs

Suppose that Z;, i = 1,...,n are Hilbert spaces. Suppose that h;, p; are positive commuting self-adjoint
operators on Z; and v; € B(K, K ® Z;), for i = 1,...,n. We impose Assumption 6.D(n),, with n > % on
v, for 4 =1,...,n. Then we can define the FGRO for the individual systems, denoted I'; .

We can consider the composite system given by Z := % Ziy h = GnB hi, p = é piand v =" v;.
i=1 i=1 i=1

We immediately see that the following is true:

Theorem 6.15 The FGRO for the composite system equals

T,=Y Tip.
i=1
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7 Thermal Pauli-Fierz systems

7.1 Thermal Pauli-Fierz Liouvilleans

In this section we will consider Pauli-Fierz Liouvilleans at the inverse temperature 3 €]0, cc]. The setup
of this section is very similar to the setup of the previous section. In particular, the operators K, h, v
and H, as well as the spaces K and Z are such as those introduced in Subsection 6.1.

Let 0 < 8 < co. In this section we consider the family of densities

ps = (" =1)7", pe =0.

Note that
T+pg=01—e"M " =eps, T+pu=1 (7.70)

We change slightly the notation for various objects, replacing the subscripts pg by . For instance we
will write g5, Lg, LF™, Mp and 7§ instead of q,,, Ly, L;‘;mi, M1 and 7;,. We hope that this change
of notation will not lead to a confusion. We warn however about one confusing point: the density p =0

corresponds now to inverse temperature 3 = oo.

Note that .
g =1 —e P72 (v,0%),
5 = [1— |72 (0%, 7),
qu = |1—eﬁr|’%(v,v*) :eﬁr/2q5.

The following hypothesis is just assumption 6.G, for p = pg.

Assumption 7.Ag o
(1+|r|)gs € BIK,K® (2 @ 2)).

Proposition 7.1 Let 0 < By < § < co. Then Assumption 7.Ag, implies Assumption 7.Ag.
Proof. It is sufficient to note that the operator
11— e Pr|=2[1 — e Por|3 (7.71)
is bounded. In fact, this follows from the fact that the function
Rops|l—e PP 21— PP|3 € R (7.72)
goes to 1 for p — oo, to 0 as p — —oo, and is continuous. O
The following theorem follows immediately from Proposition 7.1 and Theorem 6.11.

Theorem 7.2 Suppose Assumption 7.Ag, is true. Then for any By < B < oo, Lg is essentially self-
adjoint on D(Lg) ND(Qp) N (JQgJ).

Our aim in this section is to study the one-parameter family of W*-dynamical systems (B(IC)®EDT571, Té) ,
called thermal Pauli-Fierz W*-dynamical systems.
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7.2 Existence of KMS states for thermal Pauli-Fierz systems

The dynamics 7f, and Tg possess -KMS states. For the free dynamics it is straightforward, for the
interacting dynamics it follows from a version of Araki’s theory from [DJP].

On the level of the Liouvilleans this is expressed by the fact that both Ly and Lg possess certain
distinguished eigenstates called -KMS states.

For 0 < 3 < 00, set 5 := e #K/2 /y/Tre=BK. For 3 = 0o we set

Yoo 1= Lo (K)/y/Trlg, (K),
where we recall that ko := inf sp(K’). Note that
[0,00] 3 8+ 75 € I'(K)
is a continuous function.

Theorem 7.3 1) For any (3 € [0,00], the vector vz ® Q is a 3-KMS vector for 7f.. Clearly, it is an
eigenvector of Lg with the eigenvalue 0.
2) Let 0 < By < oo. Suppose Assumption 7.Ag, is true. Then for any Bo < B < 00, 13 ® ) €
D(e BEAARS)/2) and the vector

e AR/ 2 s 2 Q. (7.73)

is a 3-KMS vector for Té. Consequently, it is an eigenvector of Lg with the eigenvalue 0.
Proof. Let us prove 2). By [DJP], we need to check that
e85/ @ Q| < oo

The next lemma verifies this hypothesis. O

Lemma 7.4 There exists a constant ¢ such that for any integer n,

Q572 < "/ (n+ 1)

Proof. Using the formulas
Qp = 1g®qp(a”) + 1g®qs(a).

we decompose (g into the sum of a creation and annihilation operator. Then Q}y3®{2 splits into the
sum of 2" terms. Applying the estimates (5.42) to each term we derive the estimate

Q5 vs@ < 2"v/(n+ 1)!lgs]™. (7.74)

7.3 FGRO’s for thermal Pauli-Fierz Liouvilleans

Let us now consider the formalism of FGRO in the context of thermal Liouvilleans.
Let n > 0 and 0 < 8 < oo. The following assumption is just Assumption 6.D(n), for p = pg:

Assumption 7.B(n)s (s)"qs € B(K,K ® (Z @ Z)).

Proposition 7.5 Let 0 < By < 8 < 0o. Then Assumption 7.B(n)g, implies Assumption 7.B(n)g.
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Proof. We just note that the function (7.72) which we already studied in the proof of Proposition 7.1,
has all bounded derivatives. Therefore, the operator

()71 — e H |1 — e r | ()
is bounded for any n € R. O

Throughout this subsection we assume that Assumption 7.B(n)g, with n > % holds. We will describe
the FGRO I',, in the case p = pg, which, consistently with our notation will, be denoted I'3. Note that a
special attention needs to be devoted to the infrared term in I'g.

