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1 Introduction

The goal of these lecture notes is to give an introduction to the mathematical
description of a system of identical non-interacting quantum particles. An
important characteristic of the systems considered is their “size”, which may
refer to spatial extension or to the number of particles, or to a combination
of both. Certain physical phenomena occur only for very large systems, say
for systems which occupy an immense region of the universe or for a system
the size of a laboratory, if the observed phenomenon takes place on a micro-
scopic level. For the mathematical analysis it is often convenient to make an
abstraction and to consider systems which are spatially infinitely extended
(and which contain infinitely many particles). From a physical point of view,
such a description can only be an approximation which is, however, justified
by the fact that the mathematical models lead to correct answers to physical
questions. An important part of these lectures is concerned with the descrip-
tion of infinite systems, or the passage of a finite system (a confined one, or
one with only finitely many particles) to an infinite one. In some instances,
this passage is called the thermodynamic limit.

It is natural to consider first a system of finitely many (identical) quan-
tum particles. States of such a system are described by vectors in Fock space,
a Hilbert space that has a direct sum decomposition into subspaces, each of
which describes a system with a fixed number n = 0,1, 2, ... of particles. The
action of operators which are not reduced by this direct sum decomposition
is interpreted as creation or annihilation of particles. So Fock space provides
us already with a nice toolbox enabling the modelling of many physical pro-
cesses. However, not all physical situations can be described by Fock space.
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Given any state in Fock space the probability of finding at least n particles
in it decreases to zero, as n — oo. Imagine a gas of particles which has
a uniform nonzero density (say one particle per unit volume) and which is
spatially infinitely extended. Such a state cannot be described by a vector
in Fock space!

How can we thus describe the infinitely extended system at positive den-
sity? The observable algebra (the one generated by the creation and annihi-
lation operators on Fock space) has a certain structure determined by alge-
braic relations. Those are called the canonical commutation relations (CCR)
or the canonical anticommutation relations (CAR) depending on whether
one considers Bosons or Fermions. It can be viewed as an abstract alge-
bra, merely determined by its relations, and not a priori represented as an
operator algebra on a Hilbert space. Fock space emerges then just as one
possible representation Hilbert space of the abstract algebra (called the CCR
or the CAR algebra). A fundamental theorem regarding this setting is the
von Neumann uniqueness theorem. It says that if we consider only finitely
many particles then all the representations of the corresponding algebra are
(spatially) equivalent. However, in the case of a system with infinitely many
particles there are non-equivalent representations of the algebra! This is what
happens in the case of the infinitely extended system with nonzero density;
it is described by a vector in some Hilbert space which is not compatible
with Fock space (the corresponding representations of the algebras are not
spatially equivalent).

It is one of the goals of these notes to calculate the representation Hilbert
space of the infinitely extended gas for arbitrary densities.

It may have become clear from this short introduction what kind of math-
ematics is involved in these notes. In the first chapter we will mainly deal
with operators on Fock space (bounded and unbounded ones) and, in the
second chapter, we move on to some aspects of the theory of C*algebras in
relation with the CCR and CAR algebras. The last chapter is devoted to the
Araki-Woods representation, which gives the above mentioned representa-
tion of the infinitely extended free Bose gas for arbitrary momentum density
distributions.

These notes represent a composition of mostly well known concepts and
results relevant to this collection of lecture notes, and they have, in the
author’s view, an interest on their own. An effort has been made to render the
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material easy to understand for anybody with basic knowledge in functional
analysis.

2 Fock space

Fock space is the Hilbert space suitable to describe a system of arbitrarily
many (identical) quantum particles. We start this section by introducing
the Bosonic and Fermionic Fock spaces and the corresponding creation and
annihilation operators. We will see that in the case of Bosons those operators
are unbounded and it is thus convenient to “replace” them by Weyl operators.
This leads us to the definition of the C*algebras CCRr and CARp, for Bosons
and Fermions, respectively. We discuss the “shortcomings” of these algebras
in the last section, motivating the definition of the abstract CCR and CAR
algebras.

2.1 Bosons and Fermions

An ideal quantum gas is a system of identical (meaning indistinguishable),
non-interacting quantum particles.

A single particle is described by a complex Hilbert space ), i.e., a nor-
malized 1) € §) is a (pure) state of the particle (¢ is also called the state
vector). It is often useful to consider states which are determined by a linear
(not necessarily closed) subspace

D CH. (1)

Typically, one may think of § = L?(R3, d3z), then a normalized vector ¢ € §)
is called the wave function of the particle and has the following physical
interpretation: |¢(z)|? is the probability density of finding the particle at
location z € R3. An example for @ is the set {f € C5°(R?) |suppf C V'} of
all smooth functions with support in some compact set V' C R?; D is called
the test function space. We will see that the choice of the test function space
often reflects physical properties of the system at hand, e.g., we may want
to look only at particles confined to a region V' in space.

The Hilbert space of n distinguishable particles is given by the n-fold
tensor product

HN=HR--09. (2)
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If we restrict our attention to one-particle states in ® then of course only the
subspace ® ® - - - ® D of H" is relevant. To be able to describe processes in-
volving creation and annihilation of particles, we build the direct sum Hilbert
space

F(®) =P (3)

n>0

where §° = C. F($)) is called the Fock space over the Hilbert space $). The
Hilbert space $H" identified as a subspace of Fock space is called the n-sector
(or the n-th chaos, in quantum probability). The zero-sector is also called
the vacuum sector. An element ¢ of F($) is a sequence ¢ = {¢, }n>0 with
n, € $H™. We write sometimes the n-particle component 1, of ¢ as [¢],,. The
scalar product on F($)) is given by

(W, 8) = (¥n, bu)gn » (4)

n>0

where (-, ). is the scalar product of ", which we take to be antilinear in
the first argument and linear in the second one. The direct sum in (3) is
the decomposition of Fock space into spectral subspaces (eigenspaces) of the
selfadjoint number operator, N, defined as follows. The domain of N is

D(N) = {w e F(o) | S nll < oo} , 6
n>0
and the action of N is given, for ¢» € D(N), by

Clearly, the spectrum of N is discrete and consists of all integers n € N. The
vector (2 € F($)) given by

Qy=1€C, [Q,=0€e9"ifn>0, (7)

is called the vacuum (vector). It spans the one-dimensional kernel of N. The
degree of degeneracy of the eigenvalue n of N equals dim($)") = (dim H)".

Let us now consider a system of indistinguishable particles. The indistin-
guishability is reflected in the symmetry of the state vector (wave function)



The Ideal Quantum Gas 6

under the exchange of particle labels. We are adopting in these notes the
view that all quantum particles fall into two categories: either the state vec-
tors are symmetric under permutations of indices, in which case the particles
are called Bosons, or the state vectors are anti-symmetric under permuta-
tions of indices, in which case the particles are called Fermions. For ex-
ample, let {fr}i_; C $ be n state vectors of a single particle. The vector
fi® - ® f, € H" is the state of an n-particle system where the particle
labelled by k is in the state fi. The state describing n Bosons, one of which
(but we cannot say which one, because they are indistinguishable) is in the
state fi1, one of which is in the state f5, and so on, is given by the symmetric
state vector 1

] Z Jr) @ -+ @ frm) € H”, (8)

TESR

where S, is the group of all permutations 7 of n objects. The corresponding
vector describing n Fermions is given by

1
2 M) ® - ® o) € 5", (9)

’ WES'!L

where €(7) is the signature of the permutation 7. *

Let us introduce the symmetrization operator P, and the anti-symmetri-
zation operator P_ on F($). Set P.Q = Q and for {fy}7_, C H, n > 1,
set

1
P i --®fi = Ez.fﬂ(l)@"'@fw(n)a (10)
" 7wESn
1
PHR® --Qf, = EZE(W)fW(l)(X).-.@fW(n), (11)
" wESn

Let us recall that every permutation 7 € S, is uniquely decomposed into a (com-
mutative) product of cycles and that every cycle is a (non commutative, non unique)
product of transpositions (a cycle of length two). The number of transpositions in the
decomposition of each cycle is a constant modulo 2. One defines the signature of 7 to be
e(m) = (—1)#{transe) - where # (transp) is the number of transpositions in any decompo-
sition of m. The permutation 7 is called even if e(7) = 1 and odd if e(7) = —1. Each
cycle of length I(cycle) > 2 is the product of I(cycle) — 1 transpositions, so we have the
relations 6(7T) _ (_1)Zczcyclcs#(transp in ¢) — (_1)Zc:cyclcs(l(CydC)*1) _ (_1)n—#(cycles) —

(—1)nH#(eyeles) wwhere we use S I(cycle) = n.

c:cycles
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and extend the action of Py by linearity to the sets
K
b= {Zfl(k) @@ [P | KeN " 655} cH', nxl  (12)
k=1

It is clear that [|[Pefi @+ ® foll < 553 0es, Il [full = [fr @@ full,
so Py is a contraction on D", |[Pyy| < ||¢| for ¢» € D™ Consequently
the operators Py extend to all of $", for all n, and to F () by sector-
wise action. ? Of course Py are actually selfadjoint projections; i.e., P? =
Py = P.* and they satisfy ||Py|| = 1. We define the Bosonic Fock space,
F1(9), and the Fermionic Fock space, F_($)), to be the symmetric and anti-
symmetric parts of F(9):

Fi($) = PLF(9) = P Peo™. (13)

n>0

The number operator (6) leaves F.($)) invariant. We will not distinguish in
our notation between N and its restriction to those invariant subspaces.

2.2 Creation and annihilation operators

Given f € §, we define the annihilation operator a(f) in the following way:

a(f):9°—0e F(®),a(f): 9" — H" 1 n>1, and for {fi}7_, C 9,
a(f)fr®@- @ farmVnlf f1) 20 ® f, (14)

where (-,) is the scalar product in $). Similarly, we define the creation
operator a*(f) : 9" — H" by

(@@ far Vn+lfRIQ @ fa (15)

The map f — a(f) is antilinear, while f — a*(f) is linear. We extend the
action of the creation and annihilation operators by linearity to D™, see (12),
for all n. We have the following relations, for v, € D™ and f € $:

la(H)eall < Vo LIl (16)
la*(F)enll = vt T lenll, (17)

*Formally this means that we consider @, P+ on F(£), which we denote simply
again by P.y.
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where the symbol || - || denotes the norm in the obvious spaces. The bound
(16) follows from
la(f)nll = sup  [(¢, a(f)in)]
pen™ 1, [loll=1
K
— (k) (k) (k)
- Sup \/ﬁ f>f1 ¢>.f2 ®®fn
(1765’3”717 ”(z)”:l k;Z:; < > < >

K
- S lree e e )
k=1

pes 1 [I¢l=1
K
< Valfl s (3 (e Ve )
Qenn, ||@l=1 | .5
= VAl el

Equality (17) is shown as follows

K
la*(f)vnll = Vn+1 Zf@ffk)®...®f£k)
k=1

K

— Vit f®<2ff’“)®~-®f,§’“)>'
k=1

= Vn+ 1| f|l[all-

By continuity, the action of a(f) and a*(f) extends to 9", for all n, and
hence by component-wise action to the domain D(N2) C F($). We have

la® ()l < AN + 1) 20, (18)

for 1) € D(N'Y/?), where a* stands for either a or a*. The bound (18) is easily
obtained from |la®(f)¢[|? = >, <o lla® (f)¥nll?, (16), (17) and the definition
of the number operator N, (6). The appearence of the star in a*(f) is not
an arbitrary piece of notation, it signifies that a*(f) is the adjoint operator

a(f)* of a(f). We show this now. For all ¢, ¢ € D(N'/?), f € §, we have
(¥, a(f)¢) = (a" (/). o) - (19)

Relation (19) follows easily from

(i@ @ far,af)1 @+ @ gn) = (@ ()@ @ fu, 1 ® - R gn)
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for any n, f, f;, g; € $, which in turn follows directly from the definitions of
a*(f), see (14), (15). Equality (19) shows that a*(f) C a(f)* (the adjoint of
a(f) is an extension of a*(f)), so a(f)* is densely defined and consequently
a(f) is closable (a closed extension of a(f) is a(f)*™). Similarly, one sees that
a*(f) is a closable operator. We denote from now on by a*(f) the closed
creation and annihilation operators. To show that a*(f) = a(f)* it remains
to prove that a*(f) 2 a(f)*. Let ¥ € D(a(f)*) then

@ = (¥,a(f)e) (20)

is a bounded linear map on D(a(f)). Given ¢ € D(a(f)) we choose ™ to
be the vector in Fock space obtained by setting all components ¢y, of ¢ equal
to zero, for k > n. Due to the boundedness of the map (20) we have

(W,a(f)p) = lim (v, a(f) >—hmZ Uk, a(f)ere) . (21)
k=

Equality (19) shows that for each fixed n we can move a(f) to the left factor
in the inner product, so

(W alF)) = lim 3 (0" (P, o) (22)

By the density of D(a(f)) the last equality extends to all vectors ¢ € F($))
and choosing @1 = a*(f)¢y shows that D27 |la*(f)kl[* < oo, so that
¥ € D(a*(f)). We conclude that D(a(f)*) = D(a*(f)). Since a*(f) is
closed we have a*(f) = lim,, a*( )™, where 9™ is the truncation of 1/ as
explained above in the case of . Using this in (22) gives

(¥, a(f)e) = {a* (), ¢) (23)

for any ¢ in the dense set D(a(f)). Consequently, we have a(f)* = a*(f)vy
which shows that a*(f) D a(f)*. This finishes the proof of the statement

a*(f) = a(f)".

