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Abstract

We consider a quantum system composed of a small part, having
finitely many degrees of freedom, interacting with a free, spatially in-
finitely extended Bose gas. An equilibrium state for the uncoupled
system is given by the product state where the small part is in the
Gibbs state at some temperature 7" > 0, and the Bose gas is in a state
where a spatially homogeneous Bose-Einstein Condensate is immersed
in black body radiation at the same temperature 7.

An interaction between the two subsystems is specified by a cou-
pled dynamics. The interaction strength is measured by the size of a
coupling constant. We show that the equilibrium state of the uncou-
pled system is stable: any initial state close to it, evolving according
to the interacting dynamics, converges to it, in the successive limits
of large time and small coupling constant.

We deduce the stability result from properties of structure and
regularity of eigenvectors of the generator of the dynamics, called the
Liouville operator. Among our technical results is a Virial Theorem
for Liouville type operators which has new applications to systems
with and without a condensate.
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1 Introduction

This paper is devoted to the study of the dynamics of a class of quantum
systems consisting of a small part in interaction with a large heat reservoir,
modelled by an infinitely extended ideal gas of Bosons. We further develop
spectral methods in the framework of algebraic quantum field theory and
apply them to the class of systems at hand, for which the already existing
techniques have not been applicable.

Our main physical interest is the long-time behaviour of initial states close
to an equilibrium state of the uncoupled system, describing a Bose gas that
is so dense (for fixed temperature) or so cold (for fixed density) that it has
a Bose-Einstein condensate. One of our goals is to prove that this equilib-
rium state is stable (attractive) in the sense that any initial condition close to
it, when evolving under the coupled dynamics, converges to the equilibrium
state when one takes first the limit of large time and then the limit of small
coupling. The analysis given in this paper shows that any initial condition
as specified above has a limiting state, as time alone tends to infinity. This
limiting state is close to the interacting equilibrium state (or equivalently,
close to the uncoupled equilibrium state), provided the coupling is small. A
stronger result, called Return to Fquilibrium, saying that the limiting state
equals the interacting equilibrium state, has been obtained for systems with-
out a condensate in a variety of recent papers, [JP1, BFS, M1, DJ, FM2].
It is surprising that none of the methods developed in these references can
be applied to the present case. This is due to the fact that the form factor
of the interaction, a coupling function g € L?(R3, dk), whose properties are
dictated by physics, exhibits the infrared behaviour 0 < |g(0)| < co. It lies in
between the two “extreme” behaviours g(0) = 0 (more precisely, g(k) ~ |k|?,
some p > 0, as |k| ~ 0) and |g(0)| = co (more precisely, g(k) ~ |k|~'/? as
|k| ~ 0), which are the only ones that can be treated using the approaches
developed in the above references. We give in this paper a partial remedy
to this situation by establishing a “positive commutator theory” (a first step
in a Mourre theory) which is applicable to a wide variety of interactions,
including the case where ¢(0) is a nonzero, finite constant. Our remedy is
only partial in that so far, we show that the equilibrium state is stable, in
the sense mentioned above, but we cannot prove return to equilibrium. The
obstruction seems to be of technical nature, see Section 2.2.1 for a discussion
of this point.



Our analysis consists of two main steps. The first one is a reduction of
the system with a condensate to a family of systems without condensate: the
equilibrium state with a condensate is not a factor state, i.e. the von Neu-
mann algebra of observables, represented in the Hilbert space of this state, is
not a factor. The state has thus a natural decomposition into a superposition
(an integral) of factor states, called the central decomposition of the state.
Accordingly, the Hilbert space and the von Neumann algebra of observables
are decomposed into a direct integral of Hilbert spaces and a direct integral
of factor von Neumann algebras. It turns out that the dynamics of both the
non-interacting and the interacting system is reduced by this decomposition.
We can thus view each component as an independent system without con-
densate, equipped with its own dynamics (varying with each component).

The second step in our analysis, which is the main technical part of this
paper, consists in analyzing the time asymptotic behaviour of each indepen-
dent component. We do this by examining the spectrum of the Liouville
operators generating the dynamics. Our approach gives an extension of the
positive commutator method, including a new virial theorem which has use-
ful applications to related problems for systems without a condensate.

Here is a presentation of our main results which we give without entering
into technical elaborations, referring to Section 2 for more detail.

The small quantum system has finitely many degrees of freedom, its
Hilbert space is C¢, and the dynamics of observables A € B(C?) (the von
Neumann algebra of all bounded operators on C¢) is generated by a Hamil-
tonian H, according to A — al(A) = et A= The kinematical algebra
describing the Bose gas is the Weyl algebra 20(D) over a suitably chosen
test-function space of one-particle wave functions D C L*(R3, d*k). 20(D) is
generated by Weyl operators W(f), f € D, satisfying the canonical commu-
tation relations (CCR)

W(f)W(g) = e DWW (f + g), (1)

where (-,-) is the inner product induced by L?*(R3 d®k). The dynamics of
the Bose gas is given by the Bogoliubov transformation

W(f) = ax(W(f)) = W(e™f),



where

w(k) = k|, or w(k)=[kl". (2)

The first choice in (2) describes massless relativistic Bosons, while the second
one describes massless non-relativistic Bosons. The observable algebra of the
combined system is the C*-algebra

A = B(C") @ W(D), (3)
and the non-interacting dynamics is the *automorphism group of 2 given by
ah = ol ®a. (4)

The equilibrium state of the uncoupled system which we are interested in is
the (5, af)-KMS state
Wgp = w18 Q wa g, (5)

where wy g is the (3, a})-KMS state (Gibbs state) of the small system, and
wa g is a (4, ah)-KMS state of the Weyl algebra which has a Bose-Einstein
condensate. The latter is obtained by taking the thermodynamic limit of
Gibbs states of the Bose gas in a finite volume, and it needs to be described
in a more precise way.

To understand the construction (definition) of the equilibrium state wq g
we first remind the reader that any state w on the Weyl algebra 20(D) is
uniquely determined by its so-called generating (or expectation) functional
E D — C, given by

w(W(f)) = E(f), (6)

and that conversely, if E': D — C is a (non linear) function satisfying certain
compatibility conditions then it defines uniquely a state on 20(D), see e.g.
[A, M2].

Let R® 3 k — p(k) > 0 be a given function (the “continuous momentum-
density distribution”), and py > 0 a fixed number (the “condensate density”).
Araki and Woods [AW] obtain a generating functional E, , of the infinite
Bose gas by the following procedure. First restrict the gas to a finite box
of volume V in R? and putting V p, particles in the ground state of the one
particle Hamiltonian Hy = —A (or Hy = M), and a discrete distribution
of particles in excited states. Then take the limit V' — oo while keeping
po fixed and letting the discrete distribution of excited states tend to p(k).



Like this [AW] obtain a family of generating functionals £, ,, (whose explicit
form is given in (35)), each member of which defines uniquely a state of the
infinitely extended Bose gas according to (6). The physical interpretation is
that the resulting state describes a free Bose gas where a sea of particles,
all being in the same state (corresponding to the ground state of the finite-
volume Hamiltonian), form a condensate with density pg, which is immersed
in a gas of particles where p(k) particles per unit volume have momentum
in the infinitesimal volume d*k around k € R®. Since the Hamiltonian in
the finite box is taken with periodic boundary conditions the condensate
is homogeneous in space (the ground state wave function is a constant in
position space).

A rigorous argument linking [AW]’s results to the equilibrium states of the
infinite Bose gas has been given in [C] (see also [LP]), and can be summarized
as follows. Let pyy > 0 be the “total” density of the Bose gas (i.e., piot iS
the number of particles per unit volume). For a fixed inverse temperature
0 < B < oo define the critical density by

pcrit(ﬁ) = (27T)_3 / 66‘6‘{35 1 (7>

Let V be the box defined by —L/2 < z; < L/2 (j = 1,2,3) and define the
canonical state at inverse temperature 3 and density pio; by

. _tr APpmve_BHV
< >,67Ptot7V - tr P

Ptot

(8)

Ve—,@HV !

where the trace is over Fock space over L*(V,d*z), P, v is the projection
onto the subspace of Fock space with py.V particles (if pyt V' is not an integer
take a convex combination of canonical states with integer values p;V and
p2V extrapolating pytV). The Hamiltonian Hy is negative the Laplacian
with periodic boundary conditions. The observable A in (8) belongs to the
Weyl algebra over the test function space C§°, realized as a C*-algebra acting
on Fock space. Cannon shows that for any 3, pior > 0 and f € C§°,

<W(f)>l'[33 Ptot,V _— { 6_%”f”26_§<f7ﬁf>a Ptot S pcrit(ﬁ) (9)
o Ep,po(f)a Prot = Pcrit(ﬁ)

for any sequence L — oo. Here, z,, € [0,1] is such that for subcritical
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density, the momentum density distribution of the gas is given by

p(k) = (2m) 82— (10)

ebv — 2o

so that z,, is the solution of

z
ot = (2m)7° d’k. 11
puo = 2 [ 7 (1)
The generating functional E,,, in (9) is the one obtained by Araki and
Woods, where p is the continuous momentum density distribution prescribed
by Planck’s law of black body radiation (compare with (7)),

(k) = (2m) (12)

and where
L0 = Ptot — Perit- (13)

This gives the following picture: if the system has density pior < peris then the
particle momentum distribution of the equilibrium state is purely continuous,
meaning that below critical density there is no condensate. As py, increases
and surpasses the critical value, pyor > pait, the “excess” particles form a
condensate which is immersed in a gas of particles radiating according to
Planck’s law.