Proposition 7.6 There exists

*(—
Vi := lim v(?) = lim alt lp).
pl0 p2 pl0 p2

—~0 E : pp
Vir = Uiy -
P

Noting that the above operators belong to B(K,K ® G) and G is equipped with an internal conjugation
(see (6.47), we have

(7.75)

Set

vie = ()", (U)* = i (7.76)
Moreover, FIB can be written in the following two ways:

“TBiTH(By) =7 % [e ~ 1|—1ﬂ(eﬁp/25p(p)31 _B®l 5p(p)>
peEF

x (eﬂp/%p(p)BQ Byl 5p(p))

+r Y [efr — 1|’1T1r(eﬁp/z'ﬁp(p)Bgk -Bi®l1 5p(p))
peEF+

(7.77)
x (eﬁp/m (p)Bf = Bf ®1 W(p))

+5Te (%8s - By o1 %)
x (vNirOBf _Brol UNO)
Proof. For p > 0,
gs(p) = 1 — 7P|~ 20(p),
gs(—p) = |1 — e?P|"5v*(—p).

But R 3 p — ¢g(p) is continuous. Hence

0) = lim =67z limp 2o ,
q5(0) mofm(p) 6 limp (p)

0) = lim —p) = B2 limp~zv*(—p).
q5(0) mofm( p) =0 lim p (—p)

This implies the existence of the limits in (7.75) and the identities of (7.76).
The identity (7.77) is a modification of the identity (6.68), where we take into account the identities
(7.70) and (7.75). O
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Let us define
N = {B € B(K) : B®1iP(p) ="(p)B, pe F+,

B*@1wP(p) =vP(p)B*, pe FH,

Bela:” = 5B},
Proposition 7.7 9 is a x-subalgebra of B(K) containing Cli. Moreover, for any t € C, B € 9 we
have 'K Be™ 11K ¢ 0,

Proof. It is easy to check that 91 is an algebra. To see that it is preserved by * we note that the first
two conditions are manifestly symmetric wrt *. Besides, note that (Tiro)* = U0 implies that

Be10; =0,'B = B*®lu; =, B*.
The obvious identities
10177(p) = ?P(p)1, 1®10;° = o, 1
imply that 1 € 9.
Note that
eitK®1 ;Ep(p)efitK _ eitpap(p)’ pe ]:'Jr7 eitK®1 @\i;OefitK — Qf)virO.

This implies that O is invariant wrt e*& . e 715 O

Theorem 7.8 KerFIﬁ consists of operators of the form e~ PE/2C with C' € M.
It is easy to see that the following assumption is satisfied for a generic intreaction v.
Assumption 7.C 91 = Clg.

Theorem 7.9 If Assumption 7.C is satisfied, then sp(Uz)NR = {0} and Ranlo(T') = Kerl'} is spanned
by vp-

Proof. (7.77) can be rewritten as

T =7 % |e% - 1|*1Tr(5p(p)e5K/QBl — KB @1 '17”(17))
pEF+

xe PK @ 1('17p(p)eﬁK/2Bg —efE2B, @1 5p(p))

dr Y et — 1|71Tr(5p(p)eﬁl</235 — K2R o 1 5p(p))
peF+
xe K @ 1(5p(p)e5K/QBf _PK2Br @1 5p(p))
+gTr(vTr°eﬂK/2B; —PE2Br o1 170)
xe K @1 (0K - K28 01 3")).
Hence, B € KerTIﬁ iff
5p(p)el3K/QB —eBE/2B®1 gp(p) =0,
P (p)ePK/2B* — PK/2B*21 P (p) = 0,
20(0)e?5/2B — PFE/2Be1 32(0) = 0.

This clearly implies 1).
1) together with the assumption 7.C implies that KerI‘}a is spanned by vg. Clearly, [Ag,vs] = 0.
Hence v3 € KerF?. Therefore, Ranlo(I'g) is spanned by 3. This ends the proof of 2). O
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7.4 Return to equilibrium for a fixed positive temperature

In this subsection we describe conditions that for any fixed positive temperature guarantee the return to
equilibrium property. The result will be not uniform in the temperature.

Theorem 7.10 Let 0 < fy < o0, n > 2. Suppose that Assumptions 7.Ag,, 7.B(n)z, and 7.C" are
satisfied. Let B € [Bo,00[. Then there exists Ao(B) > 0 such that for 0 < |A| < Xo(B) we have

Spp(Lﬁ) = {0}’ dim 10(L[3) =1, Spsc(Lﬁ) =0.

Proof. By Theorem 7.9 we know that for 8 € [y, oo, we have dim Ker(I‘}a) = 1. Therefore, by Theorem
5.6, there exists Ag() such that for 0 < |A| < Ao(3) we have

dimlo(Lg) <1,  spy(Lg) =0.

But by Theorem 7.3, dim1¢(Lg) > 1. O

7.5 O-temperature Pauli-Fierz Liouvilleans

At the zero temperature, all the properties of the Liouvillean, denoted L., follow easily from the prop-
erties of the Hamiltonian. They are described in this subsection.
If we consider 3 = oo, it is convenient to use the identification of the space K ® K ® I's(Z @ Z) with
the space
KeT(Z2)@KaTly(Z).

Under this identification, the 0-temperature Liouvillean becomes
Lew=H®1-1®H.