Notice that a(f)2 = 0 for all f € $ and conversely, if ¥ € F($) is s.t.
a(f)y =0 for all f € $H then ¢ = 20, for some z € C.
The annihilation operators a(f) leave the subspaces F.()) invariant.
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This can be seen as follows. Let 7,; be the bounded linear operator on
F($) which interchanges indices ¢ and j in the tensor product, e.g. 7y is
determined by 71,/1 ® o R f3 @@ fr = L@ fi® f3@ - @ fr. An
element v, € H" is in the range of Py if and only if 7; ;4, = £, for all
1 <1< j <n. From the definition (14) of a(f) we have for instance

Tpa( )@@ fn = Vol(f, i) 5@ @ - ®f,
= af)[Rfs@fr®@ @ fn
= a(f)rsfi® - ® fa,

and in a similar fashion one sees that 7; ;a(f) = a(f)7i+1,,41. Consequently,
if 1), is in the range of Py, then we have 7, a(f)¢Y, = a(f)Tit1 4100 =
+a(f)n, so a(f), is in the range of Py. We may write this also as

Pra(f)Pr = a(f)Ps.
The Bosonic (+) and Fermionic (—) creation and annihilation operators
are defined to be the restrictions

al(f) = Pea®(f)Py. (24)

One then has a4 (f) = a(f)Px and a’.(f) = Pra*(f). Using (14) and (15),
it is not difficult to verify that

n+1

0 () (@ @ fa=Y (g ) PLA® @i @@ fapr, (25)

k=1
where the hat ~ means that the corresponding symbol is omitted, and where
we have set f,.1 = f. Similarly,

n

G (Pas(@h @@= (0. f) Prh® @& @ fuyr.  (26)

k=1

Bosonic creation and annihilation operators satisfy the canonical commuta-
tion relations (CCR):

la4(9), a3 (D] = (9, /) Uz, (), (27)
las(f)rar(g)]l = [ai(f),ai(g)] =0, (28)

for any f,g € 9, and where [z,y] = vy — yz is the commutator. Equations
(27), (28) are understood in the strong sense on D(NV), on which products
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of two creation and annihilation operators are defined. Relation (27) follows
directly from (25) and (26), and (28) can be established similarly.

Fermionic creation and annihilation operators satisfy the canonical anti-
commutation relations (CAR):

{a-(9),aZ(N)} = (9./)1r (s), (29)
{a-(f),a-(9)} = {a’(f),a’(9)} =0, (30)

for any f, g € $, and where {x,y} = xy+yz is the anti-commutator (a priori
again understood in the strong sense on D(N). However, it turns out that
this relation extends to an equality of bounded operators, as we show now).

Although the CCR and the CAR have a similar structure (just inter-
change commutators with anti-commutators), they impose very different
properties on the respective creation and annihilation operators. For in-
stance, it turns out that the Fermionic creation and annihilation operators
extend to bounded operators, while this is not true in the Bosonic case. We
see this by using the CAR to obtain

laZ (F)wI* = (¢, a-(faZ(f)v) = =lla—(HLI* + A1 121, (31)

for all » € D(N), from which it follows that [|a™(f)|| < ||f||. On the
other hand, [la®(£)Q = Il = IfIIQIl, so [la—(flaz(H)QI = IfI* =
L£[Fl[a (£)$2[, hence

la®(Hll = 1111l (32)

Notice that this reasoning does not work for Bosons, because the minus sign
on the r.h.s. of (31) would have to be replaced by a plus sign.

The fact that a’ (f) is an unbounded operator can be seen as follows. Let
U, € F(9) be the normalized vector whose components are all zero except
the n-particle component, which is f® f®---® f, for some f € 9, ||f|| = 1.
Then we have o’ (f)i, = v/n + 19,41, hence ||a’ (f)in]| = vVn+1 — o0, as
n — o0. This reasoning does not work for Fermions, because the vector v,
is not in the Fermionic Fock space. More generally, the Pauli principle says
that it is impossible to have a state of several Fermions in which two among
them are in the same one-particle state. This is expressed as

a” (f)aZ(f) =0, (33)
for all f € $, which follows immediately from (30).
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2.3 Weyl operators

On a mathematical level, dealing with unbounded operators is a delicate

affair so from this point of view Fermionic creation and annihilation operators

are more easily handled than the Bosonic ones. It is desirable to replace

the set of Bosonic creation and annihilation operators by a set of bounded

operators which are in a certain sense equivalent to the set of creation and

annihilation operators. These bounded operators are called Weyl operators.
We first form the (normalized) real and imaginary parts of a(f)

N+alh) g mh-alt)

V2 V2i
defined as operators on D(N'/2). We do not equip ® and IT with an index
+ since we are going to use them only for Bosons (although one can do the
same procedure for Fermions as well). We have II(f) = ®(if), so it suffices
to consider the operators ®(f). Notice though that f +— ®(f) is not a linear
nor an antilinear map; it is only a real-linear map. Define the finite particle
subspace of Fock space by

FLU$H) = {v = {¥n}nz0 € F1(H) | all but finitely many 1, are zero}. (35)

Clearly, 79 () C D(NV) for any v > 0. In particular, any polynomial in
creation and annihilation operators is well defined as an operator on F? ($)).

B(f) =

Proposition 2.1

1. For any f € 9, ®(f) is essentially selfadjoint on FO (). If {f.} is a
sequence in §) converging to f € 9, i.e. || fn — f|| — 0, then ®(f,) —
®(f) in the strong sense on D(NY?), i.e. ||(®(f) — ®(f))| — 0, for
all » € D(N1/?).

2. On FY($), we have
N B(f)e N = (el f), (36)
foranyt e R, f € 9.
3. For f,g € $, we have the CCR
[@(f), ®(g)] = ilm (f, g), (37)

understood in the strong sense on D(N).
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Proof. An elegant proof of essential selfadjointness can be given using the
Glimm-Jaffe-Nelson commutator theorem, c.f. [RS]. We opt for a more pedes-
trian proof involving analytic vectors, ? because these are useful for concrete
calculations. Nelson’s analytic vector theorem says that if the domain of a
symmetric operator contains an invariant subspace C' which itself contains a
dense set (in Hilbert space) of analytic vectors, then the symmetric operator
is essentially selfadjoint on C. (See e.g. [RSII, Theorem X.39]).

Let f € § be fixed. The dense set F? is invariant under ®(f). We show
that each vector ¢ € F? is analytic for ®(f). Because ¢ is a finite sum of
vectors ¥, € Py " (for possibly varying n), it is enough to show that v, is
an analytic vector for ®(f), for any n. It is clear that 1,, € D(®(f)*), for all
k > 0 and from

L)) ull < VRIFIN TN+ D20l < V2V + k206" el

it follows that

1R() wnll < 224/ (n + B)LIFIIF 1ol

This means that the series

k
S ()

k>0

converges for any t € C, hence 1, is an analytic (even an entire) vector for

o(f).
We now show the strong continuity property. Let 1) € D(NY2) N F.($).
Then

I(@(fa) = @(FNwl < 272a*(fo = H¥I+ 272 alfa = Y]
< V2| fa = FIHIN + 1)),

and the result follows.
To see 2., simply use the definition of the creation operator to obtain

€itNaj_(f)6_itNP+f1 & .- fn == \/n——l—leitp+f ® fl K- ® fn
= (" N)PLhH®® [,
3Let A be a linear operator on a Hilbert space H. A vector ¢ € H is called analytic
for A if 1 € Np>0D(A*) and the complex power series > k>0 t¥|| A*||/k! has a nonzero

radius of convergence. If the radius of convergence is infinite then 1 is said to be entire
for A.
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and similarly for annihilation operators.
The proof of 3. is immediate from (27), (28). |

From now on we denote by ®(f) the selfadjoint closure of (34). It gener-
ates a strongly continuous one-parameter group of unitaries on the Hilbert

space F4(9), ,
R >t et (38)

We define the Weyl operator W(f), for f € §, to be the unitary operator
W(f) =D (39)

We have encountered the CCR expressed in terms of creation and annihila-
tion operators (see (27), (28)) and in terms of the operators ®(f) (see (37)).
How are they expressed in terms of the Weyl operators? Taking into account
(37), the Baker-Campell-Hausdorff formula gives (formally)

W(f)W(g) = e smEDW (f + g) = e DWW ()W (f). *  (40)

Relation (40) is called the Weyl form of the CCR. The following result is
sometimes useful.

Proposition 2.2 On the domain D(N) of the number operator we have

NW(f) = W(IN +W(F)@Ef) + IFI*/2), (41)

for any f € 9. This means in particular that the Weyl operators leave D(N)
invariant. It follows thus from (40) that any finite sum of products of Weyl
operators leave D(N) invariant.

4The BCH formula is the non-commutative analogue of the formula e%e? = e*t?. Let

A, B be bounded operators on a Hilbert space §). Then e4e® = exp{A + B+ 1[A, B] +
+([A,[A,B]] — [B,[A,B]]) + - - } (these are the first explicit terms in the BCH formula).
In case the commutator [A, B] is proportional to the identity the BCH formula simply
reduces to eeB = ¢AtBT3lAB] — ¢A+Be3lABl Formally (40) follows thus from (37).
Recall though that the ®(f), ®(g) are unbounded operators. It is correct to say that
(40) implies (37); this can be seen by noticing that, on F9 (), one has [®(f), ®(g)] =
£ 0% ] s—1—0 (W (tf)W (sg) — W(sg)W (t[)), and then calculating the r.h.s. using (40).
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Proof. To show (41) we notice first that e™ W (f) = W (e® f)e™™ (which
follows from (36)). Using

Orli=o @(e"f) = @(if),
Ao @) = na(r)0r) il a2, forn 2

we obtain, in the strong sense on .7-'2,

;at|t:0 W(eztf)eth — W(f)N + ;at|t=0 ; #
= W(HN+W(f) (26f) +IfII*/2) .
which extends to D(N), giving (41). u

We finish this section by examining the continuity properties of the map
f — W(f). Recall that for Fermionic creation and annihilation operators,
f— a#( f) is a continuous map from $ into the bounded operators (equipped
with the operator-norm topology), see (32). As we show now only a weaker
form of continuity holds for the map f — W(f). This is a source of consid-
erable trouble in many applications.

Theorem 2.1 If f, — [ in 9, then W(f,) — W(f) in the strong sense on

f-i—(ﬁ); i'e'7 fOT any lb S f-i-(ﬁ); ||(W(fn) - W(f))¢|| — 0. HO@U@U@T, fO?“
any f €9, f#0, we have |[W(f) — 1| = 2.

Let ¢ be a strongly continuous unitary group on § (h being its selfadjoint
generator). Due to the theorem we have ||[W (e f) — 1| = 2 (for f # 0),
which implies that ¢ — W (e f) is not norm continuous (the dynamics de-
fined by e®" is not continuous in the C*algebra topology).

Proof of Theorem 2.1. The previous proposition tells us that ®(f,) —
®(f), in the strong sense on F?(§)), which is a joint core for all the operators
O(f,) and ®(f). Therefore, ®(f,,) converges to ®(f) in the strong resolvent
sense (see e.g. [RSII, Theorem VII.25]), from which it follows that e*®(/n)
converges to e®) in the strong sense, for all ¢ ([RSII, Theorem VII.21]).