We shall from now on, in this section, concentrate on the supercritical
case and denote the corresponding equilibrium state of the Weyl algebra by
wa g (see (5)).

Let H denote the (GNS-) Hilbert space of state vectors obtained from the
algebra 2, (3), and the equilibrium state w§’, (5). Furthermore, let Q3% € H
denote the cyclic vector in ‘H corresponding to the state wg’y, and let m be

the GNS representation of 2 on H. Since wgy is invariant under af (see

(4)), meaning that w§ o ay = w§y for all ¢, there is a selfadjoint operator

Ly acting on H, called the thermal Hamiltonian or Liouvillian, satisfying

m(ag(A)) = eFom(A)e™ " e, (14)
for all A € A, and
L2505 = 0. (15)
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In order to describe interactions between the small system and the Bose gas
one replaces the (non-interacting) Liouvillian £, by an (interacting) Liouvil-
lian £, which is a selfadjoint operator on H given by

Ly = Lo+ M, (16)

where A € R is a coupling constant and Z is an operator on H determined
by the formal interaction Hamiltonian

AG @ (a*(g) + alg)) (17)

(or a finite sum of such terms). Here, G is a selfadjoint matrix on C¢ and
a?(g) are creation and annihilation operators of the heat bath, smeared out
with a function g € D, called a form factor. Of course, (17) has a meaning
only in a regular representation of the Weyl algebra, e.g. the representation
m above, see Subsection 2.1.2. The interaction Z has the property that the
dynamics generated by £, defines a sxautomorphism group o of the von
Neumann algebra 93" C B(H) obtained by taking the weak closure of the
algebra 7(2). One can show that, for a large class of interactions Z, there
exists a vector QF} € H defining a (3, 0§ )-KMS state on IMF". We call Q7%
the perturbed KMS state, it satisfies

LAQ5% = 0. (18)

Our stability result, Theorem 2.1, can be formulated as follows. Let w be any
state represented by a density matrix on 93", If some regularity and effec-
tiveness conditions on the interaction are satisfied (see the next paragraph
and also Section 2.2), then we have, for any A € IMMG",

t
lim lim 2 [ ds w(03(4)) = Wi (A). (19)
A—0t—o00 0 ’
We expect that relation (19) holds if the small coupling limit is removed on
the Lh.s. and w§’ is replaced by the perturbed KMS state wi’y (represented
by Qf%), provided A is small enough (“return to equilibrium” in the sense of
ergodic means). See Subsection 2.2.1 for a discussion of this point.

The “effectiveness condition” we impose on the interaction, determined by

the operator G and the form factor g (see (16), (17)) has the following physi-
cal meaning. The interaction describes processes where field quanta (Bosons)
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are absorbed and emitted by inducing transitions of the small system. In par-
ticular, it is instructive to calculate the transition probability of the system
corresponding to an initial state p; ® @ and a final state @y ® a*(f)Py,
where ¢; o are eigenstates of the Hamiltonian H; of the small system, with
energies F o, and where ®y is the “ground state” (in Fock space) of the Bose
gas in a box with volume V', describing py = n/V particles in the ground
state (constant function V~/2) of the one-particle Hamiltonian hy = —A
(or hy = v/—=A), with periodic boundary conditions. In the limit V — oo,
and to second order in A, the transition probability

}<g02 & a*(f)q)v, €_itHA301 & (I)V> }2 y (20)

where Hy = Hy + \G ® (a*(g) + a(g)), Hy = Hy, + dT'(hy), is calculated to
be
2

Po(t) = X [{ip2, G ' / s EE ((f,02g) + T O019(0)| - (1)

The function w(k) is either |k| or |k|?, c.f. (2). Expression (21) is a good
approximation to (20) provided [tA| << 1. We recognize two contributions to
Pa(t), one for pg = 0, which is the same one would get by replacing ®y by the
Fock vacuum € in (20), and the contribution coming from the interaction
of the small system with the modes of the condensate. We see from (21)
that if g(0) = 0 then there is no coupling to the modes of the condensate: a
physically trivial situation where the condensate evolves freely and the small
system coupled to the “excited modes” undergo return to equilibrium. In
this paper we develop a theory which includes the case g(0) # 0.

If Fy = Es5 then, for large values of ¢ (and small values of \, as to preserve
[tA| << 1), we have

Pa(t) ~ (tEN)*05 (2, Ge)[* 1 £(0)g(0) P, (22)

and only the zero mode k& = 0 is involved in the emission process (the non-
interacting energy is conserved to this order in the perturbation). If £ # Es
then we have, for large times,

Pa(t) ~ A* {2, Geon)|* [(f,6(Er — Bz — w)g)|”, (23)

so the mode determined by w(k) = E; — E5 is engaged in the emission process
(and the condensate does not participate). Our physical assumptions on the
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interaction is that the process described by (20) is not suppressed at second
order in the perturbation, i.e., that (22), (23) are nonzero (see Condition
(A2) in Section 2.2).

We conclude the introduction by outlining the spirit of the proof of (19)
and by explaining the structure of this paper. In the central decomposition
of the equilibrium state we have

@
Ly = / do Ly,
S

1

1

52
My = / do My,
S
@ 6
w o= [ s,
S1

®
I

and it suffices to prove (19) on each fixed fiber (labelled by #). The von
Neumann ergodic theorem tells us that the limit ¢ — oo in (19) is essentially
determined by the projection onto the kernel of Ly, or, for a fixed fiber,
by the projection onto the kernel of L,y (note that dimker £, = oo, while
dimker Ly = d, the dimension of the small system). Our Theorem 2.3 de-
scribes the structure of elements in the kernel of Ly ¢ and shows in particular
that all of them, except the perturbed KMS state Q% \, converge to zero in
the weak sense, as A — 0, see Corollary 2.4. Thus, the projection onto the
kernel of Ly ¢ reduces to the projection Q5 ) (Q2% | when we take A — 0, and
this leads to (19).

In order to prove Theorem 2.3 we develop a general virial theorem in a
new setting, see Section 3, Theorem 3.2. In the particular case of the systems
with a condensate considered in this paper the general virial theorem reduces
to Theorem 2.2. We point out that Theorem 3.2 will be applied to give an
improvement of the results on return to equilibrium and thermal ionization
presented in [M1, FM1, FMS, FM2]. We will explain this in [FM3] (see also
the discussion after Corollary 2.4 in Section 2).



2 Main results

In Section 2.1 we introduce the class of systems considered in this paper
and we explain the central decomposition of the equilibrium state with a
condensate (references we find useful for this are [AW] and also [H]). Our
main results are presented in Section 2.2, at the end of which we also give
the quite short proof of the stability theorem, Theorem 2.1.

2.1 Definition of model

We introduce the uncoupled system in Subsection 2.1.1 and present its Hilbert
space (GNS) description (see (56), (57)) including the uncoupled standard
Liouvillian Ly, see (65). The interaction is defined by an interacting standard
Liouvillian £, introduced in Subsection 2.1.2, see (81).

2.1.1 Non-interacting system

The states of the small system are determined by density matrices p on the
finite dimensional Hilbert space C?. A density matrix is a positive trace-class
operator, normalized as tr p = 1, and the corresponding state

wy(A) =tr(pA), AeB(C? (24)

is a normalized positive linear functional on the C*-algebra B(CY) of all
bounded operators on C%, which we call the algebra of observables. The
(Heisenberg-) dynamics of the small system is given by the group of *auto-
morphisms of B(C?) generated by a Hamiltonian Hy,

ol (A) = et g™ € R, (25)

where we take H; to be a selfadjoint diagonal matrix on C¢ with simple

spectrum
spec(Hl) = {EO <Fi<...< Ed—l}- (26)

(We would find it interesting to investigate also the case where H; has some
degenerate eigenvalues, but do not address this here). Denote the normalized
eigenvector of H; corresponding to E; by ¢;. Given any inverse tempera-
ture 0 < 8 < oo the Gibbs state w5 is the unique 3-KMS state on B(C?)
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associated to the dynamics (25). It corresponds to the density matrix

6_6H1

" tre-BH

pg (27)

Let p be a density matrix of rank d (equivalently, p > 0) and let {¢; }?;é
be an orthonormal basis of eigenvectors of p, corresponding to eigenvalues
0 <p; <1, ijj = 1. The GNS representation of the pair (B(C?),w,)
is given by (Hj,m1,€21), where the Hilbert space H; and the cyclic (and
separating) vector €); are