The FGRO for L., denoted I'y, can be expressed in terms of the FGRO for H, denoted I" as follows.
If ' is given by A, and =, as in Theorem 6.12 then

Ay =T, Ee =0.
The following theorem follows immediately from Theorem 6.6:

Theorem 7.11 Under assumptions of Theorem 6.6, there exists Ao > 0 such that for 0 < |A| < Ag we
have

spp(Loo) = {0},  dim1p(Loo) =1, SPse(Loo) = 0.

7.6 Uniform in temperature estimate on the FGRO

In this subsection we study the FGRO I'g uniformly in the temperature. We give the conditions that
guarantee that the kernel of I's is spanned by the Gibbs state y3 and that on the orthogonal complement
to 7y is uniformly dissipative. The key assumptions are the two generic assumptions that were used at
the zero temperature, the is 6.E and 6.F, and the generic assumption for the positive temperature, that
is 7.C.
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Theorem 7.12 Let 0 < [y < oo, n > % Suppose that Assumption 7.B(n)a, is satisfied. Then
1)
10,00] 3 B +— T'5 € B(I*(K))
is a continuous function.
2) Assume in addition that 6.E, 6.F and 7.C are satisfied. Let 0 < (1. Then there exists € > 0 such that

fOT 6 € [ﬂlv OO]
TrB*T(B) < —€(TrB*B — |TrByg|?). (7.78)

Proof. The continuity of I'g in 8 €]0, oo] is obvious from (7.77)
Let us consider first 3 = co. Assumptions 6.E implies that there exists e(co) > 0 such that

AL, < —e(s0)(1 - Lty (K)), (7.79)

Recall that T'L_(B) = AL B + BAL . Hence, using (7.79) and at the last step using Assumption 6.F we

obtain TeB*TL(B) < —e(00)(TrB*(1 — 13, (K))B + TrB*B(1 — 1, (K)))

< —¢(00)(TrB* B — TrB* 14, (K) Bl (K))

—€(00)(TrB* B — |Tr By |2).

Next, let us consider 8 < co. It follows from Theorem 7.9 2) that for any 8 € [Bp, oc[, there exists
€(8) > 0 such that
TrB*T'}(B) < —€(3)(TrB*B — |TrBys[%).

The compactness of [31, 00], the continuity of [51,00] 3 8 — F}; and of [(1,00] 5 § +— 73 imply that one
can chose € > 0 such that (7.78) is true. O

7.7 Uniform in temperature return to equilibrium

In this subsection we describe the main result of this paper. We give conditions that imply that, uniformly
in the temperature for small nonzero coupling constant the Liouvillean Lg has no singular continuous
spectrum and only one nondegenerate eigenvalue. For positive temperatures this implies the return to
equilibrium property.

One of the main ingredients of the proof is the uniform assumption on the FGRO I'g obtained in the
previous subsection. The second ingredient is a uniform assumption on the regularity of the interaction,
which we will formulate below.

For any 1 and Sy let us make the following assumption

Assumption 7.D(n)g, SUP g, << oo 1{(s)7gs|l < .

Theorem 7.13 Let 0 < By < co. Suppose Assumptions 7.Ag,, 7.D(n)g, withn > 2, 6.E 6.F and 7.C
are satisfied. Then there exists Ao > 0 such that for 0 < |A| < Ao and (8 € [Bo, 0] we have

Spp(Lﬁ) = {0}’ dim 10(L[3) =1, Spsc(Lﬁ) =0.

Proof. By Theorem 7.2 we know that Lg is essentially self-adjoint on D(Lg ) ND(Q—JQJ) for B € [Bo, oo
and any A. By Theorem 6.5, we know that L., is self-adjoint on D(Lg,) and any A.
By Theorem 7.12, we know that there exists ¢ > 0 such that for 5 € [y, co] we have

I < —e(1—1p()).
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By Assumption 7.D(n)g, with n > 2 we know that
I(s)" (1x®gs — 1k @ 75) || < 2c.
Hence by Theorem 5.6, there exists A\g > 0 such that for 0 < |A\| < Ao we have
dim1,(Lg) < dimIy =1, Spee(Lg) = 0.

But by Theorem 7.11 and 7.3, dim 1o(Lg) > 1. O

7.8 An infrared condition for a uniform return to equilibrium

The Assumption 7.D(n) g, seems somewhat difficult to check in practice. Therefore, in this subsection we
will describe some other conditions, which are easier to verify in applications and imply the Assumption

7-D(77)[30 :
First of all, we would like to have a condition that involves directly v, and not the whole family ¢3.

Secondly, in realistic physical systems the function [0, co0[> p — v(p) is usually smooth (even analytic)
outside p = 0. Therefore, our main concern is the point p = 0, where we can expect that v(p) go to zero
as p® for some o > 0. The assumptions stated below will try to optimize this « with our method.

Theorem 7.14 Suppose that 3 >n> 2,7 >n, Bg > 0. Assume that for n =0,1,2,3 we have
() =2 2 57 0, 0%) | < oo (7.80)
Then Assumption 7.D(n)a, holds, that means

sup  [[(s)"]1 — e~ 73 (v,0")]| < oo
BE[Bo,00]

The following corollaries present slightly weaker but maybe more explicit conditions that guarantee
the uniform regularity of the interaction. In both corollaries n, 7', 5o, 5f. are as in Theorem 7.14
Corollary 7.15 Suppose that

fooo(l +p)_3+2n/p_3_2n,+2n”ddTn;w,U(p)Hde < 00, n = O7 1, 27 3, (7 81)

£70(0) =0, n=0,1,2.