Let us show ||W(f) — 1|] = 2, for any f # 0. The CCR (40) give
W (g)W ()W (g) = e ™9 (f), for any g € . Since W (g) is unitary,
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this tells us that the spectrum of W(f) is invariant under rotations, hence
it must be the whole unit circle. The assertion ||[W(f) — 1|| = 2 follows now
from the spectral theorem. [ |

2.4 The C*-algebras CARg($)), CCRp(9)

The set of all Fermionic creation and annihilation operators generates a C*-
algebra of operators on F_(5)), which we call CARp($). The index g reminds
us that the elements of this C*-algebra are viewed as operators on Fock space
F_($). Similarly, the set of all Weyl operators generates a C*-algebra of
operators on F, ($), which we shall call CCRg($)). Both algebras are unital
C*-algebras. For CARp(9) this follows from (29), and for CCRg($) it follows
from W(0) = 1.

Theorem 2.2 Let a*(f) and a(f) denote the Fermionic creation and anni-
hilation operators, acting on F_($). The linear span of vectors of the form
a*(f1) - a*(fn)S2, with fr € $H, n >0, is dense in F_(9). In particular,
is cyclic for CARp(9) in F_(9). > Moreover, CARr($)) acts irreducibly on
F (9).°

Proof. The first statement follows from
a*(f)a*(f2) - a (f)Q=VRI PLi® fo @ fa

To see irreducibility, we suppose that 7" is a bounded operator on F_(£)) that
commutes with all operators a*(f), f € 9, and show that T = 21, for some

z € C. We have a(f)TQ = Ta(f)2=0, for all f € $, so TQ = 20, for some
complex number z (see after (19)). It follows that

Ta*(fr)---a*(fa)Q = a’(f1) - a"(fa) TQ = za”(f1) - - a"(fa) S,
so by cyclicity of , T = 21, for all v € F_(9). [

SLet 9 be a vector in a Hilbert space H and let 9 be a set of bounded operators on
H, 9 C B(H). We say that ¢ is cyclic for 9 in H if My = {My | M € M} is dense in
H.

SLet 9 be a set of bounded operators acting on a Hilbert space 7. We say that 9t acts
irreducibly if the only closed subspaces of H which are invariant under the action of 9t
are the trivial subspaces {0} and H. 91 acts irreducibly on H if and only if its commutant
is trivial, M’ ={T € B(H) | TM = MT, VM € 9} = CIL.
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Theorem 2.3 The vacuum vector Q@ € F,($) is cyclic for CCRp($) in
Fi(9), and CCRp(9) acts irreducibly on F(9).

Proof. As in the case of Fermions, it is clear that the span of

{a*(f1) - a*(fu)2| fr. € H,n > 0}

is dense in F ($)). But this is the same as the span of {®(fy) - - ®(f,,)Q] fx €
$,n > 0}, so it is enough to prove that CCRg($) is dense in that latter span.
We show first that

(N + D)W (f)(N + 1)1 (42)

is a bounded operator for all f € $ and all k£ > 0. We proceed by induction
in k. The statement is obvious for £ = 0. Using (41) of Proposititon 2.2 we
get

[asry

(N + DN + W (N +1)7H (N + 1)
= (N+D*W(f)(N+1)~* (43)
F(N + D)W (A@GS) + | F11/2)} (N +1)752, (44)

where we commuted N + 1 through W(f) in the r.h.s. By the induction
assumption, (43) is a bounded operator. The term with the field operator in
(44) can be written as

(N + D*W ()N + 1) (N + D)D) (N + 1),

where the product of the first three operators is again bounded. It suffices
thus to show that
(N +1D)*®(f)(N + 1)+ (45)

is bounded, for all f € $ and k& > 0. Clearly we have a(f)N = (N + 1)a(f),
a*(f)N = (N — 1)a*(f), and (45) follows easily. This finishes the proof of
(42).

Since the product of Weyl operators is again a Weyl operator (modulo a
phase) we get a bounded operator also if we replace W (f) in (42) by any sum
of products of Weyl operators. Given any € > 0 there exists a T;,(€) < oo
such that

O(f1) - (fn)2 = @(f1) -+ - ©(fn-1)

Wi(t,fn) — 1
TQ + O(e),

n
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provided t,, < T, (¢), and where O(¢) denotes a vector with norm less than e.
There exists a T,,_1 (e, t,,) such that

O(f1) - 0(fn)02

= () () ) 2 W) 2 ]

’étn_l Ztn

Q+0(e),

provided t, 1 < T,_1(e,t,). Continuing this process we see that there
are numbers T, (¢), Tp(€,tpn, ..., tkr1), 1 < k < n — 1, such that if ¢, <
Ti(€ tn, ... try1) and t, < T),(€) then

1ty 1tn—1 ity,

Q+O(e).

Since the operator acting on €2 in the above r.h.s. is an element of CCR g($))
cyclicity of €2 is shown.

We finish the proof by showing irreducibility. Suppose T is a bounded
operator on F () that commutes with all W (f), f € $. It follows that for

any ¢ € D(®(f)),

itd it®
it Vet W TS
it it
as t — 0. This shows that T € D(®(f)) and that (f)Ty = TP(f)y, ie.
T leaves the domain of every ®(f) invariant and 7' commutes strongly with
every ®(f). Since a(f) = 27V2(®(f)+i®(if)), this means that T commutes
with a(f), in the strong sense, for all f € $. Irreducibility is now shown
exactly as in Theorem 2.2. |

2.5 Leaving Fock space

We explain in this section why Fock space is not always the right Hilbert
space to describe a physical system.

As we have pointed out in Section 1.1, the very definition of Fock space
gives the existence of a number operator, N, which is the operator of mul-
tiplication by n on the n-sector. Let ¥ € F() be a (pure) state of the
quantum gas (the following reasoning applies equally well to mixed states
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given by density matrices, i.e., convex combinations of pure states). The
probability of finding more than a fixed number n of particles in the state
is given by

(W, P(N 2 n)p) = > [ [, (46)

k>n

where P(N > n) is the spectral projection of N onto the set {n,n+1,...}.
The probability (46) vanishes in the limit n — oo, simply because 9 is in Fock
space (the series converges). This shows that, a priori, any state described by
a vector (or a density matrix) in Fock space has only finitely many particles
in the sense that the probability of finding n particles approaches zero as n
increases to infinity.

We will be interested in describing an ideal quantum gas which is extended
in all of physical space R?, and which has a nonzero density, say one particle
per unit volume. Such a state cannot be described by a vector (or density
matrix) in Fock space! We may describe such a state as a limit of states
“living” in Fock space (i.e., given by a density matrix on Fock space), e.g.
by saying that the system should first be confined to a finite box Ay C
R3, in which case it is described by a vector ¥y, € F(L?*(Ag)) (of course,
since the box is finite, and we specify a fixed density, there are only finitely
many particles and Fock space can describe such a state). One then takes
a sequence of nested boxes, Ay C A; C --- which increase to all of R3,
UrsoAr = R?, hence obtaining a sequence of states ¢a, € F(L*(Ag)). If
one can show that 1, has a limit 9, in a suitable sense, and where the
density or particles is fixed, as k — oo, then 1, can be regarded as being
the infinitely extended state with nonzero density. This limit is called the
thermodynamic limit.

The limit state 1), is naturally not a vector in Fock space any more.
What kind of object is it? To answer this, we have to say in what sense
we take the thermodynamic limit. To be specific, we carry out the following
discussion for Bosons. It can be repeated for Fermions. For any finite box A,
the vector ¢, € F(L*(\)) gives rise to a positive, linear, normalized map
on the von Neumann algebra of all bounded operators on F,(L*(A)) by the
assignment

B(Fi(L*(A))) 2 A wa(A) = (¢a, Aihy) (47)

(for a mixed state determined by the density matrix ps, we set wy(A) =
tr(paA)). Since CCRg(L?*(A)) is irreducible (see Theorem 2.3), its weak
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closure is the set of all bounded operators (indeed, irreducibility implies that
CCRp(9)" = C1, so CCRg($)" = B($)). Without loss of generality, we may
therefore consider (47) only for A € CCRp(L?(A)), i.e. we view wy as a state
on CCRg(L2(A)), in the sense of the theory of C*-algebras. 7

Consider the (so-called quasi-local) C*-algebra

% — | J CCRp(L2(A,)) B (F.(L*(RY)

n>0

where —""™ means that we take the norm closure (in the operator norm of
B(F(L*(R?)))). Assume that the limit

nelA) = fim wn, (4) (48)

exists, for any A € CCRp(L?(A,)), any n. Then w,, defines a state on ;. We
point out once more that in general, w,, cannot be represented by a density
matrix on Fock space F (L*(R3, d®z)). One says that w,, is not normal with
respect to the states wy,. ® In the GNS representation (Heo, Too, Yoo) Of
(Ao, weo ), the state wy, is represented as

Woo(A) = (Voos Too (A) Vo) -

In Section 4 we will discuss in detail the construction of the infinite-volume
limit of a state describing a Bose gas with a given momentum density distri-
bution and we will explicitly construct the corresponding GNS representation
(the Araki-Woods representation).

One may wonder about the dependence of the C*-algebra CCRp($)) on
its underlying Hilbert space, F. (). After all, we have just seen that density
matrices on F, () cannot describe certain states of physical interest. There-
fore Fock space should not play a central role in the definition of a physical
system. In an attempt to detach ourselves from Fock space we may define
the CCR and CAR algebras as abstract C*-algebras, without referring to a
Hilbert space. Fock space is then just the GNS representation space of a cer-
tain state on the abstract algebras, represented by the Fock vacuum vector

"Let 2 be a (unital) C*-algebra. A state w on 2l is a positive linear functional w : A — C
which is normalized as w(1) = 1.

8Let wy and wy be two states on a C*-algebra . Then w; is called normal with respect
to we iff wq(A4) = tr(pm2(A)), where p is a trace class operator (density matrix) on Ha,
and where (Ha, 72, Q2) is the GNS representation of (2, ws).
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(recall that the Fock vacuum vector is cyclic for CCRp($)) and CARr($), as
we have shown in Theorems 2.2 and 2.3 above).

3 The CCR and CAR algebras

In this section we introduce abstract CAR and CCR algebras and review
some of their properties. Useful references are [BRILII| and [T].

We remind the reader of the notion of the “test function space” ® C 9,
introduced at the beginning of Section 2.1, see (1).

3.1 The algebra CAR(D)

An (abstract) CAR algebra CAR(®) over ©® C § (where $) is a Hilbert space)
is defined to be a unital C*-algebra generated by elements written as a(f),
f € O, where the assignment f — a(f) is an antilinear map, and where the
following relations hold

{a(f),a(9)} =0, A{al(f),a(9)} = (f,9) 1. (49)

Here a*(f) is the element in the C*algebra obtained by applying the xoperation
to a(f), and {a,b} = ab+ ba is the anticommutator. We have already seen
in the previous section that a C*-algebra with these properties exists. Let us
mention that the CAR (49) imply that

la(HI = 1171, (50)

where || - || on the left hand side is the C* norm and on the right hand side it
is the norm of ® induced by $. This follow since (a(f)a(f) = 0 by the Pauli
principle, see (33))

(" (Na(f)” = a"(H){alf),a"(F}alf) = If|Pa"(falf),

so that by the C*norm property (||A*A| = ||A||*), we have |a(f)||* =
| £11? [|a(f)||?; alternatively, boundedness of the Fermionic creation and anni-
hilation operators follows from the fact that

[ (alDI = NIA] (51)
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in any representation 7 of the CAR, which is shown as in (32). Let f, be a
net in D converging to f € D (the closure of ® C ). Then |la(f)—a(f.)| =
If — fall = 0, so a(f) € CAR(®D) because CAR(®D), being a C*-algebra, is
uniformly closed. This shows that

CAR(D) = CAR(D). (52)
The next result tells us that given @, the corresponding CAR algebra CAR(D)
is unique.

Theorem 3.1 (Uniqueness of the CAR algebra). Let® C § be a
given test function space (see (1)), and let 2y, Ay be two CAR algebras over
D (generated by a1 (f) and ax(f), respectively, with f € ® ). There is a unique
xisomorphism o : Ay — Ay such that a(ai(f)) = az(f), for all f € D.