Hl - Cd ® Cd, (28>
0 = Z@@j®@j€cd®cd> (29)

j
and the representation map m; : B(C%) — B(H,) is
m(A) = A® 1. (30)
We introduce the von Neumann algebra
M, = B(CY) @ Tca € B(H,). (31)

The modular conjugation operator J; associated to the pair (9, €);) is given
by
leﬁ X wr = C1¢r X Cﬂ% (32>

where C; is the antilinear involution Cy ), z;0; = >, Zjp; (complex conju-
gate). According to (29) and (27) the vector € g representing the Gibbs
state w; g is given by

1

Oy p= —
b Vtr e BH1

Z e_ﬁEj/ngj ® ©Lj S Hl. (33)
J

We now turn to the description of heat bath. Its algebra of observables
is the Weyl algebra 23(D) over some linear subspace of test functions D C
L?(R3,d%k). The elements of D represent the wave functions of a single
quantum particle of the heat bath. The choice of D depends on the physics
one wants to describe — in particular, it is not the same for a system of
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Bosons with and without a condensate, as we will see shortly. For fixed D,
20(D) is the C*-algebra generated by elements W (f), f € D, called the Weyl
operators, which satisfy the CCR (1). The xoperation of 20(D) is given by
W(f)* = W(—f). The dynamics of the heat bath is described by the group
of xautomorphisms of 20(D)

ay(W(f)) =W(e"™f), (34)

where h is a selfadjoint operator on L?(R3 d3k). In the present paper, we
choose h to be the operator of multiplication by the function w(k), see (2).
Our methods can be modified to accomodate for other dispersion relations
than (2).

According to Araki and Woods, [AW], the expectation functional (6)
describing the spatially infinitely extended Bose gas in a state where a con-
densate emerging from the macroscopic occupation of the ground state, with
density pg > 0, is immersed in a gas of particles having a prescribed contin-
uous momentum density distribution p(k) (assumed to be > 0 a.e.), is given

= exp {111 e {1V} o (VEERT IS O)]) (39

see also the discussion in the introduction. Here, Jy is the Bessel function
satisfying

Tdo _, i
WP = [ B tecnosrinn o gem a0)

_p 2T

and the test function space D consists of f € L*(R3, (1 + p)d®k) which are
continuous at zero. If py = 0 the r.h.s. of (35) reduces to the product of
the two exponentials (one may then extend D to all of L*(R3, (1 + p)d3k)),
and if in addition p = 0 then E(f) = e~1lfI* is just the Fock generating
functional corresponding to the zero temperature equilibrium state (in this
case one may extend the test function space to all of L*(R?, dk)).

Note that E, ,,(e“'f) = E,,(f) for all t € R, so the corresponding
state is invariant under the dynamics o, for any choice of p(k), po. The
generating functional of the equilibrium state of the heat bath at a given
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inverse temperature 0 < 3 < oo is obtained as an infinite volume limit of the
expectation functionals of the Gibbs states of the confined system; this fixes
the densities p(k), po as explained in (9)-(13).

Denote by w, ,, the state on 20(D) whose generating functional is (35).
The GNS representation of the pair (20(D),w, ,) has been given in [AW] as
the triple (Hz, w2, 22), where the representation Hilbert space is

Ho = F @ F® L*(S', do), (37)

F = F(L*(R3,d?k)) is the Bosonic Fock space over L?(R?, d®k) and L*(S*, do)
is the space of L2-functions on the circle, with uniform normalized measure do
(=(27)~1df, when viewed as the space of periodic functions of 6 € [—m, 7]).
The cyclic vector is

QBH=0rQr®1 (38)

where ()£ is the vacuum in F and 1 is the normalized constant function in
L*(S',do). The representation map my : (D) — B(Hs) is given by

m(W(f)) = We(V/1+pf) © We(\/pf) @ e 00, (39)

where
Wgr = eier (f)

is a Weyl operator in Fock representation and the field operator @ £(f) is

or(f) = %m*m T ax(f)) (40)

and az*(f) and agz(f) are the smeared out creation and annihilation opera-
tors satisfying the commutation relations

lar(f),az"(9)] = (f,9), lax(f),ar(9)] = laz"(f),az"(g)] = 0. (41)

Our convention is that f +— az(f) is an antilinear map. The phase ® € R is
given by

O(f,0) = (2#)_3/2\/27)0((Ref(0)) cosf + (Imf(0)) sinf). (42)

It is not hard to check that F, ,; is the correct generating functional, i.e., that

E, 50 (f) = (Qa, ma(W([f))Q2) (use (36)). In the absence of a condensate (py =
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0 = ® = 0) the third factor in (37)—(39) disappears and the representation
reduces to the “Araki-Woods representation” in the form it has appeared in a
variety of recent papers. We denote this representation by my. More precisely,
the GNS representation of (20(D),w,=0,p,=0) is given by (F & F,mo, o),
where

(W) = Wr(V1+pf) @ We(\/pf), (43)
QO = Q}'@Q]:. (44)

Let us introduce the von Neumann algebras

My = m(W(D))" CBFF) (45)
My, = m(W(D))" C B(Ha) (46)

which are the weak closures (double commutants) of the Weyl algebra repre-
sented as operators on the respective Hilbert spaces. 91, splits into a product

My =My @M C B(F®F)®B(L*(S, do)), (47)

where M is the abelian von Neumann algebra of all multiplication operators
on L?(S!, do). Tt satisfies M’ = M. Relation (47) follows from this: clearly
we have MMy’ ® M C M/, so taking the commutant gives

m()@MDmQ.

The reverse inclusion is obtained from lrgr @ M C My and My @ U251y C
My (see [AW]).

It is well known that 2y, the von Neumann algebra corresponding to the
situation without condensate, is a factor. That means that its center is trivial,
3(My) = MeNM,' =2 C. However, we have 3(IMy) = (M@ M)N(My' @ M),
ie.

3(Mz) = Lrgr @ M, (48)

so the von Neumann algebra 9, is not a factor. One can decompose My
into a direct integral of factors, or equivalently, one can decompose w, ,, into
an integral over factor states. The Hilbert space (37) is the direct integral

®do
HzI/ — FQF, (49)
(

—7,7] s
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and the formula (see (38), (39), (43), (44))

opan W) = Qo maW ()} = [ T w5 00 o (W) (50)

g 27

shows that my is decomposed as

® do
Ty = /[_WT] Gy Ty, (51)
where 1y : 20(D) — B(F ® F) is the representation defined by
m(W(f)) = e Om(W(f)). (52)
For each fixed 6,
mo(2W(D))" = My (53)
is a factor. Accordingly we have
® do
= — , 4
o, /{_m S (54)

Introducing this decomposition is convenient for us because we will see that
it reduces the dynamics of the system, so that one can examine each fiber
of the decomposition separately, thus reducing the description of the system
with a condensate to one without condensate (but having a dynamics which
varies with varying 0).

In what follows we concentrate on the equilibrium state of the uncoupled
system with a condensate,

ngg = w18 Q wa g, (55)

where wy g is the Gibbs state of the small system (see (33)), and where ws 3
is the equilibrium state of the heat bath at inverse temperature § and above
ciritcal density, piot > pait(3), determined by the generating functional (35).
The index 0 in (55) indicates the absence of an interaction between the two
systems. wg is a state on the C*-algebra 2, (3). Of course, the GNS
representation of (A, w§’) is just (H, 7, Q2), where

H = HiQH,
T o= m QM (56)
Q= 0,500 (57)
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The free dynamics is given by the group of xautomorphisms of, (4). Let

©do
ffﬂ%‘m — W(Q{)// =9 M, = / % M My C B(H) (58)
[_7'(77@
be the von Neumann algebra obtained by taking the weak closure of all
observables of the combined system, when represented on H. To see how
we can implement the uncoupled dynamics in H we use that (for all ¢ € R)
P(e™'f,0) = ®(f,0), which follows from w(0) = 0, see (42) and (2). Thus

© do _, -
RV () = [ e e ) (59)
It is well known and easy to verify that for A € 2,

(m1 @ 7o) (ap(A)) = e (m @ mo) (A)e™"", (60)

where the selfadjoint Ly on ‘H; ® F ® F is given by
LO - L1 + L2, (61>
Ll - H1®]1(cd—]1(cd®H1, (62)
Lg = dF(w) & Il]: — ]1]: ® dF(w) (63)

Here dI'(w) is the second quantization of the operator of multiplication by w
on L*(R3 d3k). We will omit trivial factors 1 or indices c«, » whenever we
have the reasonable hope that no confusion can arise (e.g. L; really means
Ly @ 17 ® 1f). It follows from (58)—(63) that the uncoupled dynamics o is
unitarily implemented in H by

m(af(A)) = etFor(A)e o, (64)

where the standard, non-interacting Liouvillian Lg is the selfadjoint operator
on ‘H with constant (f-independent) fiber Ly,

©do
Ly = — Ly. 65
" /[_7‘-771—} 27T " ( )

The r.h.s. of (64) extends to a *automorphism group og of MG which is
reduced by the decomposition (58). We write

®de
of = / — 0679, (66)
(

7,7 2T
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where aéyg is the *automorphism group of 9y ® M, generated by Ly. As is
well known,

Qg0 =520 (67)

is a (B, 00,4)-KMS state of 9, @ M. The modular conjugation operator J
associated to (M, Q1 5 ® Qo) is

J=J1 ® Jo, (68)

where J; is given by (32) and where the action of Jy on F ® F is determined
by antilinearly extending the relation

Jomo(W(£))Q0 = Wr(/pf) @ Wr(\/1+ p f)Q0. (69)

Jo defines an antilinear representation of the Weyl algebra according to
W(f) — Jomo(W(f))Jo, which commutes with the representation 7, given
n (43). We view this as a consequence of the Tomita-Takesaki theory which
asserts that My’ = Jo9MJo.