Then Assumption 7.D(n)a, holds.

Proof. Since K is finite dimensional, the x conjugation is az bounded linear map. Therefore, (7.81)
implies ’
JoT (U p) =32 p =32 | 2wt (p)[[Pdp < 00, n=0,1,2,3,

(7.82)

Lt (0)=0, n=0,1,2.

Because of the first derivatives of v(p) and v*(p) vanish at zero, for n = 0,1,2,3 we have

an

(5" (v,v")) (p) = { agro(p);

v (<o,

p = 0;
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Hence
(L + [r) =247 |22 =7 57 (v, 0%) |2

_ ||(v,v*)*s"(1 + |T|)_3+2"l|7“|2”_3_2"/5”(v,v*)||

[e.e] oo
= H [ p?r=3=20"(1 4 p)=3+2n (fp”v*(p)%v(p)der [ p?r=3=2n'(1 4 p)=3+2n ddp" v**(p)%v*(p)dp“
0 0
o0 o0 n
<[PPI (L4 p) AR o (p) [Pdp + [ pP TR (14 p) TR || 50 (p) |2 dp.
0 0

The following corollary follows easily from the previous corollary:
Corollary 7.16 Suppose that for p € [0,00[, § > 0 and for n =0,1,2,3 we have
pr ! 0<p<l

(L+p) 20" p=1

Iapmo@) < C{

Then Assumption 7.D(n)a, holds.

The proof of Theorem 7.14 is divided into a number of steps.

Lemma 7.17 Let 0 <5 < 1 and &(p) == |p|°(1 4 |p|)~°. Then there exists cs such that

€5(p) — &s(p+1)| < cst]°
(¢5(p) is globally 6-Hélder).

Proof. The product of globally §-Hélder functions is globally §-Holder. Clearly, (14 [p|)~? is globally
1-Holder. Hence it is sufficient to prove the global 6-Hélder property for p?, that is

|Ipl° = Ip +t°| < cslt]’. (7.83)

It is also easy to see that it suffices to prove (7.83) for p,p+¢ > 0.
By the concavity of p — p?, we have

¢ 6

t
Lt p
ptt

‘2(p+t)+2(p+t) 2

‘ p

o
p+t ‘

Hence
27°pl° +[t]° < [pl° +1t1° < 27°|p +¢I°,

which implies (7.83) wih ¢5 = 2°. O

Lemma 7.18 Let 7, s be the operators on L*(R) introduced in Subsection 3.4. Let 0 < <1, < §&'.
Then , ) ) ,
s < el (L4 [ e[~ 1)+ el (1 [r) |~ s 2.
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Proof. Set ® := (1+ |r|)% |r|~%" ¥. Now, using e!*r = (r + t)ei**, we obtain
e W — Wi < [[((1+ fr )= 7+t = (L [r]) =[] et 0|

HI A+ 1) | (e @ — @)

(7.84)

By Lemma 7.17, the first term on the right of (7.84) is estimated from above by
cmin(t”,1)||®].
The second term on the right of (7.84) is less than
cmin(t||s®], || @]])-

Note that for any 0 < § < 1 there exists ¢s such that for any p € R
o .
|p|25 — c,;/ |e1tp — 1|2t_1_25dt.
0

Using this identity, we obtain
|||5|‘5\I/||2 _ chOO ||eits\l’ _ \I’||2t_1_26dt
< c(l|2f + [[s@])?.
Next we note that
s® = (1+ 7)) |r| =% 5@ + &sgur(— (1 + [ |77 L+ (1 4 ) 7P ) @

Thus
[s®|| < el 1+ |r))% r| = s®|| + el (1 + [#)* [~ ¥,

O
Proof of Theorem 7.14 Set 6;(p) := 47 J|1—e ?|=2. We use Lemma 7.18 with § = n—2 and §' = 1/ —2
and W replaced with s?|1 — e 5T|*%(v,v ). Then

—e _%v,v <c +|r =2yl —e _%v,v
s|71 Br * < 1 n =2 n'+1 21 Br *

el (L )7 =2 77288 L — BT (0, 0%)|

2 / / . . 7.85
<e SN+ TR g e
7=0
3 ’ . .
e S A+ )7 2|72 BI60;(Br)s3 7 (v, 0¥
7=0
We have ) )
6ol 2 (1+pl)z, p>0
o(p
“2(1+ [p|)ze P2, p<o.
Therefore, for 5 € [y, 00|, we have
=3 (1+ )z, p>0
100(Bp) . 3
—3( 1+|p|)2e Bolpl/2  p < 0.

45



Hence the two terms on the right hand side of (7.85) with 6y can be estimated as
3 , ’ 3 T /_3 / 3
S )7 277 00 (Br)s™ (v, 00| < e 30 (1L e PP (A A [r)T | 7T 28 (v, 0|
n=2 n=2

Next we note that - .
10;(p)] < clpl ™2 (L+ |pl)z e P2 j=1,2,..

Hence for g € [5y, 0]
10;(Bp)| < ep= 3 |p|~h a2 =10

Therefore, the terms on the right hand side of (7.85) can be estimated as

(L + )7 =2 =7 +1 370, (8r) s>~ (v, v*)]|

M

~
I
-

+
e

. . 2 7 ’
L+ )7 2|~ 2806853 (0,07) | < 574 3 [fe 2y~ =E 40 (o, 0)).