A proof can be found for instance in [BRII]. Once uniqueness is known
in the sense above, one can easily prove the following result.

Theorem 3.2 The C*algebra CAR(D) is simple. °

Proof. Let 3 # 2, = CAR(D) be a closed two-sided ideal of CAR(D).
Define 2, = CAR(®)/J to be the C*algebra generated by the equiva-
lence classes as(f) = [a(f)]. Theorem 3.1 tells us that the projection P :
CAR(®) — CAR(®)/7J is an isomorphism. Therefore the kernel of P, which
is the span of J, must be zero: J = {0}. ]

An interesting consequence of the simplicity is that every representation
of CAR(®) is faithful (has trivial kernel). Indeed, let m be a (nonzero)
representation of CAR(®). It is readily verified that ker 7 is a two-sided,
closed ideal of CAR(®). Hence by Theorem 3.2, ker 7 = {0}.

3.2 The algebra CCR(D)

An (abstract) Weyl algebra, or CCR algebra CCR(®) over a test function
space ® C $ is defined to be the unital C*algebra generated by elements
W(f), f € D, satisfying the relations

W(—f) = W(f), W(HW(g)=e2™PAW(f +g). (53)

9A C*algebra 2 is called simple if it has no nontrivial closed two-sided ideals, i.e., if
the only closed two-sided ideals are {0} and 2. A subspace J C 2 is a two-sided ideal if
A e and I € J implies that A and Al are in J.
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We have seen in the previous section that an algebra with these properties
exists. The CCR (53) imply that f — W(f) is not continuous (in the
C* norm topology). Indeed, the proof of Theorem 2.1 shows that we have
|\W(f)—1]| =2, for any f # 0. Similarly to the CAR case, the Weyl algebra

is unique.

Theorem 3.3 (Uniqueness of the Weyl algebra). Let ® C § be given
and let W, and Wy be two Weyl algebras over § (generated by Wi (f) and
Wo(f), f € ®). There is a unique xisomorphism « : 2, — W,y such that
a(Wi(f)) = Wa(f), for all f € D.

A proof can be found in [BRII, P]. As for the CAR algebra, simplicity of the
CCR algebra follows from uniqueness.

Theorem 3.4 The C*algebra CCR(D) is simple.

Due to the lack of continuity of the map f +— I/V_( f) it is not true that the
Weyl algebra over ® is the same as the one over ® if ® # ®. One can show
that if ©; and D, are two linear (not necessarily closed) subspaces of §) then

CCR(@l) = CCR(@l) <— D = @2,
see e.g. [BRII, Proposition 5.2.9]. In particular, CCR(®D) = CCR(®) if and
only if ®© is closed. Another difficulty is generated by the lack of continuity
of the map '
t W(e"f), (54)

where t € R and h is some selfadjoint operator on $) (leaving ® invariant).
The assignment (54) is called a Bogoliubov transformation. It represents a
dynamics of the system, where h is interpreted as the one-particle Hamilto-
nian. The lack of continuity prevents us from treating the dynamics with
ease on an algebraic level; for instance, one cannot take the derivative (nor
the integral) of the r.h.s. of (54) w.r.t. ¢ —and these operations are important
e.g. to define a perturbed dynamics. There are representations of the CCR
for which weaker continuity properties hold; we look at them now.

By a regular representation m of CCR(®) we understand one with the
property that ¢ — 7(W(tf)) is continuous in the strong operator topology
on the representation Hilbert space H, for all f € ®. A state w on CCR(D)
is called a regular state if its GNS representation is regular (see also Theorem
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4.1). For a regular representation the map ¢t — w(W (tf)) is a strongly con-
tinuous one-parameter group of unitaries on H. '© The Stone-von Neumann
theorem tells us that this group has a selfadjoint generator on H, which we

denote by ®,(f), '

T(W(tf)) = @),
It is convenient to introduce annihilation and creation operators in the regular
representation 7 by setting

NG ,ax(f) = 7 : (55)

Compare this with (34)! Definition (55) needs some explanation because
®,.(f) and @, (if) are both unbounded operators on H.

aw(f) =

Proposition 3.1 Let F' = {fi,..., fu} be a finite collection of elements in
®. The operators {®.(f;), P (zf])} have a common set of analytic vectors
which is dense in the representation Hzlbert space 'H. This means that, for

f €D fixed, the domain
Dy :=D(ax(f)) == D(ay(f)) == D(Px(f)) N D(Px(if)) (56)

is dense in H. We understand the equalities (55) in the sense of operators
on Dy . Both a.(f) and a’(f) are closed operators on Dy ;.

We have proved after equation (19) above that, for a¥(f) defined as in
Section 2.2, the adjoint operator of a(f) is a*(f). This can be shown for any
regular representation, i.e., we have

az(f) = ax(f)". (57)
A proof of (57) can be found in [BRII].

Proof of Proposition 3.1. The following “smoothing” is useful: let f € ©
and consider the integral (understood in the strong sense on H)

\/7/d8 e W (sf), (58)

19The group properties follow from w(W(tf))m(W(sf)) = n(W(EtfH)W(sf)) =
e2 I a(W((s +8)f)) = n(W((s +1)f)) and 7(W(f))* = n(W(f)*) = n(W(=[)) =
r(W(F)1) = 7(W(f)) .
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where n > 0 and where we set m(W(f)) = Wr(f). The strong limit of (58),
as n — 00, is just the identity operator on H. We apply the operator W, (tf)
to the integral in (58) and obtain, after a change of variable,

W, (tf) /R ds e "W, (sf) = /R ds e "W (sf). (59)

The r.h.s. of (59) has an analytic extension in ¢ to the whole complex plane.
Similarly, if f; is any element in F' then the map

N 2 N
Lo Wt ( / dsy - / dsy et (S s 5] (60)
j=1

is easily seen to have an analytic extension in t to all of C, and the r.h.s. of
(60) converges in the strong sense to W (tfi), as n — oo. This means that
any vector of the form

n N/2 —TL(S2+'"+82 ) al
;) /Rdsl---/RdsN e "1 NW ]Z:;ijj Y, (61)

where ¢ € H is arbitrary, is an analytic (entire) vector for all operators in
the set {®r(f;), x(if;)})_;. The set (61), where ¢ varies over all of H, is
dense in H, because (61) converges to ¢, as n — oo. This shows the first
part of the proposition.

Let us now prove that the a¥(f) are closed operators on D, , where
f € ® is fixed. For any ¢ € D, s we have, by (55),

12 (H)¢ N + 127 (0 )PN* = llax (F)wl* + llaz (£l (62)
We use Wi (sf)Wi(itf) = e S W, (it fY Wi (sf) to get

2 st|s =0 (O, Wa(s[)Wr(itf)) = (@x(f), @x(if)¥)
= (@ (if)¥, 2= ()¥) +all FIP 117,

which implies that

laz (N)wl? = llax (I + LI [ (63)
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Combining (62) and (63) yields the identity

122 ()9 + [ (i)l = 2llax (HLI + IFIIF121* (64)

To show that a.(f) is a closed operator on D, ; assume that ¢, € D, s is a
sequence of vectors converging to some ¢ € H, such that a,(f), converges
as n — 00, i.e., ||ar(f)(¥n — )| — 0, as n,m — oo. It follows from (64)
that both ||®.(f)(¢Yn — ¥m)|| and || P (if)(¥n — ¥m)|| converge to zero as
n — o0. Since @, (f) and P, (if) are closed operators (they are selfadjoint)
we conclude that ¢ € D(®,(f)) and ¢ € D(P.(if)), i.e., ¥ € Dy, and
that @, (f)vn — Cx(f), Pr(if)tn, — P, (if). Another application of (64)
(with 1 replaced by 1, — ) shows that ||a(f)(¢n — ¥)||*> — 0 as n — occ.
Consequently a.(f) is a closed operator. In the same way one sees that a(f)
is a closed operator. [ |

The Fock representation of CCR(®) is the regular representation defined
by mp : CCR(D) — B(F+(9)),

me(W(f)) = We(f), (65)

where the operator on the r.h.s. is given by (39), and where the Bosonic
Fock space F. ($)) was defined in (13).

We mention another structural property of the Weyl algebra. Let ©; C
$H1 and Dy C H9 be two linear subspaces and let 2, &y C H; B Hy be their
direct sum (i.e., the not necessarily closed set of all f ® g, f € D1,9 € D>
equipped with the usual direct sum operations). We have the relation

CCR(D; & Dy) = CCR(D;) ® CCR(D3). (66)
This follows simply from the CCR (53),
W(H & f) =W ([i ®0+08 fo) = e2™NE00Lhco (£ & 0)W (0 & fo),
(i®0,0® fo)geq = (f1,0) + (0, f2) = 0 and the identifications

W(fi®0) = W(f1) @ W(0), WO f) = W(0)W(f).
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3.3 Schrodinger representation and Stone — von Neu-
mann uniqueness theorem

Let us consider the easiest Weyl algebra CCR(C), where $ = C is a one-
dimensional Hilbert space. The Weyl operators are given by W(z), with
z=s+1it € C, s,t € R. They satisfy

W(2) = W (s + it) = 2™ ($)W (it) = e2™ W ()W (it).

Let us assume that we are in a regular representation of the CCR, i.e., 7 +—
W (7z) is a strongly continuous one parameter group (7 € R) of unitaries on a
(representation) Hilbert space. In particular, there are selfadjoint operators
®, II such that
W(r)=¢e", W(ir)=e".

It is suggestive to write ® = (1) and II = (i), compare with (39). The gen-
erators satisfy the commutation relations [®, 1] = [®(1), ®(i)] = ilm (1,4) =
11 which can be seen by noticing that

W (s)W (it)W (—s) = e IS0V (1) = e W (it), (67)

which yields (by applying —i0s|s—o) [®, W (it)] = —tW (it), and hence (by
applying —i0|i—o) [®, 1] = 1.

These commutation relations remind us of [z, —i0,| = i, where x and —i0,
are selfadjoint operators on L*(R, dz). We can define a regular representation

mg of CCR(C) on L*(R, dz) by
ms(W(2)) = ex*U(s)V (), (68)

where z = s+ it € C, and U(s) and V(t) are the one-parameter (s,t € R)
unitary groups on L?(R, dz) given by

U(s)p)(z) = e*"p(a),

V() (x) = plz+1),

with selfadjoint generators &g = x and Ilg = —id,. The representation (68)
is called the Schradinger representation of the CCR.
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Since this representation is regular we can introduce creation and anni-
hilation operators (c.f. (34)) by

Dg +ills 1

— ST S (240, 69
s N A (69)
ay = M:i(x_am)_ (70)

V2 V2

Since both &g and Ilg are unbounded operators one has to take care in the ex-
act definition of the unbounded (non-selfadjoint) operators aZ in (69), (70).
This can be done by proceeding as in Proposition 3.1.

These considerations show that L?(R, dz) carries a Fock space structure,
i.e., there are two (densely defined, closed, unbounded, non symmetric) oper-
ators ag and af acting on L*(R, dz) and satisfying the commutation relation
las, a§] = id. The commutator is understood in the strong sense on some
dense set of vectors (e.g. the functions in C§°).

The vacuum vector Qg € L?(R, dx) is given by the normalized solution of
(LL’ + am)Qs(SL’) =0 (1e asﬁs = 0),

Qg(z) = Ve 2,

We introduce a sequence of one-dimensional subspaces H, C L*(R,dz)
spanned by (a§)"€s. Using the commutation relations for the creation and
annihilation operator, one easily sees that the operator

Ns = agas = = (=02 + 2° — 1) (71)

N | —

leaves each 'H,, invariant, and that Ng | H, = n id | H,. Notice that
Ng is just the Schrodinger operator (Hamiltonian) corresponding to a one-
dimensional quantum harmonic oscillator (modulo the constant term —1/2).
There are various ways to see that we have

[*(R,dz) = P H.. (72)

n>0

For instance, one knows that the eigenvalues of Ng are 0,1,2,3,... and they
are simple (harmonic oscillator!), so (72) is a consequence of the fact that
the eigenvectors of Ng span the entire space. The eigenvector v,, of Ng with
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eigenvalue n € N satisfies the equation Ngi,, = nv,,, which is equivalent to

(c.f. (71))
(=02 + 22, = (2n + 1)y, (73)

i.e. 1, is a harmonic oscillator eigenvector. The 1), are the Hermite functions,
they have the form

1 *\ 1 1 n__— 1.2 n_—x?
Unle) = < (0" Os(r) = (=17 Ve @) e, ()
where \/% is a normalization factor.