It follows from (57), (58), (66) that

& do
Q%0 = Q 70
5,0 /{_m 5 15,0 (70)
is a (3, 0f)-KMS state on ", and that the modular conjugation operator
J associated to (9", Q) is given by

j/ 2—J1®Jo (71)
[—m,7]

The standard Liouvillian Lo, (65), satisfies the relation
TLy=—LoyJ. (72)

One can choose different generators to implement the dynamics aof on H
(by adding to the standard L, any selfadjoint element affiliated with the
commutant (9F")"). The choice (65) is compatible with the symmetry
M = (M), in that it also implements ag for the antilinear representa-
tlon Jm(-)J. Another way to say this is that the standard Liouvillian (65)
is the only generator which implements the non-interacting dynamics o) and
satisfies

LoQ25 =0, (73)

see e.g. [BR, DJP].
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2.1.2 Interacting system

We define the coupled dynamics, i.e. the interaction between the small sys-
tem and the Bose gas, by specifying a xautomorphism group o} of the von
Neumann algebra 93" (the “perturbed” or “interacting dynamics”). One
may argue that a conceptually more satisfying way is to introduce a repre-
sentation independent regularized dynamics as a sxautomorphism group of
and then removing the regularization once the dynamics is represented on
a Hilbert space. This procedure can be implemented by following the argu-
ments of [FM1], where it has been carried out for the Bose gas without con-
densate. The resulting dynamics is of course the same for both approaches.
For a technically more detailed exposition of the following construction we
refer the reader to [FM1].

The interaction between the two subsystems is given formally by (17),
which we understand as an operator in a regular representation of the Weyl
algebra, so that the creation and annihilation operators are well defined. We
could treat interactions which are sums over finitely many terms of the form
(17), simply at the expense of more complicated notation.

The field operator ¢(f) = 19;|;—om (W (¢f)) in the representation =, (56),
is easily calculated to be

o) = [ gl (74)

-7,

eo(f) = @r(V/1+pf) @1+ 10 px(y/pf) — ®(f,0), (75)

where ®(f,0) is given in (42), and where @ £(f) is given in (40). Define the
interaction operator by

V=Gl ® p(g), (76)

which corresponds formally to 7(G ® %(a* (9) +a(g))). V is an unbounded
selfadjoint operator on H which is affihated with IMF". For ¢ € R, A € MF"
we set

t tn—1
ah(A) = D (iA)" / dty ... / dty [ FoV e o T
0 0

n>0

[efoyeritto Al L] (77)
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The series is understood in the strong sense on a dense set of vectors (e.g.
vectors which are analytic with respect to the the total number operator
N = [*{dD(1) ® £ + 1 ® dT(1)}, [FM1]), on which it converges for any
Ae My, A\t € R Since V is affiliated with 9§ and e - e~"£0 Jeaves
ING" invariant, one sees that the integrand in (77) does not change when one
adds to each eifoVe ik g term —JeltifoV e ito 7 = —eitiLo TV Je~itiko
(which is affiliated with the commutant (95")'). In other words, V' in (77)
can be replaced by V. — JVJ. The r.h.s. of (77) is then identified as the
Dyson series expansion of

eitﬁ’\Ae_itﬁ’\, (78)

where the standard, interacting Liouvillian £ is the selfadjoint operator

Subtracting the term JV J serves to preserve the symmetry (72) under the
perturbation, i.e., we have JLy = —L£,J. It is not hard to verify that (78)
defines a xautomorphism group

ot (A) = e Ae™ N (80)

of MP", [FM1]. This defines the interacting dynamics. The Liouvillian £y
is reduced by the direct integral decomposition,

©qp
L, = / Y e, (81)

where the selfadjoint operator Ly g is
Lyg = Lo+ M. (82)
Here Ly is given in (61) and we define

I, = I+ Ky, (83)
I = Golwe{a (VI+pg) @ lr+1r@ar(\/p7) )

—ﬂcd & Cchl & {a;(\/ﬁg) ® Il]—' + ]1]-' & CL]:*( 1+ p?)} (84)
Ky = —0(g,0){G® lca — Ica @ CGC }, (85)
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with C;, ® defined in (32), (42) and where the creation and annihilation
operators ar*, ar are defined by (41). It is convenient to write (compare

with (66)) .
o = / ® o, (£6)
[

—7 7] 27

where 3 , is the *automorphism group on 90t ® M, generated by Ly, (82).

To the interacting dynamics (80) corresponds a B-KMS state on IMF™,
the equilibrium state of the interacting system. It is given by the vector

Qeon (Zcon)—l /69 d@ QG (87)
sA = (Zga o 27 B
where Z§% is a normalization factor ensuring that Q| = 1, and where
O\ = (Z5,) e P25, € Hi@ F o F. (88)

ng\ is again a normalization factor, and Iy, is obtained by dropping the
second term both in (84) and in (85). The fact that Qgg, (67), is in the
domain of the unbounded operator e (Lot Mo.)/2 provided

9/ VwlL2rsy < 0, (89)

can be seen by expanding the exponential in a Dyson series and verifying
that the series applied to {25 converges, see e.g. [BFS]. It then follows from
the generalization of Araki’s perturbation theory of KMS states, given in
[DJP], that QF , is a (5, 0} 4)-KMS state on 0y @ My, and that

Ly, =0. (90)
We conclude that QF} is a (3, 0 )-KMS state on 9§", and that £,Q5% = 0.

2.2 Main results

We make two assumptions on the the coupling operator G and the form
factor g determining the interaction (see (17), (76)).

(A1) Regularity. The form factor g is a function in C*(R3) and satisfies
||(1 + 1/\/(;)(](3 . vk)jg||L2(R3,d3k) < 00,

for j=0,...,4, and || (1 +w)?g|| r2(rs a3 < 00.
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(A2) Effective coupling. Let ¢, be the eigenvector of H; with eigenvalue
E,, see (26). We assume that for all m # n, (¢m,Gen) # 0 and
| 52 do g(| By — Ey|,0) # 0. Here, g is represented in polar coordinates.

Remarks. 1) Condition (A1) is used in the application of the virial theorem
— we choose the generator of dilations %(/{: Vi + Vi - k) to be the conjugate
operator in the theory.

2) Condition (A2) is often called the Fermi Golden Rule Condition. It
guarantees that the processes of absorption and emission of field quanta by
the small system, which are the origin of the stability of the equilibrium, are
effective, see the discussion in the introduction.

Theorem 2.1 (Stability of equilibrium with condensate). Assume
conditions (A1) and (A2). Letw be a normal state on IMF" and let A € INF".
We have

: : 1 4 t A con A

tim Jim 7 [ d (o (4) = w53(A) (o1)

where w§ is the equilibrium state of non-interacting system, see (55).

Remark. As mentioned in the introduction, we expect that the stronger
result limy_, o fOT dt w(o}(A)) = wPh(A) is true, where w§} is the interacting
KMS state given by (87). This relation, called Return to Equilibrium, has
been proven for systems without a condensate (with varying conditions on
the interaction and varying modes of convergence) in several papers, see
[JP1, BFS, M1, DJ, FM2]. The obstruction to applying the strategies of
these papers is that they all need the condition that either g(0) = 0, or
g(k) ~ |k|7%/2, as |k| — 0. The first case is uninteresting in the presence of
a condensate (no coupling to the modes of the condensate!), and the second
type of form factor does not enter into the description of a system with a
condensate (see (42)). See Subsection 2.2.1 for a more detailed discussion of
this point.

In order to state the virial theorem and to measure the regularity of
eigenvectors of Ly g, (82), we introduce the non-negative selfadjoint operator

where dI'(w) is the second quantization of the operator of multiplication by
w(k) on L*(R3, d3k), cf. (2). The kernel of A is spanned by the vector
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Qo = Qr @ Qr (cf. (44)) and A has no nonzero eigenvalues. The operator
A represents the quadratic form i[Lg, A], the commutator of Ly with the
conjugate operator

A= dF(ad) & ]1]: - ]1]: ® dF(ad), (93)

where aq is the selfadjoint generator of dilations on L*(R3, d®k),

w=i(kvit]). (94)

2
The formal relation A = i[Ly, A] follows from iw,aq] = w (for relativistic
Bosons, see (2); in the non-relativistic case, iw,aq/2] = w, so we could

redefine aq by dividing the r.h.s. of (94) by a factor two, in order to have A =
i[Lo, A]). The selfadjoint operator representing the quadratic form i[L, g, A
is easily calculated to be (see (84))

Ci = A+ (95)
L = G®]1<Cd®{a}'*(ad 1+P9)®]1f—11f®&3f(&d\/5§)} (96)
_]1((3‘1 X ClGCl &® {af(ad\/ﬁg) X ]1]: — ]1}‘ &® af*(ad 1 + pﬁ)} .