<
Il
—

7.9 Pauli-Fierz systems with two thermal reservoirs

Suppose that Z;, are Hilbert spaces for i« = 1,2. Suppose that h; are positive self-adjoint operators on
Z,andv; € BK,K® Z;), fori=1,2.

Assume that 3; €]0,00], i = 1,2. Consider the systems described by h;, ps, = (e#"+ —1)~1. Then we
can define the FGRO for the individual systems, denoted I'; g, .

We can consider the composite system given by Z := 2, ® Z3, h := h; ® ha, p = pg, © pg, and
v = v1 +v2. The FGRO for the composite system will be denoted by I'g, 3,. By Theorem 6.15, we clearly
have

Lo = Tig,. (7.86)
=1

Theorem 7.19 Let 1,32 €]0,00[ and 1 # B2. Let n > % Let Assumptions 7.Bn)g, and 7.C be
satisfied for the systems i =1,2. Then KerT'(5, 5,) = {0}.

Proof. By Theorem 7.9, KerI‘;ﬁi is spanned by 7s,. But by (7.86),

I I I
Kerl's, 5, = Kerl'] 5 NKerl'; 4,.

The Liouvillean of the composite system will be denoted Lg, 3, .

Theorem 7.20 Let (31,32 €]0,00[ and 1 # P2. Let n > 1. Let Assumptions 7.Ag,, 7.Bn)g, and 7.C
be satisfied for the systems i = 1,2. Then there exists Ag > 0 such that for 0 < |\| < Ao we have

Spp(L51,52) = (Z)a Spsc(Ll31,52) =0.

Proof. We apply Thorem 5.7 and 7.19. O
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8 Examples of gluing

In the whole paper the conditions on Pauli-Fierz systems were quite abstract in order to keep the notation
as simple as possible and the models as general as possible. Nevertheless, it is not easy to see whether
concrete physical systems satisfy the assumptions of these results. In particular, it is difficult to see when
the gluing technique of Jaksi¢-Pillet is applicable.

In this section we will show two examples of systems where one can introduce the gluing in a natural
way. Both examples involve massless particles in a Euclidean space. In the absence of interaction such
systems “glue well”. If the interaction is present and the temperature is positive, the main problem is
the infra-red behavior of the interaction. We will see for instance, that in dimension 3, if the interaction
behaves at small momenta as [£ |’% and satisfies the appropriate reality conditions (if it involves fields
and no conjugate fields), then the positive and negative frequencies glue well. But this is exactly the
infrared behavior of QED, as noted in [JP1].

8.1 Massless scalar particles

Let = = R be a Euclidean space (where ¢ € = denotes the momentum). Massless spin 0 particles are
described by the 1-particle space L?(Z),) with the 1-particle energy |£|.
The gluing map is defined as

LAE)@ L2(E) > (¥, ¥ ) — ¥ e L}(R) ® LS4 1), (8.87)
W) = p%ngr(pw)v p> Oa
V) { (—p)F U (—pw), p<0

(Above, (p,w) € R x §471).
Fix the interaction = 3 £ — v(£) € B(K). Consider the Pauli-Fierz Hamiltonian

H =K®l1+1 [a"()a)l]d
A [ (v(&) ® a* (&) +v*(€) @ a(€))d¢.
Fix the density Z 3 € — p(£) € R;. The semi-Liouvillean at density p is given by
Ly =Ko 1+1e [(Eaf (©a() - [[Ela; (€)ar(€)) d
A (L4 p(8)20(8) @ af (&) + p(€)2v*(§) @ ar(€))dE
A (L4 p(€)20%(€) ® ai(€) + p(€) Fu(€) ® aF (€))d¢
=K®1+1® [pa*(p,w)a(p,w)dpdw
X [ (4p(p,w) ® a* (p,w) + 4o (p,w) ® a(p,w)) dpdw,
where

1

2
1
2

o) = { PT (1 + ()

_ (1- v(pw) p>0
(=p) = p(—pw)2v*(~

v*(—pw), p<O0.

The space L?(Z) is equipped with a physically motivated conjugation

RU(E) = T().
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Assume now that the interaction is given by k-real fields (see the end of Subsection 3.4). This means

v (§) = v(=E). (8.88)
Assume also that the density p commutes with the conjugation , or in other words
p(&) = p(=£).

Then

P (dl+p(pw))§v(pw)7 p>0
(=)= p(pw)Zv(pw),  p < 0.
d .

9(€) and p(&) = (1€l —1)~1. Then

0o(p.w) = (1‘—) )

p
Therefore, if 9(£) is analytic, then ¢,(p, w) is analytic in p.
Remark 8.1 In relativistic quantum theory k-real fields are usually called just “fields” and k-imaginary
fields are called “conjugate fields”. Only “fields” appear in the interaction of Hamiltonians derived from
local Lagrangians. Therefore, (8.88) is satisfied in realistic Hamiltonians derived from models of rela-

tivistic quantum field theory, such as the usual Hamiltonian of nonrelativistic QED (see eg [BFS1] or the
introduction to [DJ]).

8.2 Massless vector particles

The case of vector particles is very similar to that of scalar particles.

Suppose that L?(Z,Z) denotes the Hilbert space of square integrable vector fields on Z. Massless
vector particles are described by the 1-particle space L2 (Z, =), consisting of transversal vector fields on
=, that is

[A(E,5) = {¥ e [AEE) : £-U() =0, € €=},
(&€ - (&) denotes the scalar product of £ and ¥(£)).
The 1-particle energy is |£]. The distinguished conjugation can be chosen to be
KP () = T(=¢).
Remark 8.2 Note that L2 (R',R!) = {0} and L2 (R?,R?) is naturally isomorphic to L*(R?) by the map

L*(R?) 2 ¥+ ST € L2 (R* R?)