The Schrodinger representation of CCR(C™) is defined as the n-fold tensor
product representation of CCR(C),

ms(W (21, z)) = [T 3 Us(s) Vi (), (73)

acting on L*(R",d"z) and where U;(s), V;(t) act on the variable x; in the
obvious way. We may view C" as C@® - -- @ C and compare (75) with (66).

The above discussion shows that the Schrédinger and the Fock represen-
tations of CCR(C) are unitarily equivalent, the correspondence being

(ag)" s = (ag)" O, (76)

where a}. is the creation operator in the Fock representation, (65). This is
not a coincidence, it can be viewed as a consequence of the following result.

Theorem 3.5 (Stone — von Neumann uniqueness theorem). Let )
be a finite dimensional Hilbert space. Any irreducible reqular representation
of CCR($9) is unitarily equivalent to the Fock representation of CCR(9).

It is instructive to have a look at the mechanism behind the proof of the
Stone — von Neumann uniqueness theorem.

Outline of the proof of Theorem 3.5. Let {f1,..., fn} be an orthonormal
basis of §) and define the non-negative operator (the number operator)

N, = Z s (fi)ax(f;), (77)
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where the creation and annihilation operators are defined as in Proposition
3.1. One can show that N, is a non-negative selfadjoint operator on the
representation Hilbert space which we shall call H. Using the CCR we find
that, for any f € 9,

Nrar(f) = ax(f)(Nz —1). (78)

Let ng > —oo be the infimum of the spectrum of N, and let P(N, < ng+1/2)
denote the spectral projection of N, associated with the interval [ng, ng+1/2].
Take any normalized €2, € Ran P(N, < ng+1/2). Relation (78) tells us that
P(N; <z)a,(f) = a(f)P(N, <z + 1) for any x, so we have a,(f)Q2, =0,
for any f € 9.

Since 7 is irreducible the set H, = {W,(f)Q | f € $H}, where W,(f) =
m(W(f)), is dense in ‘H (the closure of H, is a closed subspace of H which
is invariant under 7(CCR($))), and H, # {0} since 1 € H,). Proceeding as
in the proof of Theorem 2.3 one shows that the closure of H, is the same as
the closure of the set of vectors of the form a’(f1)---aX(fn)x,

H= Closure{a;kr(fl) o a’;kr(fn)Qw | n e N7 f1> SR fn € ﬁ} (79)

Now we define the linear map U : H — F,($)) by

Uaz(fr) -+ az(fu)S = ap(f) - - ap(fn) . (80)

It is easy to verify that U extends to a unitary map because the norms of
ay(fi) - al(fn)Q%, # = 7, F, can be calculated purely by using the fact
that ax(f;)Q2x = 0 and the canonical commutation relations. This finishes
the outline of the proof of the Stone — von Neumann uniqueness theorem. B

Since every representation can be decomposed into a direct sum of irre-
ducible representations, Theorem 3.5 says that every regular representation
of CCR($), dim$) < oo, is a direct sum of Fock representations (in which
case we say that the representation is quasi-equivalent to the Fock repre-
sentation). If dim$ = oo this is no longer true. In particular, the GNS
representation corresponding to states of the infinitely extended free Bose
gas with nonzero density which we will construct in Section 4 are not quasi-
equivalent to the Fock representation.

There is however a characterization of representations of CCR($)), where
dim $ = oo, which are quasi-equivalent to the Fock representation. In view
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of the outline of the proof of the Stone — von Neumann uniqueness theorem
this characterization is very natural, although its exact formulation is some-
what technical. The central object in the above proof of Theorem 3.5 is the
number operator (77). It can be generalized by putting

No = sup Y ax(fent ), (8)

where the supremum is over all finite-dimensional subspaces F' of §, and the
sum extends over an orthonormal basis {f;} of F. It is clear that a rigorous
definition of (81) is not trivial. It can be given using quadratic forms rather
than operators, see e.g. [BRII] Section 5.2.3. By proceeding as in the above
outline of the proof of the Stone — von Neumann theorem one can show
that a representation m of CCR($)) is a direct sum of Fock representations of
CCR($9) if and only if the number operator (81) can be defined as a densely
defined selfadjoint operator. This may be phrased as “m is quasi-equivalent
to the Fock representation if and only if there is a number operator in the
representation space of 7. A precise statement of this result can be found
in [BRII], Theorem 5.2.14.

3.4 ()—space representation

Our goal is to examine the unitary equivalence obtained from (76) when C
is first replaced by C", and then n is taken to infinity. This will provide
us with another representation of CCR($)), where $) is a separable Hilbert
space. The representation Hilbert space we construct is L?(Q,du), where
i is a probability measure on @, u(Q) = 1. We give an explicit unitary
equivalence between L?(Q,dp) and the bosonic Fock space F() (we write
F instead of F,). The Q-space representation is particularly useful in the
analysis of interacting fields, see e.g. [RSII].
The assignment

ay(f1) - a1 (fm) @ az(g1) - - az(gn) 22
= " (f1©0)---a"(fn ©0)a" (0D g1) - -- " (0D 9) 2,

where f; € 91, g; € 92, establishes a unitary map between the Fock spaces
F(H1) @ F(9H2) and F(H1 @ H2) (compare with (66)). This means that

FC)=FCe ---0C)=2FCO)®- - -®FQC), (82)



The Ideal Quantum Gas 32

and taking into account the identification (76) we obtain
F(C") =2 L*R,dr) ® - ® L*(R,dr) = L*(R", d"z). (83)

Let C be a conjugation on $), i.e., C' is an antilinear isometry satisfying
(C? = 1. One may think of C' as the operation of taking the complex conjugate
of coordinates in a given basis of §. ' Let {e;}32, be an orthonormal basis
of $ such that each e; is invariant under C, C’e] = e;. A consequence of
introducing a basis of C' invariant vectors is that if f = Cf and g = Cg then
(f,9) = (Cf,Cqg) = (f,g), so the corresponding Weyl operators commute,
W(fYW(g) =W (g)W(f); cf. (53) (similarly the field operators in a regular
representation commute in the strong sense on a dense set of vectors).

Let {fi,... fn} be a finite collection of elements in {e;} and define

Fn = closure{P(a*(f1),...,a"(f,))Q | P a polynomial } C F($)), (84)

where 2 is the Fock vacuum and the a* are the creation operators in Fock
representation, defined by (34) (we write a* instead of a7 ). Clearly, the map

@ (f) @ ()" Qi a* (C)™ -0 (G) " Qreny, (85)

where (z(cr is the vacuum vector in F(C") and ¢; € C" has zero components
except for the j-th which equals one, extends to a unitary map between F,
and F(C"). The r.h.s. of (85) can be identified, via (83), (70), with the

vector
k1 Ckn (1_78561) : (L l") ’ Q, € L2 (Rn dnx> (86>
1 n \/_‘3 \/_2 " ’ ’

where
Q, =7n" exp< Z:E) (87)

We normalize €,, to be the constant function by introducing the unitary map

(Tf)(x) = 7/ exp ( Za: )

UIf {f;} is any basis of $ then define f; = f; + Cf;. The f] are invariant under C,
Cf;= L= fj, and they span $. A Gram—Schmldt procedure yields an orthonormal basis {e J}
of vectors satisfying Ce; = e;. The action of C' on coordinates w.r.t. the basis {e;} is
complex conjugation.
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between L?(R",d"x) and L?(R", duy X -+ X du,), where

d,uj = 7T_1/26_x?d.§(,’j.

Thus (85), (86) give a unitary map U,, between F,, and L*(R", dyy X - - - X djs,,)

such that U,Q2 = 1 (the constant function) and U,a*(f;)U,"' = %,
Una(f)Ut = %Oxj 12 50 that
- a*(f;) +alfi), -
Unb(F)Un" = Un == 050 =
Let P;, 7 = 1,...,n be n polynomials in one variable. The unitarity of U,

gives

QL PO(f) - Pu(@(£,))Q) = / (1) Po()din - dp,

= [T@ B (83)

i=1

Let @ = x52,R be the set of sequences ¢ = (q1,¢2,...) equipped with the
o—algebra generated by countable products of measurable sets in R, and let
p=®32, ;5. The pair (Q, ;1) is a measure space (see e.g. Chapter VI of [J]),
and the set of all polynomials P(q,...,q,), n € N, is dense in L*(Q, du).

The space F,, (84), equals the closure of {P(®(f1),...,P(fn))2}, where
P ranges over all polynomials in n variables (see also the proof of Theorem
2.3). For any n € N and any polynomial P in n variables,

P(leu"'vxjn) = Z C(p1’7pn)x§11x§::7

set
UP((I)(fjl)v ) (I)(fjn))Q = P(Qjm BRI an) € Lz(Qv d#) (89)
12\We have T(‘?ach_1 =0y, —
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Let us verify that U is norm preserving;:

IP(®(f1),- - @(f5))°
= Z Z c(pr, -, pa)e(@y, L) <Q>q>(fj1)p1+p/1"-¢(fjn)P”+P4LQ>

= Z Z mc(p/l, - ,p;L) /R q;’ll'i‘pl .. 'q§7?+p7ldﬂj1 .. 'dﬂjn

/

D1se-sPn Pl s Dy

- /Q P, a5 2 (90)

We use in the first step that the ®’s commute, which is due to the fact that
Cf; = f; and in the second step we make use of (88). Since the set of vectors
P(®(fj,), ..., P(f;,))S is dense in F($) formula (90) shows that U extends
to a unitary map from F($) to L*(Q,dp), s.t. UQ =1and UD(f;)U"' = g;.

3.5 Equilibrium state and thermodynamic limit

We focus in this subsection on Bosons and refer for more detail, as well as
for the Fermionic case, to [BRII], Section 5.2.5.

Let H be the one-particle Hamiltonian, acting on the one-particle Hilbert
space 9, and denote by dI'(H) its second quantization acting on Bosonic Fock
space F.($). dI'(H) acts on the n sector as

H - Il+1H® - @1+ - +1®---® H.
We set N = dI'(1), put
K,=dI'(H) — puN = dI'(H — 1), (91)
where i € R is called the chemical potential, and assume that
Zg, = tre P (92)

exists, for some inverse temperature 3 > 0. Here, tr denotes the trace on the
Hilbert space F,($)). It is not hard to show that (92) is finite if and only if

tre " < 0o and H — pl > 0, (93)
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see [BRII|, Proposition 5.2.27; the trace here is of course over §). From the
latter inequality it follows (H — pll has purely discrete spectrum) that there
is a number 1 > 0 s.t.

dl'(H — pl) = K, > ndl'(1) = nN. (94)
The Gibbs (equilibrium) state on CCR($) is defined by
wgu(A) = Zﬁ_i tr (e PKrA). (95)

It depends on the inverse temperature § and the chemical potential p. The
Gibbs state satisfies the KMS relation

wou(Aa(B)) = wp (au-ip (€7 Be™™) A) (96)
where oy (A) = e®T(H) Ae=#td0(H) ig the Heisenberg dynamics generated by
the Hamiltonian H. Identity (96) makes sense for operators B s.t.

(AL (H)—uN) B~ B(dT(H)—uN)

exists. If u = 0, (96) reduces to the usual KMS relation wg(Aa(B)) =
wg(ai—ip(B)A). In order to calculate (95) explicitly it is useful to extend
the domain of definition of wg, to arbitrary (finite) products of creation
and annihilation operators, i.e., to the polynomial xalgebra 3 of unbounded
operators on F(9), generated by {a”(f) | f € $}. This can be done in the
following way:.