Similar expressions are obtained for the higher commutators of L)y with
A, see Section 3. Assumption (Al) guarantees that (1 + 1/v/w)(aa)’\/pg
and (1 + 1/y/w)(aq)’\/T+ pg are in L*(R3 d®k), for j = 0,...,4, so the
commutators of L)y with A, up to order four, are represented by selfadjoint
operators (satisfying the technical requirements needed in the proof of the
virial theorem).

Theorem 2.2 (Virial Theorem, regularity of eigenvectors of L,y).
Assume condition (A1) and let 0 € [—m, 7| be fixed. If ¢ is an eigenfunction
of Ly then ¢ is in the form domain of Cy, (95), and

(1, C1¢) = 0. (97)

There is a constant ¢ which does not depend on 0 € [—m,w| nor on 5 > [y,
for any By > 0 fixed, such that

IAY2)) < e Al |- (98)
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Remarks. 1) Relation (97) seems “obvious” from a formal point of view,
WI‘itiIlg Cl = ’i[L)\’g, A] = ’L'[L)\’g — €, A], and USiIlg that (L)\’g — 6)* = L)\’g — e,
where Lygtp = ep. A proof of (97) is certainly not trivial, though, and
considerable effort has been spent by many authors to establish “Virial The-
orems” (see e.g. [ABG] and [GG] for an overview, and also [M1], [FM1] for
approaches similar to ours).

2) The regularity bound (98) follows easily from (97) and (95) and from
the standard fact that I, is infinitesimally small relative to AY/? (Kato), so
that 0 = (¢, C1Y) > (1 —€) (¢, AY) — ’\;c||¢||2, for any € > 0, for some
constant ¢ independent of 6 and (3, as mentioned in the theorem. We refer
for a more complete exposition of this to [FM1].

We prove Theorem 2.2 in Section 3.2 by showing that the hypotheses
leading to Theorem 3.2, a more general result, are satisfied in the present
situation. Our next result describes the structure of kerLyg. Let P(A < z)
stand for the spectral projection of A onto the interval [0, z].

Theorem 2.3 (Structure of the kernel of L,y). Assume Conditions
(A1), (A2) and let 0 € [—m, 7| be fized. There is a number Ao > 0 s.t. if
0 < |A| < Ao then any normalized 1y € ker(Lyg) satisfies

Ua =@ (P(A < [A)xae) + o(N), (99)

for some xrg € F @ F satisfying ||xrell > 1 —o(N). In (99) o(\) denotes a
vector in Hy @ F @ F whose norm vanishes in the limit A — 0 (uniformly in
0 € [—m, 7| and in B > By, for any By > 0 fized), and Q4 5 is the Gibbs vector
(33). The constant \g does not depend on 0 € [—m, |, and it is uniform in

B = o, for any fized By > 0.

Our proof of this theorem, given in Section 5, relies on a positive commu-
tator estimate and Theorem 2.2. Expansion (99) implies that the only vector
in the kernel of L)y which does not converge weakly to zero, as A — 0, is
the interacting KMS state Qf ,, (88). This information on the kernel of L
alone enters our proof of Theorem 2.1.

Corollary 2.4 Assume Conditions (A1) and (A2) and let P, the projection
onto the subspace spanned by the interacting KMS state Q%,/\’ (88). Let 0 €

[—m, 7| be fized. Any normalized element 1y € ker(Lyg) N (Ran Pg/\)L con-
verges weakly to zero, as X — 0. The convergence is uniform in 6 € [—m, |
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and in 3 > [y, for any By > 0 fized.

We prove the corollary in Section 5. The virial theorem we present in
Section 3, Theorem 3.2, is applicable to systems without a condensate, in
which case one is interested in form factors g which have a singularity at the
origin. Theorem 3.2 can handle a wide range of such singularities (see the
remark after Theorem 2.4) and is therefore relevant in the study of return to

equilibrium and thermal ionization for systems without condensate, as will
be explained in [FM3].

Theorem 2.4 (Improved Virial Theorem for systems without con-
densate). Let Ly be the Liouvillian of a system without condensate, Ly =
Lo+ M (i.e., Ky =0), see (83), (84), (85) and suppose that the form factor
g is in CHR3*\{0}) and satisfies the condition

1+ Vo)) VIF pg, (1+1/Va)a)yig € L*®,dF), (100)
(1+w)(aa)’v1+pg, (1+w)*(aa)’v/pg € L*(R® d°k), (101)
for 7 =0,...,4. Then the conclusions (97), (98) of Theorem 2.2 hold.

Remark. An admissible infrared behaviour of ¢ satisfying (100), (101) is
g(k) ~ |k, as |k| ~ 0, with p > —1/2 for relativistic Bosons (c.f. (2)). The
range of treatable values of p obtained in previous works, [M1,DJ, FM1,FM2],
is p = —1/2,1/2,3/2, p > 2. Theorem 2.4 fills in the gaps between the
discrete values of these admissible p. This means that one has now a virial
theorem for Liouville operators for the continuous range p > —1/2.

The proof of Theorem 2.4 is the same as the one of Theorem 2.2, see
Section 3.2.

Theorem 2.5 Assume the setting of Theorem 2.4, that (A2) holds and that
lg(k)| < c|k|P, for |k| < ¢, for some constants ¢, c’, and where p > —1/2 (for
relativistic Bosons, and p > 0 for nonrelativistic ones). There is a number
Ao >0 s.t. if 0 < |A| < Ao then any normalized 1y € ker(Ly) satisfies

Ua = Qi ® (P(A < [A])xa) +o(N), (102)

for some xx € F @ F satisfying ||xxl| > 1 —o(A). In (102) o(\) denotes a
vector in Hy ® F ® F whose norm vanishes in the limit A — 0 (uniformly
in B > Bo, for any By > 0 fized), and g is the Gibbs vector (33). The
constant Ny does not depend on 3 > [y, for any fized By > 0.

24



We give the proof Theorem 2.5 together with the proof of Theorem 2.3
in Section 5.

2.2.1 Discussion of “stability of wiy” v.s. “return to equilibrium”,

and relation with infrared regularity of the coupling

A central tool in our analysis of the time-asymptotic behaviour of the sys-
tem is the virial theorem, whose use imposes regularity conditions on the
interaction. In particular, we must be able to control the commutators of
L, with the conjugate operator A of degree up to four (see Section 3.1).
Depending on the choice of A this will impose more or less restrictive re-
quirements on the interaction. A very convenient choice for A is obtained by
representing F @ F as F(L*(R x S? du x do)) and choosing A = idI'(,)
(translation generator). This choice, introduced in [JP1], has proven to be
very useful and was adopted in [M1, DJ, FM1, FMS, FM2|. The commutator
of the non-interacting Liouvillian Ly = dI'(u) with A (multiplied by 7) is just
N = dI'(1), the number operator in F(L?(R x S?, dux do)), which has a one-
dimensional kernel and a spectral gap at zero. We may explain the usefulness
of the gap as follows. If one carries out the proof of Theorem 2.3 with the
translation generator as the conjugate operator then the role of A, (92), is
taken by N, and relation (99) is replaced by || P1 gP(N < |A])¢a]| = 1—o(N),
where Py g = [ 3) (€21 5]. But for |A| < 1, Pg; P(N < |A]) is just the projec-
tion |Q3,0) (s 0| onto the span of the non-interacting KMS state, so one has
| (30, ¥a) | =1 —0(X). Since Qg is close to Qf , for small values of A, this
means that there are no elements in the kernel of Ly p which are orthogonal
to Qﬁ y» provided |A| is small enough, i.e., the kernel of L,y has dimension
one. A consequence of the simplicity of ker L, ¢ is that return to equilibrium
holds.

The disadvantage of the translation generator is that its use requires
(too) restricitve infrared regularity on the form factor. Indeed, the j-th com-
mutator of the interaction with the translation generator involves the j-th
derivative of the fuction —Z— so an infrared singular behaviour of this

ePw—1

function is worsened by each application of the commutator (and we require
those derivatives to be square integrable!). As a result, the case g(0) # 0
cannot be treated.

The remedy is to develop the theory with a conjugate operator A which
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g
ePw—1
choice (93) (dilation generator) is a good candidate (one could as well take
operators interpolating between the translation and the dilation generator).
The disadvantage of using the dilation generator is that its commutator with
the non-interacting Liouvillian gives the operator A, which still has a one-
dimensional kernel, but does not have a spectral gap at zero. This means
that we cannot show that the kernel of L) ¢ is simple, but we only have ex-
pansion (99), which, in turn, allows us only to show stability of wg, in the
sense of Theorem 2.1, but not return to equilibrium.