=2V |£|

where €; ; is the completely antisymmetic tensor such that €12 = 1.

with

The gluing map is defined as the unitary map
132 e 5(ES) > - T_) @ € L(R) @ LA(TS™Y),
d
> 0,
U(p,w) = P i (B w), p
(-p) T T _(-pw), p<O.

Here T'S4~1 denotes the tangent bundle of the d — 1-dimensional sphere and L?*(7'S%"!) is the Hilbert
space of square integrable vector fields on S9!,
Then we repeat verbatim the constructions of the spin 0 case.
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A Abstract type I factors

According to the W*-algebraic approach to quantum statistical physics, a quantum system is described
by an (abstract) W*-algebra together with a W*-dynamics and normal states. These data alone can be
used to compute physical quantities. In particular, we need not assume that the W*-algebra acts on a
Hilbert space.

Of course, in practice it is convenient to assume that the W*-algebra is represented on a Hilbert
space and the dynamics is unitarily implemented. In some cases there are several natural representations
having their own advantages. One of them will be the standard representation. Often there are other
representations that are simpler.

If we consider quantum systems in a finite volume, which we will call confined quantum systems,
then it is usually sufficient to describe them by the algebra of all bounded operators on a certain Hilbert
space. In the language of the classification of W*-algebras they are called type I factors. Of course, such
algebras are simple-minded and no sophisticated W*-algebraic approach is needed to study them.

In the appendix we describe how various constructions that we used in our paper look in the case of
confined systems. In particular, we will explain the connection between the Pauli-Fierz Hamiltonian H
and the Pauli-Fierz Liouvilleans and semi-Liouvilleans.

In this section we describe a type I factor first in its minimal representation and then in its standard
representation. There are two different equivalent realizations of the standard representation with a
different notation.

A.1 Type I factors—irreducible representation

The space of normal functional on B(H) can be identified with I'(H) (trace class operators) by the
formula

Y(A) = TrpA, pel*(H), Ae B(H). (A.89)

In particular, states are determined by positive trace one operators, called density matrices. A state
given by a density matrix p is faithful iff Kerp = {0}.
If 7 € Aut(B(H)), then there exists W € U(H) such that

T(A) =WAW™*, Ae B(H). (A.90)
IfR>t— 7' € Aut(B(H)) is a W*-dynamics, then there exists a self-adjoint operator H on H such that
TH(A) = " Ae7 ™ A € B(H).

A state given by (A.89) is invariant wrt the W*-dynamics (A.90) iff H commutes with p. There exists
a (B, 7")-KMS state iff Tre™”# < 0o and then it has the density matrix e #H# /Tre=AH.

A.2 Type I factor—standard representation in Hilbert-Schmidt operators

Clearly, the representation of B(H) in H is not in a standard form. To construct a standard form of
B(H), consider the Hilbert space of Hilbert-Schmidt operators on H, denoted I2(H), and two injective
representations:

B(H) 3 A m(A) € B(I*(H)), m(A)B:= AB, B € l*(H); A
91
B(H) > A~ m(A) € B(*(H)), m(A)B:=BA* Be€I*(H). (A9

Set JyB := B*, B € [>(H). Then _
Jnm(A)Jy = m(A)
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and
(m1, P(H), Ja, 13 (H)))

is a standard representation of B(H).
If a state on B(H) is given by a density matrix p € I} (H) then its standard vector representative
is p2 € I3(H). If 7 € Aut(B(H)) is determined by W € U(H), then its standard implementation is

m(W)m(W). If the W*-dynamics 7t is given by a self-adjoint operator H, then its standard Liouvillean
ism(H) — . (H).
A.3 Type I factors—standard representation in H @ H

An alternative formalism, which can be used to describe a standard form of type I factors, uses the notion
of a conjugate Hilbert space,
Under the identification described in Subsection 3.7 the representations (A.91) become

B(H) > A A® 137 € B(H® H);
L . B (A.92)
BH)2A—1y®Ae BH®H).

Note that the standard unitary implementation of the automorphism 7(A) = WAW™ is then equal

W ® W. The standard Liouvillean for 7¢(A4) = e*# Ae=*# equals L = H ® 1 — 1 ® H. The modular
conjugation is Jp; defined by

Jn ¥ ®\I/_2 =Uy ® \11_1 (A.93)

The positive cone is then equal to
(H®H)y :=Cone{¥ @T : ¥eH}o

Remark A.1 Instead of using the conjugate space H, one can fix a conjugation c in H, as in Remark
3.4 and then define a standard representation of B(H) in H ® H.

B Confined Bose gas

In this section we consider the W*-algebra B(I's(Z)), where Z is a certain Hilbert space. As we will see,
under certain conditions on the density p, in this case the Araki-Woods representation is simply a special
form of the standard representation.

B.1 Confined Bose gas—irreducible representation

In this subsection we consider the algebra B(I's(Z)) acting simply on I's(Z). Recall that the W*-algebra
B(T's(2)) is generated by the CCR representation

Z3 20 W(z) e U(Z2)).
Suppose that p is a positive operator on a Hilbert space Z. Set v := p(1 + p)~ L.