From (94) we see that

INFe™ ]| < oo, (97)

for any ¢ > 0 and for any k > 0 ' . The operator e #%#/2 leaves the finite
particle subspace F? invariant (see (35)). If @ € P is any polynomial in
creation and annihilation operators then Qe "+ is well defined on F? and,
by (97), extends to a bounded operator on F, satisfying

la® (f1) - a® (fi)e™ Il < ClLAN - Il (98)

1/2

3This follows from [N e ™ Kugp|| < (NFyp, e 2N Nkyp) /= = ||[Nke 1Ny,
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Let > 0. For ¢ € F,(9) we have
}<w7 e—ﬁKu/QQe—ﬁKuﬂwM
- }<¢7 e_ﬁK#/zeﬁ'uN/4e_ﬁ'uN/4Qe_ﬁ“N/4eﬁﬂN/4e_ﬁKu/2¢>}
< Qe N | (3, PN 2|

= [|Qe N [y, emTurzy)]. (99)

Since e~#Ku is trace class e ?Ku/2 is too (see (93)), so (99) shows that for any

Qe
tr (e_ﬁK“ﬂQe_ﬁK“/?) <, (100)

where C' < oo depends on @), 3 and p > 0. Therefore wg, can be extended
to B, and we have

wau (@ (f1) - a® (fi)) < CLAI- - el (101)

Note that since e 7K» commutes with the number operator, the Lh.s. of (101)
is actually zero unless k is even and k/2 of the operators a# are creation
operators.

We have in the strong sense on F¢

e—ﬁKu/za*(f) —a* (e—ﬁ(H—u)/2f) e—ﬁKu/{ (102)
and hence, using the cyclicity of the trace and the CCR, we obtain

wu(a'(Flalg)) = Zg,, tr(a" (eI f) 7P g(e” 7072 )
= wgu (a(e‘ﬁ(H_“)/zg)a*(e—ﬁ(H—u)/Zf))
= (g, 6_5(H_“)f> + wg,, (a*(e‘ﬁ(H‘“)/Qf)a(e—ﬁ(H—u)ﬂg)) '

Iterating this m times gives
wap(@ (falg)) = D (g, f)
j=1

+wg (a*(e—mﬁ(H—u)/2f)a(e—mﬁ(H—u)ﬂg)) ) (103)

In the limit m — oo, the last term on the r.h.s. of (103) tends to zero, which
follows from lim,, [|e”™PH=#/2f| = 0 (H — > 0!) and the continuity of
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wg,u, (101). The first term on the r.h.s. of (103) can be summed explicitly
and we obtain

wau(a”(f)alg)) = <9> eﬁ(lf—;ﬂ)—lf> : (104)

Viewed as a function on $) x ), (104) is called the two-point function of the
state wg . Similarly, one defines n-point functions for all n > 1 by

wau(a”(f1)---a”(fa)algn) - - algn))- (105)

Notice that the average of a product of m creation operators and n annihi-
lation operators in the state wgs, vanishes unless m = n. A state with this
property is called gauge invariant. The average of an arbitrary polynomial
@ € *P is expressed in terms of the n-point functions by first normal ordering
(. This means that the CCR are used repeatedly to write () as a sum of
polynomials in a?, where in each polynomial all creation operators stand to
the left of all annihilation operators.

Proceeding in the same way as above, one can show that the n-point
function (105) can be expressed as a sum of products of two-point functions.
Consequently, (104) determines the state uniquely. Any state which is de-
termined uniquely by its one- and two-point functions is called quasi-free.

Using the quasi-free structure one can show that

B(H—p)
wpu(W(f)) = eXP{—i <f725(H_7u)j1f>}

- n{ e () )

So far, we have treated a general Hilbert space $) and a Hamiltonian H
with the property that H — pll > 0 is trace class. We consider now the case
of the free Bose gas. The following discussion of the thermodynamic limit of
the free Bose gas is summarized in [BRII, Proposition 5.2.29], see also [P].

Let {Ax}r>0 C R? be an increasing sequence of bounded regions in R?; s.t.
U, Ar. = R3. Denote by —Hj, the selfadjoint Laplace operator on L?*(Ay, d3x)
corresponding to a classical boundary condition. We choose p s.t. there is a
C > 0 satisfying

Hy, — pll > C1, (106)

uniformly in k. Let wg’; denote the Gibbs state on CCR(L?(Ay, d3r)), see
(95). The following results hold.
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1. For any k and any A € CCR(L?*(Ay, d?z)), the limit

lim wi* (A) = wg,.(A) (107)

k' —o0

exists and defines a state wg, on CCR(®), where ® is the dense sub-
space of L?(R3, d3x) given by

D = | L*(Ar, dPx). (108)

k>0

The generating functional of wg , is given by

a1 = e { -1 (reom () o)

for f € ® and where — H is the selfadjoint Laplace operator on L*(R3, d®z).
Note that due to (106) we can extend (109) to all f € L*(R?, d3x).

2. The GNS representation (Hg ,, 73,4, 2s,,) of (CCR(D),wg,,) is regular.
Let aﬁ W(f); | €D, denote the creation and annihilation operators in
this representation. The state wg, can be extended to the polynomial
algebra Bs, generated by {ag,u(f) | f € ©}. The extension is the
gauge-invariant quasi-free state with two-point function

W, (az,u(f)aﬁ,u(g)) = <g> 65(H_+)_1f> . (110)

3. Let f € L*(R3, d®z) and let {f,} C D be a sequence approximating f,
i.e., ||f — full = 0. The strong limit

lim s, (W (fn)) = W,u(f) (111)

exists and defines a unitary operator Wg ,(f) in the von Neumann al-
gebra g ,(A)" C B(Hg,). The operators W ,(f), for f € L*(R?, d®z),
satisfy the Weyl CCR, (40). In other words, they define a representa-
tion of CCR(L?*(R3, d*x)).

4. The state wg,,, viewed as a state on the von Neumann algebra mg , ()"
determined by the vector Qg,, is a (3, a;)-KMS state, where «; is
the sautomorphism group given by a;(Wps,(f)) = Wg,.(e ! f), for
f e L*(R3, d%z).
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We point out that condition (106) gives a restriction on the possible values of
. We must require p < pip, where o depends on the choice of the boundary
condition. On the other hand, p is related to the particle density of the
system. It turns out that under condition (106), one cannot describe high
particle densities — e.g. the situation where most particles are in the state
of lowest energy. In order to describe this phenomenon, called Bose-Einstein
condensation, one needs a more careful analysis of the thermodynamic limit.
We refer for more detail to [BRII, Section 5.2.5].

4 Araki-Woods representation of the infinite
free Boson gas

The goal of this section is to find the GNS representation of states w on
CCR/(®) which represent the infinitely extended ideal Bose gas in which the
momentum density distribution of the particles is prescribed. Our approach
is based on the original paper [AW]. In a first step we show that the states
of CCR(®) are in one-to-one correspondence with so-called generating func-
tionals on ®. Then we calculate explicitly the generating functional corre-
sponding to the Bose gas in a box and with a prescribed momentum density
distribution. We take the thermodynamic limit of the finite-volume gener-
ating functionals, where the box size tends to infinity and the momentum
density distribution approaches a given limit. The infinite-limit generating
functional corresponds to a unique state on CCR(®). We construct explicitly
its GNS representation, which is commonly called the Araki-Woods repre-
sentation.

4.1 Generating functionals

We consider in the remaining part of the notes the C*algebra CCR(®), where
D C 9. Given a state w on CCR(D), we may consider the (nonlinear)
generating functional defined by

EFE:-D — C
fo—= E(f) =wW(f)). (112)

The generating functional satisfies the following properties:
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1. (normalization) E(0) =1
2. (unitarity) E(f) = E(—f), f€D
3. (positivity) for any K > 1, 2z, € C, f, € ©, k=1... K,

K

Z Zk Z_k/ e—%lm(fkyfk/>E(fk — fk’) Z O (113)
kk'=1

Properties 1. and 2. are obvious, and (113) is a consequence of the positivity
of the state w. Any positive element in a C*algebra can be written as A*A,
so in CCR(®), any positive element is approximated in C*algebra norm by
elements of the form

K K K _
(Z sz(fk)) (Z ZkW<fk>> = 3 am  ENRRW(f — ),

k=1 k=1 E k=1

for some z; € C and fr € ®. Hence (113) is equivalent to w(A*A) > 0, for
any A € CCR(D).

We now show that conversely, if a functional £ with properties 1.-3. is
given, then it determines uniquely a state on CCR(®), with respect to which
it is the generating functional.

Theorem 4.1 Suppose a map E : D — C satisfies 1.-3. above. For f € D,
set w(W(f)) = E(f) and extend w by linearity to the linear span of the Weyl

operators,
K K
w (Z ZkW(fk)) =z E(fi).
k=1

k=1
Then w extends uniquely to a state on CCR(D). Moreover, E is continuous
in the topology of © C § if and only if f — w,(W(f)) is a strongly continuous

map from D into the bounded operators on the GNS Hilbert space associated
to (CCR(D),w).

Remark. The statement “f +— E(f) is continuous in the topology of ©”
is equivalent to the statement “f +— E(f + fy) is continuous in the topology
of ®, for any fixed fy € ®”. We incorporate the proof of this remark in the
proof of Theorem 4.1 given below.
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This theorem can be viewed as a non-commutative analog of the Bochner-
Minlos theorem (see e.g. [H], Section 3.2 or [GJ], Sections 3.4 and A.6). Let
S be the Schwartz space on R", 1 &' its dual (the set of continuous linear
functionals on §), and let S; be the set of real Schwartz distributions, i.e.

the set of x € &' satisfying (x; f) = (x; f), for all f € S, where (-;-) is
the dual pairing. Let v be a positive regular Borel measure on Sg, % s.t.
Js dv(x) = 1. We define the Fourier transform of v by

R

E(P) = [ e i)

R

f €S8. Then F satisfies

2. f+ E(f) is continuous,

3. forany K > 1,2, €C, freS,k=1... K, we have

K

> awE(fi— fi) 2 0. (114)

k. k=1

, 2
Inequality (114) holds because the Lh.s. is just [, SO e I du(y).
R

Here is the Bochner—Minlos theorem:

Theorem 4.2 Suppose a map E : § — C satisfies 1°.-3". above. Then
there exists a unique normalized positive reqular Borel measure v on the real
Schwartz distribution space Sg such that E is the Fourier transform of v.

Ythe set of f € C°(R") s.t. all seminorms || f||x1 = sup,cgn ||2%0'f(z)|| are finite, for
any multi-indices k,1 € N™. The topology of S is the one induced by these seminorms.

15A Borel measure p on @ is called regular if for any Borel subset E of Q we have
w(E) =inf{u(U) | U D E,U open } and u(E) = sup{u(K) | K C E, K compact }.

The Borel o-algebra of S’ is generated by the open sets of the weaks topology on &’.
A base for this topology is given by the collection of all cylinder sets. Cylinder sets are of
the form {x € &’ | ({x; f1), ..., {(x; fn)) € B C C"}, where f1,..., fn € S and B is open.
An open set in the weaks topology is a union of cylinder sets.
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Proof of Theorem 4.1. Parts of our proof are inspired by [A]. Let S be
the xalgebra generated by the Weyl operators W (f), i.e., S is the xalgebra
of finite linear combinations of products of elements W(f) € CCR(®). S
is a subalgebra of CCR(®) and inherits the notion of positivity induced by
CCR(®). Inequality (113) implies that w is a positive linear map on S.
Positivity implies boundedness as follows: let first A € S be a selfadjoint
element satisfying ||A|| < 1. Then we have S 3 1— A > 0, so w(ll) —w(A) =
w(l— A) > 0, and consequently w(A) < w(ll) = E(0) = 1. Next consider
any A € S st. ||A|| < 1. From A*A < ||JA*A|1 < ||A|*1 < 1 and the
Cauchy-Schwarz inequality, |w(A*B)|*> < w(A*A)w(B*B), which is valid for
A, B € S (note that we only need S to be a xalgebra here, it does not have
to be a Banach algebra), we obtain the estimate

w(A)]? = [w(IA)* < w(D)w(A™4) < [|A|Pw(D)* = [|A]%.
This shows that |w(A)| < ||A]|, for A € S. Thus w extends to a state on
CCR(®).
Next we show that if f — F/(f) is continuous then w is a regular state. Let
(Ho, 70, 2,) be the GNS representation of (CCR(®),w). Suppose f, — f

is a convergent sequence in ®. Define a family of unitary operators U, =
(W (f,)) and U = 7, (W (f)) on the Hilbert space H,. We show that

Tim [|[(Un, = U)d[| =0, (115)

for any ¥ € H,. Due to unitarity it suffices to show weak convergence, i.e.
(115) is equivalent to

Jim (6, (U, = U)e) =0, (116)

for all ¢,¢ € H,. Because €}, is cyclic, we have that for any ¢ > 0, there
are vectors ¢, = Sor, 27 (W (gr))Q and e = S G (W (), sit.
|¢ — ¢l < € and [t — || <e. Now
(¢, (Un = U)Y) = (¢, (Un = U)tbe)| < |6 = el [[(Un = U 10|
+2([@ [[(Un = U) ¢ — el
< de([lo] + [lv]]),

uniformly in n (we use here that ||¢.|| < 2||¢||, for small €). Thus it is enough
to prove that

lim (m, (W (g))Qu, (Uy, — U)o (W (h))) = 0, (117)

n—oo
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for any g, h € ®. This scalar product is just

— o sm{=g. )+ (=gt fn, "ME(—g+ fo+h)
—em (oD M B(_g 4 f 4+ h),

which converges to zero as n — oo.
Next we show that if w is a regular state then f +— E(f) is continuous.
Let f, be a sequence in ® converging to f € ©. We have

E(f,) = E(f) = w(W(fa) = W) =w((W(f)W(-f) — HW(f))
= w (et (h H-nw(n)
= (O, (AN (W (fy = ) = 1) mo(W ()2 ) -(118)

Since 7, (W (f,—f)) converges strongly to zero as n — oo we have the desired
continuity of .