We remark that the dilation generator has been used in [BFSS| to show
instability of excited eigenvalues in zero-temperature models. We expect
that it is a relatively easy exercise to modify the techniques of [M1] and
show absence of nonzero eigenvalues of Lyy (which we see as the “excited
eigenvalues” in the positive temperature case) by using the dilation instead
of the translation generator. Notice though that if one succeeds to show that
the kernel of Ly is simple, then one knows automatically that L)y cannot
have any non-zero eigenvalues, see e.g. [JP2].

does not affect the infrared behaviour of in a negative way. The

2.2.2 Proof of Theorem 2.1

The normal state w is a convex combination of vector states on MG, so it is

enough to show (91) for w(A) = (¢, Ay), for an arbitrary normalized vector
) = f[@ 4 1py € H, and an arbitrary observable A = f[G_BW . L Ay € M.

—m,7] 21 o
Since " 4
(A = [ 5 (e dgetiro,) (103
it suffices to prove that, for each @,
I : :
}\HI(I) Thm T / dt <’17D9, eltLA'6A96_ZtLA'6’l7D9> = <Qg70, AQQ@()) . (104)
— —00 0

Let € > 0 be fixed. Since Qg is cyclic for (9t @ M)’ there exists a By, €
(M ® M) such that
Yo = By Lp0+ O (€). (105)

It follows that
(g, €10 Age™ " Ex0qpg) (106)
= ((By,e) g, €0 Ag2% ) + O (el All + | Bo,ell [| Al 19255 — Qs0ll)
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where we use here that efr¢ Age™Fro commutes with By, and relation

(90). Taking the limit 7" — oo of the ergodic average % fOT dt on both sides
and invoking von Neumann’s ergodic theorem shows that

1 /7 . ,
lim — / dt (1pg, €20 Age "2 09h5) (107)
0

T—o00

= ((Bo.c)* 0o, 04925 \) + O (ellAll + | Bo.ell A 1€25.0 — Qs0ll)
where II, ¢ is the projection onto ker(L, g),
e = 195,051 + ) [0 (W,], (108)
j=1

where {Qf,,¢Y,} is an orthonormal basis of ker(Lyg). From Corollary 2.4
we know that the @Dﬁ ), converge weakly to zero, as A — 0, so

}\{% <(Bg75)*¢9, ?7)\> <¢?,)\> A69%7>\> = 0. (109)

Using this in (107), together with limy_q[|%, — Qg0ll = 0 (this limit is
uniform in ¢ and in 3, see [FM2]), shows that

T
lim lim % / dt (g, €20 Age ™ Ex0qhg) = (Q50, AgQp0) + O (). (110)
0

A—0 T—o0

Since € is arbitrary we are done. [ |

3 Another abstract Virial Theorem with con-
crete applications

In this section we introduce a virial theorem in an abstract setting covering
the cases of interest in the present paper (but which is general enough to
allow for future generalizations). The virial theorem developed in [FM1],
where the dominant part of [L, A] commutes with A, does not apply to the
present situation; here the leading term of [[L, A], A] is L.

27



3.1 The abstract Virial Theorem

Let ‘H be a Hilbert space, D C H a core for a selfadjoint operator ¥ > 1,

and X a symmetric operator on D. We say the triple (X,Y, D) satisfies the
GJN (Glimm-Jaffe-Nelson) Condition, or that (XY, D) is a GJN-triple, if
there is a constant k£ < oo, s.t. for all ¢ € D:

Ixyl < EIYyl (111)
+i (X9, YY) — (YU, X)) < k(0 Y). (112)

Notice that if (X1,Y,D) and (X, Y, D) are GJN triples, then so is (X; +
X5,Y, D). Since Y > 1, inequality (111) is equivalent to

[XPI < F Y]+ R4l

for some k1, ko < co. Condition (111) is phrased equivalently as “X < kY,
in the sense of Kato on D”.

Theorem 3.1 (GJN commutator theorem) If (XY, D) satisfies the
GJN Condition, then X determines a selfadjoint operator (again denoted by
X), s.t. D(X) D D(Y). Moreover, X is essentially selfadjoint on any core
for'Y, and (111) is valid for all ¢» € D(Y').

Based on the GJN commutator theorem we next describe the setting

for our general virial theorem. Suppose one is given a selfadjoint operator
Y > 1 with core D C H, and operators L, A,A > 0,D,C,, n=0,...,4, all
symmetric on D, and being interrelated as

(p, DY) = i{{Lp, AYp) — (Ap, L))} (113)
Cy = L
<907 an> - Z.{<Cn—1§07 AQ/J) - <A307 Cn—1w>} , = 17 s 747 (114)
where ¢, 1 € D. We assume that

(VT1) (X,Y,D) satisfies the GJN Condition, for X = L, A, D,C,. Conse-
quently, all these operators determine selfadjoint operators (which we
denote by the same letters).
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(VT2) A is selfadjoint, D C D(A), ¢4 leaves D(Y) invariant, and
Y e A < keF Iy, ¢ e R, (115)
in the sense of Kato on D, for some constants k, k’.

(VT3) The operator D satisfies D < kA'/? in the sense of Kato on D, for some
constant k.

(VT4) Let the operators V;,, be defined as follows: for n = 1,3 set C,, = A+V,,,
and set Cy = Ly + Vi, Cy = Ly + V4. We assume the following relative
bounds, all understood in the sense of Kato on D:

Vi, < kAY?, forn=1,...,4, (116)
Ly < kA, (117)
Ly < kA", for somer > 0. (118)

Remark. The invariance condition e*4D(Y) C D(Y) implies that the bound
(115) holds in the sense of Kato on D(Y), see [ABG], Propositions 3.2.2 and
3.2.5.

Theorem 3.2 (Virial Theorem) We assume the setting and assumptions
introduced in this section so far. If 1 € H is an eigenvector of L then 1) is
in the form domain of Cy and

<Cl>¢ =0. (119)

We prove this theorem in Section 4.

3.2 The concrete applications

The proofs of Theorems 2.2 and 2.4 reduce to an identification of the involved
operators and domains and a subsequent verification of the assumptions of
Section 3.1. Let us define

D =C'®C?® Fo(CR?, d*k)) @ Fo(C(R3, d*k)), (120)
where Fj is the finite-particle subspace of Fock space. Take

Y=dllw+1) @1+ 1r@dl'(w+1)+ 1, (121)
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and let the operators L, A, A of Section 3.1 be given, repectively, by the
operators Ly (see (82), or L, in the case of Theorem 2.4), (92), and (93).

It is an easy task to calculate the operators C;; C) is given in (95),
Cy= Lo+ My, C3 = AN+ N3, Cy = Ly + My, where Ly is given in (63), and
where the I; are obtained similarly to I; (see (96)). The operator D, (113),
is just ¢A[I,A]l. It is a routine job to verify that Conditions (VT1)—-(VT4)
hold, with V,, = I,, and Ly = Lo, r = 1. To check Condition (VT2) one can
use the explicit action of €4, see also [FM1], Section 8.

4 Proof of Theorem 3.2

Before immersing ourselves into the details of the proof we present some facts
we shall use repeatedly.

e If a unitary group eX leaves the domain D(Y) invariant then there
exist constants k, k' s.t. ||V | < k¥l Y|, for all ¢ € D(Y).
Moreover, if (X,Y, D) is a GIN triple then the unitary group X leaves
D(Y') invariant.

o Let (X,Y,D) and (Z,Y,D) be GNS triples, and suppose that the
quadratic form of the commutator of X with Z, multiplied by ¢, is
represented by a symmetric operator on D, denoted by i[X, Z], and
that (i[X, Z],Y, D) is a GNJ triple. Then we have

t
X Ze N — 7 = / dt, e X[ X, Z)e X (122)
0

This equality is understood in the sense of operators on D(Y). Of
course, if the higher commutators of X with Z also form GJN triples
with Y, D then one can iterate formula (122).

We refer to [FM1] and the references therein for more detail and further
results of this sort. Let us introduce the cutoff functions

Az) = /_ dye ™, flz)=e¥/? (123)

oo

9 = gb, (124)
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where g; € C5°((—1,1)) satisfies g;(0) = 1. The derivative (f;) equals f?
which is strictly positive and the ratio (f’)?/f decays faster than eponentially
at infinity. The Gaussian f is the fixed point of the Fourier transform

~

f(s) = (2m)~1/2 /R dx e " f(z), (125)

ie., f(s)=e /2 and we have (f,) =isf, = F2 which is a Gaussian itself.
This means that f; decays like a Gaussian for large |s| and has a singularity
of type s~! at the origin. We define cutoff operators, for v, a > 0, by

g1, = gi(VA) = (2#)_1/2/615@\1(5)6“”1\ (126)
R

9 = 9i, (127)

£ = flad) = (27)12 / dsf(s)eisoA. (128)
R

Since fl has a singularity at the origin, we cut a small interval (—n,n) out
of the real axis, where n > 0, and define

fly=a t(2m)~ /2 /R ds fi(s)e*4, (129)

mn

where we set R, = R\(—n,n). Standard results about invariance of domains
show that the cutoff operators g, fa, f{, are bounded selfadjoint operators
leaving the domain D(Y') invariant, and it is not hard to see that || f/,[| <
k/cv, uniformly in 7 (see [FM1]).