Theorem B.1
TeT () = det(1 — )~ ! (B.94)

Therefore (B.94) is finite iff
Try < o0, or equivalently, Trp < oc. (B.95)
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Throughout this section we will suppose that (B.95) is true. Define the state w, on the W*-algebra
B(T's(2)) given by the density matrix

I'(7)/TT (7).
Let h be another self-adjoint operator on Z. Define the dynamics on B(I's(Z)):
TH(A) 1= T 47110 4 € B(Ty(Z)).

Clearly, w, is 7'-invariant iff 4 commutes with p.
The state w, is (3, 7")-KMS iff

v=e

B.2 Confined Bose Gas—standard representation

Using at the last step the exponential map, we have the identification
PT4(2) 2Ts(2)@T(2) 2 T4(2) @ T(2) ~Ty(Z @ 2). (B.96)

The W*-algebra B(I's(Z)) has a standard representation in in the Hilbert space [?(I's(Z)), as described
in Subsection A.2. It has also a standard representation in the Hilbert space I's(Z) @ I's(Z), as described
in Subsection A.3. Using the identification (B.96) we can use the space I's(Z @ Z) to get a standard
representation. (Of course, all these representations are naturally unitarily equivalent).

Let us describe the last representation in detail. Let

U:Ts(2)2Ts(Z) — Ty(Za 2) (B.97)

be the unitary map defined as in (4.33). Define the representations of W*-algebras
B(I's(2)) > A —m(A):=U A1 5 U" € B(I's(2 o 2)),

B(I'y(2)) ~ B(Is(2)) ~ BI4(£)) 2 A — m(A) :=U lp,z®AU* € B(Is(Z ® Z)). (B9
Consider the representation of CCR
ZOZ3 (21, ;) — W(2,22) € UT(Z @ 2)). (B.99)
It is convenient to split (B.99) into 2 commuting representations of CCR,
Z3 20 Wi(z) =W (2,0) =m(W(z)) e UTs(Z @ 2)), (B.100)
Z3%Z Wi(z) :=W(0,2) = m(W(2)) € U(T(Z ® 2)). (B.101)

The creation/annihillation operators corresponding to (B.100) will be denoted z(af), Z(a); The cre-
ation/annihillation operators corresponding to (B.101) will be denoted Z(a}), z(ay).

The algebra m(B(Ts(Z))) is generated by Wi(z), z € Z and the algebra 7, (B(I's(Z))) is generated
by Wi (), z € 2.

Let € be defined as in (4.37) and I's (£ @ Z) in 4.40.

Theorem B.2 1) (m,FS(Z ® Z),T(e), s 4+ (2 @?)) is a standard representation of B(T's(Z)). More-
over, if 1z denotes the projection onto Z, then

n(B(Ty(2)) = {A € BIL,(Z6Z)) : A=T(12)AT(12)},
T'(e)m(A)T(e) = 1 (A).

2) Let v := h @ (—h). Then dT'(r) is the standard Liouvillean of T*.
3) Assume (B.95). Then the standard vector representative of w, is

Q, :=det(1 — ’y)% exp(%afﬁéa’; + %a:'y%al*)ﬁ. (B.102)
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Proof. 1) and 2) are straightforward. Let us prove (B.102).

In the representation of Subsection A.2, the standard vector representative of w, equals

(TrT (7)) "2 T(v%).

Recall that (TrF('y))*% = det(1 — 'y)%.
We have

(%) =3 ().

n=0
Now in the representation that we use in this subsection ('y%)&‘" corresponds to
— R — =1 & L oy
(Val) "2 (afy2a})"Q = (n!) ' (3a{72a; + jaiyZaf)"
Hence I'(2) corresponds to
1
exp(3aiyzal + %a’r"’y%ai“)Q.

Remark B.3 In (B.102), the notation of (4.35) is used. In fact,

Therefore, )
det(1 —ec*)2 = det(1 — 7).

Thus the vector Q, is an example of a squeezed state considered in (4.35), that is

Q, = det(1 — cc*)i exp(%(ai*, al)e(ay, ay))d.

(B.103)

B.3 Confined Bose gas—standard representation in the Araki-Woods form

Define the following transformation on I's(Z @ Z):

R, = exp(—35q W%a;" — %af’y%ai") det(1 — ’y)%f‘(l —v®1- 7)% exp(%ary%ar + %aﬁ%al).

Theorem B.4 R, is a unitary operator satisfying
R,Q, =Q,

RpeidF(r)R; — (T (),
RPF(e)R; =T(e),
1

R,W (a1, 2Ry = W((1+p)22 +pio,prai + (147)2 %
RTs+(Z®Z2) =T, (20 2),
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Proof. Let ¢ be defined as in B.103. Using Remark B.3 and
(- ec) =T =7 @1 -7),

we see that
R, :=det(1 — cc)i exp(—1(af,al)c(af,al))T(1 — cc*)z exp(3ac*a).