Finally we prove the assertion of the remark after Theorem 4.1. Suppose
that f, — 0 and that E(f,) — 1. Our goal is to show that E(f, + fo) —
E(fo), where fy € $ is fixed. The above considerations leading to (115) show
that 7, (W (f,)) — 1 in the strong sense on H,,. Then we write, as in (118),

E(fn + fO) - (fo)
= (0, (A () ~ 1) m (W () )

The r.h.s. converges to zero as n — oo. |

Suppose that Fy, k = 1,2,... is a sequence of generating functionals,
each satisfying conditions 1.-3. above. If E} has a limit in the sense that
there is amap £ : ® — Cs.t. E(f) = limg_o Ex(f), for any f € ©, then it
is clear that F satisfies conditions 1.-3. as well. In the next section we use
this fact to construct the generating functional and the GNS representation
of the free Bose gas extended to all of physical space in a state determined
by a given momentum density distribution.

We close this section with the calculation of Ep(f) = (Q, W(f)Q2), the
Fock generating functional, corresponding to the vacuum state on CCRp(9).
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Using the series expansion of the Weyl operator in Fock space, we can write

z'2

Ee(f) =Y —), (Q,8(F)0), (119)

= (2n

where we have used that all odd powers of ®(f) have a vanishing vacuum
expectation value. We use the commutation relations (27), (28), and the fact
that a(f)Q2 = 0 to get

2n

— L o ()20

2n _L a 2n—1 —
(9, ®(f) Q>—ﬂ<Q, (HP(F)712) = =

By induction, we arrive at (2, ®(f)*"Q) = (”f2”2) %, which we use in

(119) to obtain

Ep(f) = e MIP/, (120)

4.2 Ground state (condensate)

We construct in this section the representation of the CCR describing the
infinitely extended Bose gas in its ground state where all particles are in the
same state. The ground state is an example of a condensate (macroscopic oc-
cupation of a particular one-particle state of an infinitely extended system),
it is parametrized by the particle density p > 0.

Consider first the free non-relativistic Bose gas confined to a finite box
Vo= - |V|Y3 [V]Y3]® C R? of volume |V|. We will let the volume and
the number of particles, n, tend to infinity while keeping the density p =
n/|V] fixed. For any finite n, the Bose gas is described using Fock space
F(L*(V,d3z)), it is just a system of n non-interacting particles whose sym-
metric wave function ¢ € L?(V™, d*"x) evolves according to the Schrodinger
equation

b1, ... xn) = (HO) (@1, ..., 20), (121)

where
n

H= —A; (122)

j=1
is the selfadjoint Hamiltonian operator on L*(V™, d*"x) with periodic bound-
ary conditions (of course, A; is the Laplacian with respect to the variable
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x;). The system is in its ground state ¥y (the one having the lowest energy)
if each of the n particles is in the state fi of minimal energy (relative to
—A;), given by

fv(z)= V|7V z eV, (123)
which we have normalized as || fy||z2(v,a32) = 1. Consequently,
1
\IIV = —'al”;(fv)”QF, (124)

vn!

where Wi is a normalization factor, af is the Bosonic creation operator on
Fock space, and Qp is the Fock vacuum. The generating functional corre-
spondig to Wy is

1

n!

Ey(f) = (v, W(f)¥v) = = (Qp, ar(fv)"We(f)ap(fv)"Qr),  (125)
where Wr = €'®*(f) is a Weyl operator in the Fock representation, ®p =
%(a;(f) + ap(f)). Our plan is to calculate the right hand side of (125)
explicitly and take the limit n — oo, keeping p fixed. This provides us with
a generating functional Egs (depending on the number p) which we inter-
pret as the generating functional of the ground state of the infinite system.
Knowing Fgg, we explicitly construct the GNS representation of the ground
state of the infinite system (it will not be the Fock representation — i.e., there
is no vector (or density matrix) on Fock space representing the ground state
of the infinite system — we have already discussed this in Section 1.5.).

In order to calculate the r.h.s. of (125) we “pull” (or commute) the an-
nihilation operators to the right, through Wg(f) and through the creation
operators, by using the canonical commutation relations. Whenever an anni-
hilation operator is completely pulled through, it hits the vacuum Qp yielding
zero. The value of the r.h.s. of (125) is given by all extra terms (contractions)
one generates, using the CCR, in this procedure. Let us first show how to
pull the annihilation operators through the Weyl operator. Using the series
expansion of Wg(f) = '**(/) and that

[ar (f), Pr(9)*] = 272k (£, 9) r(9)* ", (126)

which follows easily from the CCR (27), (28), one verifies without difficulty
that

lar(f), We(9)] = 272 (£, g) Wr(9)- (127)



The Ideal Quantum Gas 46

All these relations can be understood in the strong sense on the finite par-
ticle subspace. We view the pulling through procedure as follows. Consider
ap(fy)"We(f). Among the n annihilation operators, k (= 0,1,...,n) are
commuted through Wg(f) to the right while n — k& have undergone a con-
traction of the form (127). For each fixed value of k, there are (}) ways
of choosing which annihilation operators are safely pulled through the Weyl
operator. We obtain

ar(fv)"We(f) = Z <Z) (2 12 (fwf))n_k We(f)ar(fv)F. (128)

k=0

One can of course prove (128) as well by induction, which is an easy task.
The generating functional can thus be written as

anO %y 1) (O, We(Far(f0) 0 () ")

(129)
A similar pull through argument as above, plus the facts that ap(fy)Qr = 0
and || fy| = 1 yields

ar(f)fap(fr)"Qp = nn—1)-(n—k+1) (fv. fv)" ap(fv)" "
n!

= (n _ k))' a;‘(fV)n_kQFa (130)

from which we get

f)=:£i225<2)zg%?gﬁ'( i (fy, f )n_k<QF,W@(fﬁﬁ(fvykaF>-

(131)
We pull the n — k creation operators to the left through the Weyl operator
by using the adjoint relation to (128) (recall also that Wg(f)* = Wr(—f))

n—k

wenai (o) =3 (") (2 T D) )

1=0
(132)
Clearly, only the term [ = 0, where no creation annihilator arrives safely
to the left of Wr(f) will give a non-zero contribution to expression (131)
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(because ap(fy)2r = 0, once again), so

wn =53 (1) g (3107 1) e wetnon.

We denote the Fock vacuum generating functional by Er(f) = (Q, Wg(f)Q)
(see (119)) and observe that for f with compact support and large enough
|V|, we have

1/2

o) =W [ gt = (a1 2)" o)

where )
k) = Gy /R i e () (133)

is the Fourier transform. Consequently we have

~

B = Be0) 37 2 () gy (- i) ™ s

We recall that the Laguerre polynomials are defined by

Ln(2) = %62%(6—22") _ %RZ:O (Z) (nfi!k)!(—z)n—k (135)

forn = 0,1,... and z € C. Next, it is known that (see e.g. [AS], formula
22.15.2)
lim L,(z/n) = Jo(2v/2), (136)

where the Bessel function J; satisfies

/ d_ee—i(a(:OSH—&-ﬁsinG) = J (m) , (137)

- 2m

for any o, 3 € R (see e.g. [MF], formula (5.3.66)). In conclusion, we have
calculated the infinite volume generating functional to be

Eas(f) = Be(£)Jo ((27)"2/2p |F0)]) (138)
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This generating functional defines a state on CCR(®) which we view as being
the ground state of the infinite Bose gas. The test function space is given by

D = { f e AR, &) | F(0) exists } . (139)

Any function in Schwarz space is contained in D, so ® is dense in L?(R3, d3x).
Let us now construct the GNS representation of the infinite Bose gas.
Consider the Hilbert space

Hes = F(L*(R?, d*z)) @ L* (S*,do) , (140)

where the left factor is the Bosonic Fock space over L?(R3, d®z) and the right
one is the Hilbert space of all square integrable functions on the unit circle
with uniform measure. It is convenient to parametrize the circle by the angle
0 € [—m, 7). Set

Qos = U @1, (141)
where 1 € L?(S', do) is the constant function. We define the representation
map 7gs : CCR(®D) — B(Hgs) as

Tas W(f) NN WF(f) ® e—i(27r)3/2\/% (Rof(O) cos 6+Im f(0) sin@). (142)
Using relation (137) it is easily seen that for any f € © we have

(Qas, mas(W(f))Qas) = Eas(f) (143)

so the representation gives the correct generating functional. To show that
the GNS Hilbert space of (CCR(®),wgs), where the state wgg is represented
by Qas in Hgs, is actually the entire Hgs, we need to verify that Qgqg is
cyclic for mgg. To show this, define the family of functions

—slz|
s (&

where z € R3, z € Cand s > 0. Clearly, || f. 4|/ 123 a22) — 0 as s — 04, while

]?;S(O) — z for s — 0,. Due to the strong continuity of the Weyl operators
in Fock space, we have for any z € C

WGS(W(fz s)) S 1® e—i(27r)3/2\/$ (Rez cos 0+Imzsin 0)

)
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in the strong sense on Hgs, as s — 0,.. Since the constant function 1 is cyclic
in L2 (S, do) for the set of multiplication operators {e¥(@cos6+bsin0) | g ¢ R}
16 we see that

Qp @ L* (S, do)

is contained in the closure of
TGS (CCR(@)) QGS-

Because Qp is cyclic for {Wr(f) | f € D} in F(L*(R? d*z)) (we use here
that D is dense in L*(R3, d®z)) we can approximate arbitrarily well any given
Y € F(L*(R3,d3r)) by some Wr(f)Qr, f € D. It follows that for an ap-
propriate choice of z € C and for s small enough the vector ¥ ® 1 € Has
is approximated arbitrarily well by mas(W (f)W (f..s))Qas. This shows that
Qgs is cyclic for mgs in Has.

The representation (Hgs, 7as, {2gs) is a regular. The creation and anni-
hilation operators are given by

ags(f) = ap(f)e1-@n)*yp f0) 1@,

acs(f) = ar(f)@1—(2m)"%/p f(0) 1@ e”.

At zero density, p = 0, the ground state representation of the infinite Bose
gas coincides with (is isomorphic to) the Fock representation.

4.3 Excited states

Our goal for this section is to extend the above method to construct the gen-
erating functional and the GNS representation corresponding to an (infinite
volume) state of the CCR with a continuous momentum distribution p(k).

Consider first the situation where, in our box V' (as in the last section),
we have n; particles with momentum k;, i.e., with wave function f"/(x) =
|V|~1/2e*i® where j = 1,...,p, and where |k;|* are (discrete) eigenvalues
of the Laplacian (in the box ¥V C R?® with periodic boundary conditions).
The f‘]} are eigenfunctions of the Laplacian and satisfy the orthonormality
condition ( £, fir) = 6, (Kronecker symbol). We will let the box tend to all

16 Any function f € L%(S',do) has a Fourier series expansion.
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of R3 with the result that in the limit, the values of k can range continuously
throughout R?® (this reflects the fact that —A on L*(R3,d3z) has purely
absolutely continuous spectrum).