Suppose that 1 is a normalized eigenvector of L with eigenvalue e, L) =
e, ||| = 1. Let ¢ € H be st. ¢ = (L+1) ‘¢ and let {¢,} C D be a
sequence approximating ¢, ¢, — ¢. Then we have

U = (L+i) " o, —1p, n — o0, (130)

and v, € D(Y'). The latter statement holds since the resolvent of L leaves
D(Y) invariant (which in turn is true since (L,Y,D) is a GJN triple). It
follows that the regularized eigenfunction

wa,u,n = fagu¢n (131)
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is in D(Y), and that v, ., — ¢, as a,v — 0 and n — oo. It is not hard to
see that (L — €)1, — 0 as n — oo, a fact we write as

(L — €)Y, = o(n). (132)

Since f{,, leaves D(Y’) invariant, and since D(Y') C D(L), the commutator
—i[f{'y, L] is defined in the usual (strong) way on D(Y’). We consider its
expectation value in the state g, ¢, € D(Y),

—i ([f1 e L]>gu¢n = —i([f{la L — e]>gywn : (133)

The idea is to write (133) on the one hand as (C1),,  ~modulo some small
term for appropriate «, v, n (“positive commutator”), and on the other hand
to see that (133) itself is small, using the fact that (L —e) = 0.

The latter is easily seen by first writing

(L - G)QV’QDH = gV(L - 6)%% + gl,V[L7 gl,l/]wn + [L7 gl,V]gl7V¢n (134)
and then realizing that, due to condition (VT3),

14

GiulL, g10) = o012 / ds ETl(S)eiSVA/ dsy e_isl”Agly,,DeiS”A =0 (\/5) ,
(27) R 0

and similarly, [L, g1,,]g1, = O (y/v), so that
—i([fla. L]), . =O (70(70 i ﬁ) . (135)

«

Next we figure out a lower bound on (133). A repeated application of
formula (122) gives, in the strong sense on D(Y'),

2

[f1 o) ] fl aC’l 2' 02 /// CS
(271-)1/2 / ds f zsaA/ d81/ d52/ d53/ dsye 284aAC pisaad
+R77,101 + iRn’QCQ —|— 503’ (136)

where we use that

(2m) 12 / ds (is)" F(s)e'™ = £ (z),

32



and where we set f] , = (f1)(aA), f{, = (f1)" (@A), et.c., and
n ~~ .
Ryn = —i(2m)" / ds 5" F (s)ei=oA. (137)
-1

Using that f] , = f*(aA) = f2 and applying again expansion (122) yields
2
. a
f{,acl = faclfa + '&O./faf(;CQ + g.fa.fgc?) (138)

a3 ~ . S S1 82 ) )
——f, d isaA d d d —zsgocAC ’LSgocA‘
(27T)1/2f /]Rl Sf(S)e /(; Sl/(; 52/(; S3 € 3€

Plugging this into the r.h.s. of (136) and using that f/', = 2f.f,, we obtain

il )y, (139)
1 1 n N o
= 2 _ " g
(A raie <2f oJals ~ 3 1va03>gywn o (w VAR ) '

We take the real part on the r.h.s. for free since the L.h.s. is real. The
error term in (139) is obtained as follows. Clearly we have R, , = O (1) and
condition (VT4) gives Cg, = O (v™" + v~/2), which accounts for the term
O (n/v" +n/+/V). The term O (a?/v) is an upper bound for the expectation
of the terms in (136) and (138) involving the multiple integrals, in the state
gy, For instance, the contribution coming from (136) is bounded above as
follows. Due to condition (VT4) we have

. ) ) / 1
||6_ZS4QAC4€ZS4aAgV¢n|| S k||A6254aAngn|| — ek a\54|0 (_) ’
v
which gives the following upper bound on the relevant term:

a3/ ds ‘fl(s) stek'lsl. O <l) .
R, v

The integral is finite because j?l has Gaussian decay.
Our next task is to esimtate the real part in (139). It suffices to consider
the terms

a’Re (f faCs),,,,. and a’Re <(f(;)203>guwn : (140)
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because f1" = 2(f))* + 2f"f,. Let us start with the first term in (140).

1,

Using the decompostion C3 = A + V3 and the relative bound of V3 given in
(VT4) we estimate

2
o?Re (f11.C), = a2Re<foaA>gu¢n+0<\a—ﬁ)

2 3

= ”Re (f!Afa)yp + O (% + 0‘7) . (141)

We bound the first term on the r.h.s. from above as

a® |Re (fiA fa) gy | < PIAFLgu 0] A2 Yannl (142)
and use that
! / //\ ! s 1
FiA)g, < [ as[PO (A=), , | =0 (—)
R ven v
to see that for any ¢ > 0,
2|Re (f/A <Y 143
a € <fa fa)gzﬂ/}n - E T C< >wa,u,n : ( )

Choose ¢ = a'*¢, for some € > 0 to be determined later. Then, inserting
again a term V] into the last expectation value (by adding a correction of

size O (a'*¢/\/V)), we get

(141)] < o€ ()

o2 ad ot 8¢
+O0(—+—+ + . (144)
wa,u,n v v

v N

Next we tackle the second term in (140). The Gaussian f is strictly positive,
so we can write

o’Re((f,)°Cs),,, = o’Re < ( ]é)2fa03>
@ gvibn
a3

= a2Re<( ‘;)2Af > +O<
fa * Guibn v

where we have taken into account condition (VT4) in the same way as above.
It follows that

) . (145)

AY 2(%‘)2%%

«

3
(145)] < o? I8 2000+ 0 (%)),
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and proceeding as in (142)—(143) we see that

" s olté o3¢
+O<—V—i——+—+ )

NI N v

(146)
Estimates (144) and (146) together with (139) give the bound

=i ([far L)y | 2 (=0 (@) (O,

o> P ot a3t o v oo(n)
O—=+— —t =+ —=+—+—=]. (147
+<ﬁ+u+ﬁ+u+w+ﬁ+a+a)()
We combine this upper bound with the lower bound obtained in (135) to
arrive at

< a*|(Ca),,,.,

Oé2

(o) Co)g, s,

(1-0(a')) ‘<01>%,V,n (148)
=0 M+a_2+a_3+al+£+a3_§+ﬁ+ﬁ+£+@
a N v N VAo a )

Choose a so small that 1—-0O (a1+§) > 1/2 and take the limits  — 0, n — oo

to get
JT a2 o altE g
_o(Yr ., o o o o 14
)<ol>faw o<a+ﬁ+y+ﬁ+ - (149)
Take for example & = 1/2, v = v(a) = a”*. Then the r.h.s. of (149) is
O (o), so

i,ll)l}) <Cl>fagy(a)w - O

Since the operator C' is semibounded its quadratic form is closed, hence it
follows from fog,()% — ¥, a — 0, that 1 is in the form domain of C; and
that (C1), = 0. |

5 Proofs of Theorem 2.3 and of Corollary 2.4

In order to alleviate the notation we drop in this section the variable # la-
belling the fiber in the decomposition (49) (imagining § € [—m, 7] to be fixed).
The operator Ly g, (82), is thus denoted

Ly=Lo+ A+ K), (150)
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where [ and K are given in (84), (85). In parallel we can imagine that K = 0
and that Condition (A1) is replaced by (101).

Let €, p,0 > 0 be parameters (f reappears here as a different variable in
order for the notation in this section to be compatible with [FM1]!). Set

b, = PyP(A<p) (151)
Py = P(L;=0)

Ay = iNP,IR- — RIP,) (152)
R. = P,R.

R. = (Li+é)71/2 (153)

where P, = 1 — P,. We also set Py = 1 — F,. The product in (151) is
understood in the sprit of leaving out trivial factors (P, = Py ® P(A < p)).
We also define the selfadjoint operator (c.f. (95), (96))

B:C'1+i[L>\,A0] :A+Il+i[L)\,A0], (154)
where the last commutator is a bounded operator. Let us decompose
B=P,BP,+ P,BP,+ 2ReP,BP,. (155)

Our goal is to obtain a lower bound on (B),, , the expectation value of B
in the state given by the normalized eigenvector ¢, of L,. We look at each
term in (155) separately. In what follows we use the standard form bound

A > —%A —0 (M), (156)

and the estimates [|[AY2y,|| = O (A), ||[PoP(A < p)ia|| = O (N). The former
estimate follows from Theorem 2.2 (or Theorem 2.4 for the system without
condensate) and the latter is easily obtained like this: let x € C§°(R) be such
that 0 < x < 1, x(0) = 1 and such that x has support in a neighborhood
of the origin containing no other eigenvalue of L; than zero. Then, for p
sufficiently small, we have PoyP(A < p)x(Lo) = 0, so PoP(A < p)ipy =
PoP(A < p)(x(Ly) — x(Lo))wx = O (N), by standard functional calculus.
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Taking into account (156) we estimate
<PPBPP>¢A
> —0x (B[l + K BIR, - Rffpp]Pp>w —0(N?)
A
= 20\ (B IRIP,) + 0N (PIRKP,+ B,ERIP,) —0(3)
¥ ¥

> 20\2 <PPI}_23]Pp>w - e—fo (g +e), (157)
A

where we use in the last step that P, = PoP(A < p)+ P(A > p) to arrive at
|P,IR°KP,| = |P,IRZP,P(A < p)KP,| < c.