Thus R, is in fact the transformation R. considered in (4.35). Therefore, (B.104) follows from Theorem
4.1 2). (B.105) and (B.106) follow from Theorem 4.1 5). (B.107) follows from Theorem 4.1 4) using

R,W(z1,72)R;, =W ((1- V) "Fz 4 (1—7) 2yizg, (1 —7) 3737, (1 — 7)_%32)

Let us prove (B.108). We check that

1 1 1 =1
FA1Y2a0r + 5072 a1

map I (2 & Z) NTs(Z @ Z) into T (£ & Z). Therefore, R, maps I's (£ & Z) into itself.
A similar argument shows that 1%, maps I's +(Z @ Z) into itself. This proves (B.108).0

For A € B(Ts(2)) set
0p1(A) == Rym(A) R, = RyUA® lr,zU'R; € B(Ts(Z @ 2)), (B.109)
0p:(A) := Rym(A)R} = R,Ulp,(z) ® AU*R}, € B(T'4(Z & 2)),
where m, m, were defined in (B.98) and U in (B.97).
Theorem B.5 1) R, intertwines between the Wi, Wy and the Araki-Woods representations:
0p1(W(2)) = RyWA(2) Ry, = Wpa(2) = W((L+ p)22,p272),

0ps(W(2)) = RW:(2)Ry = W,.0(2) = W(p2z, (1 +)272).
2) (9,)71, [s(Z® Z),T(e), T+ (Z® ?)) is a standard representation of B(T's(Z)) and

0p1(B(I's(2))) = My,

[(€)0p1(A)T(€) = b),r(A).

3) d'(r) is the standard Liouvillean of T*.
4) Q is the standard vector representative of w,.

C Confined Pauli-Fierz systems

C.1 Confined Pauli-Fierz systems—irreducible representation

We use the assumptions and notation of the Subsection 5.2. We treat B(K ® I's(Z)) as the W*-algebra
describing our system. We suppose Assumption 6.A.
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Recall that the Pauli-Fierz Hamiltonian is defined as the operator on K ®@ I's(Z)
H:=K®1+1®dl'(h) + A(v(a*) 4+ v*(a)),

for K a self-adjoint operator on K, v € B(K,K ® Z) and h an positive operator on Z. Recall that then
H is self-adjoint and generates a W*-dynamics on B(K ® I's(Z)):

H A A c B(K@T(2)). (C.110)
Definition C.1 (B(K®T(Z2)), " -e™ ") will be called a confined Pauli-Fierz W*-dynamical system.

Let us fix a positive operator p on Z commuting with h and satisfying the condition (B.95). We
are going to see how the confined Pauli-Fierz W*-dynamical system looks in 2 different representations
of B(K ® T's(£)), which describe the bosons at the density p, and use the Araki-Woods representation
0,1: B(Ts(£2)) — B(Ts(Z @ Z)) introduced in B.109.

C.2 Confined Pauli-Fierz system—semi-standard representation

We can use the identity representation for B(K) and the Araki-Woods representation for B(I's(Z)). Thus
we obtain the representation

j;flmi = 1px) ® 0,1 : BIK®TI4(2)) = BK®(Za Z2)),

which will be called the semistandard representation of B(K ® I's(Z)). In other words, 5™ is defined
by
051" (A) = 1ck®R,U A®ly 3 1k®U'R;, A€ B(K®TI(Z)),

s

where U was defined in (B.97).
Clearly _
02?1“ (B(’C Y FS(Z)) = B(’C) Y imp,b

Let L3™ be defined as in (6.56), that is
L = K®1+1@dl(r)
FA((L+ p)ro,pEo ) (@) + A (v (L4 p) 077 ) (a).

The following idenities show the relationship between the Pauli-Fierz Hamiltonian and the Pauli-
Fierz semi-Liouvillean in the confined case. Let us stress that the semi-Liouvilleans L™ are unitarily
equivalent for different p.

Theorem C.2
Z(jlmi (eitHAe—itH> — eith)e‘“iels;?lmi(A)e—ithf"“, Ae B(IC ® FS(Z)),

Lspemi =1 ® RpU (H X 1Fs(§) — 1)C®1"S(Z) (39 dP(h)) e ® U*R;.
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C.3 Confined Pauli-Fierz system—standard representation

We can use the standard representation for B(K) in B(K ® K) and the Araki-Woods representation for
B(I'y(£)). Thus we obtain the representation

0,: BK®Ts(2)) - BKeKaTl(ZaZ)).
defined by

0,1(A) = 1x@05 ™M (A), A€ BKTI(2)).

In other words, 6, is defined by
0p1(A1 ® A2) = A1 @1 ®0,1(A2), A1 € B(K), Ay € B(Ty(2)).
One can put it in a yet different way. Introduce the obvious unitary identification
U:K@T(2)9KQT4(2) - KoK (Z® Z).

Then
0p1(A) = Log®R, U ARlggr,z) UT Ligg®R,, A€ B(K®@Ts(2)).
Clearly
0,1(BIK@Ls(Z)) = B(K) @ 1g @ M.

Let L, be defined as in (6.59), that is

L, =K@lg®l-1x@K®1+1c @ lg@dl(r)

_|_
>
—
al
®(
—
—
_|_
S
SN~—
[N
<
R
=
]
%
N—
—~
Q
*
SN—
_|_
>
=
Al
®(
/N
<
*
_
_|_
S
SN~—
Wl

5% ) (a),

“Ale@ (477, (1+7)HT) (@) Al @ (7047 (147 ).

[N

The following identities give the relationship between the Pauli-Fierz Hamiltonian and the Pauli-Fierz
Liouvillean in the confined case. Let us stress that the Liouvilleans L, are unitarily equivalent for different

p.
Theorem C.3

0,1 (eitHAe_itH> —otleg (A e, A€ B(K@Ty(2)).
Ly, =1xex®@R, U (H ® lggr,(z) — lker.(2) ®F> U* 1o @Ry
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