The last estimate is due to ||RZPoP(A < p)|| < c and |P,IP(A < p)|| < ¢
(this follows in a standard way assuming condition (89)).
Next we estimate

- 1 — — —
(P,BP,),, =5 (PpA), —20NRe (P,(I+ K)P,IR;) =0 (X)) (158)

»a

and

2

— — — 1 A
(Put+ BORIR) =Pl O (1Rl ) =0 (7). (159

where we use [Pounll < [PoP(A < ptall + [P(A > pall = O (M/5),
and | P,IR.|| = O (1/y/€). The former estimate follows from the observations
after (156) and from ||[P(A > p)ta|| < 1//pl|P(A > p)AYV2y|| = O(N//p).
The estimate ||P,IR.|| = O (1/y/€) is standard in this business, it follows
from P,IR*IP, = O (1/e) (see e.g. [BFSS] and also the explanations before
(165) here below). Combining (158) and (159), and taking into account that

(PA),, = (P(A> p)A), = p(P(A> )}y, = p((P,),, —O () gives

_ P = ON? € A2

(P,BP,), > 3 (Pp)y, = —0 (5 o) (160)
Our next task it to estimate
(P,BP,), =A(P,IP,), — 0\ <P,,(LAP,,IRE IRELA)P,,>% . (161)
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It is not difficult to see that
<f)p]1?p>¢A = <Pp11?0P(A < p>>¢A + <Pp[1P(A > p>>¢A

= O\ + O ([(T)aA 2 |AY24])

where ([;), means that we take in I; only the terms containing annihilation
operators (see (84)) and where we use ||(1;).A~?|| < c. The second term on
the r.h.s. of (161) is somewhat more difficult to estimate. We have

oA <PP(LAPPIR§ . IEfLA)?p>w

(e K)PpI}_%f>w —ON(P,IR*LoP,),
A

+ON? <Pp((l + K)PIR — IRP,(I + K))F,,>% . (162)

where the first term on the r.h.s. comes from the contribution <PpLOI sz>
¥

in the Lh.s. by using that P,Ly = LyP, = L\P, — A\(I + K)P, and that
Ly = 0. We treat the first term on the r.h.s. of (162) as

=2
<(1 + K)P,,IRE>%
= ([ +K)PIRPoP(A < p)), +((I+K)P,IRIP(A>p))
= O (M[PoP(A < p)tall) + O (e 2[|(1)a A2 [ |AY200]1)
A
- 0 (A + 6—2) . (163)
The second term on the r.h.s. of (162) has the bound
(PIR:LoP,), = (PJR:LoPoP(A<p)), + (P,IR:LoP(A> p)),
= O\ + O (|P,(1)aRATZP(A > p)|| [A?5]])

A
- o(%), .
where we use that (with (1), = ((1).)*)

1
1P (D)aRA2P(A > p)||* = [ P(A > p)A™V2RA(1)eF,|? = O <E> '

38



The latter bound can be shown by using the explicit form of the interaction
I, given in (84), and by using standard pull-through formulae to see that a
typical contraction term in P,(I),RZA™'P(A > p)(I).P, has the form

P(A+ k| > p)
(A+1k]) (Lo £ |K[)* + €2)

k‘ 2
/ &k e'gf z| —P,(G ® Ica)

(G ® Il(Cd)P p

and is thus bounded from above, in norm, by a constant times 1/e, provided
p > —1/2 (recall that p characterizes the infrared behaviour of the form
factor, see Theorem 2.5; in the case of the system with condensate we have
p = 0). To see this use (A + |k|)™" < |k|7!, and then standard estimates
which show that the resulting operator is of order e !; the mechanism is
that the main part comes from the restriction of the operator to Ran PyFq,
(p = 0) and there the resolvent, when multiplied by €, converges to the Dirac
delta distribution 0(L & |k|), so the integral is 1/€ times a bounded operator.
See also [BFSS].

Next we estimate the third term in the r.h.s. of (162) as

<Pp((1 + K)PIR? — IR°(I + K))F,%

= OV IPpnll) + O (BRI + K)Pyal))

_ O(¢262)’ (165)

where we use again that ||P,IR.|| = O(1/V/€), |[Pys| = O(M/\/p), and

that ||PpI}_2§I|| = O (1/€®). Collecting the effort we put into estimates (163),
(164) and (165) rewards us with the bound

— 2% € A
(P,BP,), = — 0 (5 +Ve+ %) , (166)

which we combine with (157) and (160) to obtain

(B) (167)

P

— — o2 € A2 A
> 2 2 B I — - - .
> 20\ <PPIREIP,,>W +3 (Po)y, —0 (9 + VG +Ve+ Eﬁ)
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The non-negative operator P, }_il P, has appeared in various guises in many
previous papers on the subject (“level shift operator”). The following result
follows from a rather straightforward calculation, using the explicit form of
the interaction I, (84). We do not write down the analysis, one can follow
closely e.g. [BFSS], [M1], [BFS].

Lemma 5.1 We have the expansion

9 1 p2+2p P
PR IP,= EPO(F +0(€))Po®@ P(A< p)+ O ( Z+ 6—3) , (168)

where p is the parameter characterizing the infrared behaviour of the form
factor (see Theorem 2.5; in the situation of Theorem 2.3 we set p =0), o(e)
15 an operator whose norm vanishes in the limit ¢ — 0, and where I' is the
non-negative operator on Ran Py given by

r— ZPo/d% (R P6(Epn — |K]) %
s (Xmn) Xomn + T2 (Xoun)* X1 } P, (169)

where Jy is the modular conjugation operator given in (32), Epnp = Enm— Ey,
and where the rank-one operators X,,, are

Here, p(k) = (e?®) — 1)=1 P, is the rank-one projection onto the span of
the eigenvector ¢, of L1, and Cy is defined in (32).

Moreover, if Condition (A2) holds, then the kernel of I' is spanned by the
Gibbs state (33), ker(I') = CQy 5, and the spectrum of I' has a gap at zero
which is of size at least

min W/ d2| (E E)|2>0 (171)
fy B Emi>0 eﬁEmn _ 1 g2 g mny .
It follows from the lemma that
2 —2
203 (P, [RGIPP>%
ON2 H)\2 2w,
> 2—7 <P1 ﬁf)p>wA ? (O(€> +0 ( . + 6_2)) , (172)



where Py g = 1— P, 5, and P g5 = |Q; 5) (€ g| is the projection onto the span
of the Gibbs state (33). Using this estimate in (167) gives

D (2002 202
By, = win{ 20 L e - 225 (Papa < o,

O)\2 € 22 A p2+2p p
——O(é—f‘p—\/g—'—%—'—O(d—i- . —|—€—2) (173)

Let us choose the parameters like this: e = A49/100 g = \1/100" 5 — X\ p >
—1/2. Then the minimum in (173) is given by 22 (provided A < (47)~23/13)
and the error term in (173) is O (A% 4 o(\)) = o()). The virial theorem
tells us that (B), =0, so

(PLsP(A < N), = 1—o(N). (174)

Consequently,
Ur = PigP(A < N)ia +0(N) = Qg @ (P(A < N)xa) +o(d),  (175)

for some vector y, € F ® F with norm ||x,|| > 1 — o(A). We point out that
all estimates are uniform in the parameter § € [—m, 7] (which we actually
suppressed in the notation); indeed, this parameter only appears through the
interaction term K = Ky, see (85), which can always be bounded uniformly
in § € [—m,7]. This finishes the proof of Theorem 2.3.

Proof of Corollary 2.4. We denote by Py 3, Pso and Pj, the projections
onto the spans of €y 3, Q50 and Qf ,, see (33), (67) and (88). Since || Pso —
P§,|l = 0 as A — 0 (uniformly in § € [—m, 7] and in §, [FM2]) it follows
that

Uy = (P )" = Paota +o())
= (P15 ® Pa,) ¥r+ Paythx + o(N)
= M ® (Po,P(A < A)xa) +o(N)

where we used (99) in the last step. It suffices now to observe that Pg, P(A <

A) converges s strongly to zero, as A — 0. This follows from Pq, = Pq, ®
Po, + 17 ® Pq,,

P(A <)) = (P(dF(w) <)) @ Pr(w) < A))P(A <))
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and the fact that dI'(w) has absolutely continuous spectrum covering R, and
a simple eigenvalue at zero, {27 being the eigenvector. |
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