The state of the gas in the box with densities p; = n;/|V| of particles
with momenta kj, j = 1,...,p, is given by

]- * n * n
Ty = ———ap(fy)" - ap ()",

nil---ny!
and the corresponding generating functional

Ey(f) = (Yyv, Wr(f)¥y)

can be calculated just as in the previous section. It is an easy exercise to
obtain the expression

B(f) = Be() Lo (20 LA TR ) -+ L, (20 L )

where L, (z) are the Laguerre polynomials defined in (135). We have used
that for any f with compact support,

1/2
Uy =V [ ot = (”—) (20)2 F (k).
Vv

1

for |V| big enough and where f is the Fourier transform (133). Using (136),
we take the limits n; — oo, j = 1,...,p, while leaving p; fixed. The infinite
volume generating functional is

E(f) = Ex(£)Jo ((2m)2/2p1 |FU)]) -+ o (27)2 /3y | Flky
(144)

Our next task is to let the discrete distribution p;, j = 1,...,p, tend to
a continuous distribution p(k). We do this for simplicity first in the one-
dimensional case, k € R, and we will deduce the general formula afterwards.
Let thus R 5 k — p(k) € Ry be a given momentum density and consider
an interval [—L, L]. We partition [—L, L] into small intervals with endpoints
ki =—L+2Lj/p, j=0,...,p, each of length 2L/p, and we will let p — oo.
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The density p; of particles having momenta in the interval with left endpoint
k; is given by p; = 2Lp(k;)/p. Our goal is to calculate

lim log ( Ef) ) :]}Hgoilogjo <(27r)1/2 ALoky) | 7 )\). (145)

p=co  \ Er(f)

Notice that the power of 27 is now 1/2, in one dimension. A simple Taylor
expansion shows that the leading term of log Jy(¢€) for small € is —%, so that
we have

B
lim log (E )
Jm log { 707
Lo Z 2D |y = —5on [k oI FOP

If we take f such that \/ﬁf is square integrable then we can take L — oo
and obtain for the generating functional of the infinite Bose gas in three
dimensions and with momentum density p

27)3 ~
5 = e {-CL [ wwpwifwr.
R-
The test function space consists of functions s.t. the integral in (146) exists,

= {1 € PR d*0) | /o] € IP(RY,d%) }, (147)

it depends on the function p. It is convenient to pass to a representation of
the one-particle Hilbert space where the energy operator is diagonal; in the
case of the Laplacian this means that we consider L?*(R?, d3k), the Fourier-
transformed position space L?(R3 d3z). The Fourier transform is an iso-
metric isomorphism between L?*(R3? d3z) and L*(R3,d3k) which induces a
C*algebra isomorphism between CCR(®’) and CCR(®), where

D ={f e L’(R*d%k) | /pf € L*(R*,d°k) }, (148)
and the corresponding generating functional is given by

Bin = Ee(pe {-ZE [ @k ptsirf, ren. )
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where Ep(f) = e I1I?/4 for f € ® (see (120)). Hence

E,(f) :exp{—i<f,(1+167rgp)f>}, fem. (150)

One can carry out the construction for a general selfadjoint Hamiltonian H
(not necessarily of the form (122)) and one arrives at (146) where f stands
for the eigenfunction expansion of f corresponding to H.

Formula (150) gives a generating functional which defines a state w, on
CCR(®), according to Theorem 4.1. We give now the GNS representation
of (CCR(®),w,) for densities p(k) such that

k — p(k) is continuous, p(k) > 0 a.e., / d*k p(k) < oo. (151)
R3

The representation Hilbert space H, and the cyclic vector €, are

H, = F(L*(R® d’k)) @ F(L*(R® d*k)) (152)
0, — Qo (153)
where F(L?*(R3,d%k)) is the Bosonic Fock space over the one-particle space

L*(R3,d*k) and Qp is the vacuum therein. The representation map , :
CCR(®) — B(H,) is given by

(W) = We (VIFaf)eWe(Vif), (154)
u(k) = 8m’p(k). (155)
Notice that in the Weyl operator on the right factor there appears the com-

plex conjugate of f. Using expression (120) it is an easy matter to verify
that

(Qp, mp(W(f))2) = E,(f), (156)

where E,(f) is given by (150). 7, is a regular representation and the creation
and annihilation operators are given by

a(f) = ap (VITaf)@l+1ea (ViT), (157)
a(f) = ar (VITaf)@1+1@a (ViT). (158)
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Since the af( f) are obtained from the represented Weyl operators by strong
differentiation it follows that 2, is cyclic for 7, if €2, is cyclic for the polyno-
mial algebra 3 generated by all creation and annihilation operators af( f),
fe€®. Theset {\/uf | f € D} is dense in L*(R? d’k) due to condition
(151). Since Qp is cyclic for the Fock creation operators it follows from (158)
that Qp ® F(L*(R?, d?k)) lies in the closure of PQ,. Similarly (157) shows
that F(L*(R3, d*k)) ® Qp is in that closure. Hence Q, is cyclic for .

If p(k) = 0 then p(k) = 0 and the representation (154) reduces to the
Fock representation.

4.4 Equilibrium states

The results of the previous two sections can be combined to describe the
infinitely extended free Bose gas with a momentum density distribution which
has some condensate part characterized by the density py € R, and some
continuous part given by p(k). The corresponding generating functional is

Epo (/) (159)
= sene {-Z25 [ @ awlrwP g (o vam o)),

compare with (138) and (149), for functions f in the test function space
D ={feL*Rd°k) | Vpf € L*(R®, &°k), | f(0)] < oo}. (160)

The GNS representation Hilbert space H,, , and the cyclic vector €, , asso-
ciated to (CCR(D),w,, ), where w,, , is the state defined by (159), are given
by

Moy = FL(R®, I°k)) @ F(LX(R®, d’k)) ® L* (S',do),  (161)
Qﬁo,p = BRI,

and the representation map is

Tooo(W(f)) = We(\/ T+ p f) @ We(yu f) @e ™00, (162)
with pu(k) = 873p(k), and where we introduce the phase

®(f,0) = (21)**\/2po (Ref(0)cosf + Imf(0)sinf) . (163)
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Note that ® is real linear in the first argument. The creation and annihilation
operators in this regular representation are not difficult to calculate:

0, (f) = a <\/1+uf>®]1®1+]1®ap (Vif)®1

—2m)32 /o FO) T 1@e ™, (164)
amolf) = ar (VIFuf) @12 1+18 0 (VET) @1
—(2m)32/po F(O) T@ 1@ e”. (165)

The dynamics on CCR(®D) generated by the Hamiltonian (122) is given
by
W(f) = a(W(f)) =W(e™f), (166)

where w(k) = |k|?. Tt is clear from (159) that E,, ,(e" f) = E,, ,(f), for all
t € R. Consequently w,, , is a time translation invariant i.e. stationary state,
for any choice of pg, p(k). We wish to examine which particular momentum
density distributions correspond to equilibrium states of the system.
We have
WF(eitwf) — eitHWF(f)e—itH’ (167)

where H is the free field Hamiltonian (in Fock space) given by the second
quantization of the multiplication by w(k). It is easy to see from (162) and
(167) that the dynamics (166) is unitarily implemented as

T (W (£)) = 0 (W (F))e ™, (168)
where L is the so-called Liouvillian, given by
L=H®11-1®H®1. (169)
An equilibrium state w is a state that satisfies the KMS condition
w(Aay(B)) = w(a-ip(B)A), (170)

see also (96). We assume here that B is such that a,(B) exists for values of
z in a strip around the real axis. Since an equilibrium state is necessarily a;—
invariant, (170) is equivalent to w(AB) = w(a_;g(B)A). It is evident from
the explicit form of €2, , that w,, , can be extended to the polynomial algebra
generated by the creation and annihilation operators (164), (165), giving a
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gauge-invariant quasifree state (see after (105)). To see which densities give
an equilibrium state it is thus necessary and sufficient to solve the equation

<Qp07p> a;oyp(f>apovp(9>9po7p> = <onvp> 66Lapovp(g)e_ﬁLa:o,p(f)on,p> ., (171)
which should hold for all f, g, for py and p(k). We calculate

(o @y ) (F)pop(9) ) = (g, 1uf) + (27)3p0 £(0)g(0)

and
<Qp07p> 6ﬁLapo7p(9)e_ﬁLa;o p po,p> <g, Y1+ p f> + (2m)°po f(0)g ( )-
Consequently py > 0 can be arbitrary and g must satisfy g = e (1 + p),
i.e., (k) = —za5—- The density is thus given by (see (155))
(k) = (2m) (172)
p oolk) — 17

which is the Planck distribution of black body radiation.

Let us focus on massless relativistic Bosons, where w(k) = |k|. Other

dispersion relations are discussed in an analogous way. The total density of
particles in the state of equilibrium is

B Pho(k) 1 &k c

Ptot—Po+/3 p(k) = Po+8w3/3m—f70+@7 (173)
where ¢ = o [° ef ds is a fixed constant. We can deduce from (173) the
following qualitative behav10ur of the system. Suppose pio; is fixed and sup-
pose we decrease the temperature of the system (5 — o0). Then py tends
to pror Which means that for low temperatures the system likes to form a
condensate. If we fix an inverse temperature  and increase the total density
Proy Of the system then py increases as well. These considerations show that
we are likely to observe a condensate if either the temperature is low or the
density is high (this, of course, is also an experimental fact).

We close this section with a result about the thermodynamic limit of
Gibbs states which is due to Cannon, [C]. Fix an inverse temperature 0 <
[ < oo and define the critical density by

d3k
eit(8) = (2m)7° : 174
pn() = (2m)* [ (171
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which coincides with the total density (173) in the equilibrium state for
po = 0. 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 pior by
c o tI‘APpmtv6_6HV
< >57pcoc7V_ trppmtve—ﬁHv ’

(175)

where the trace is over Fock space over L*(V,d%z), P,y is the projection
onto the subspace of Fock space with py V' particles (if piot 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 (175) 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§°,

R G o -
<W(f>>cﬁ,ptot,v — emillllPe 2< e —z00 >7 Prot < perit(ﬁ) (176)
Eﬁo,p(f>> Prot = pmit(ﬂ)
for any sequence L — oo. Here, z,, € [0,1] is such that for subcritical
density, the momentum density distribution of the gas is given by
z
k) = (27) 83— 177
pl0) = (2m) 07— (77)
so that z., is the solution of

pros = (27) 73 / © Bk (178)

efw — z

The generating functional E, , in (176) is the one obtained by Araki and
Woods, (159), where p is the continuous momentum density distribution
prescribed by Planck’s law of black body radiation (172), and where

P0 = Ptot — Perit- (179)

This gives the following picture for equilibrium states: if the system has den-
Sity prot < perit 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, piot > perit, the
“excess” particles form a condensate which is immersed in a gas of particles
radiating according to Planck’s law.

Finally we mention the work [LP] which treats the thermodynamic limit
for the grand-canonical ensemble.
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4.5 Dynamical stability of equilibria

Take the infinitely extended Bose gas initially in a state which differs from
the equilibrium state at a given temperature only inside a bounded region of
space. As time goes on we expect the local perturbation to spread out and
propagate off to spatial infinity. This property, sometimes called the property
of return to equilibrium, is a priori not built into the definition of equilibrium
states, i.e., the KMS condition, but it has to be verified “by hand”. In this
section we investigate the large time limit of initial states which are local
perturbations of an equilibrium state.

Let us first describe sates which are local perturbations of a given state
w of the infinitely extended Bose gas. Let f € ® C L*(R3,d%z) be a test
function which is supported in a compact region Ay C R3. If g is supported
in the complement R3\ Ay then we have

W(f)W(g) = e ™PIW (q)W (f) = W (g)W (f). (180)

Consequently the state A — w'(A) := w(W(f)* AW (f)) does not differ from
the state w on observables supported away from Ay (i.e., on observables
A =370 zW(f;), where the f; are supported away from Ag). The state
w’ is a local perturbation of w. More generally, if B is an observable (an

element of the Weyl algebra) we say the state
_ w(B*-B)
i) ==, By
is a local perturbation of w. The set of all local perturbations of w is defined
to be the set of all convex combinations of states of the form (181). The

dynamical stability of an equilibrium state wg (w.r.t. the dynamics ;) is
expressed as

(181)

tlim wp(a(A)) = ws(A), (182)
for all observables A, B.
We start our investigation of return to equilibrium by some purely al-
gebraic considerations. Let A be an element in the Weyl algebra CCR(D).
Given any e there are complex numbers z; and test functions f; € D s.t.

<e, (183)

A=W ()
j=1

a(A) =D zW(e™ f;)
j=1
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where we use the fact that oy is an isometry. Let g be fixed. We have

HW(Q)* (at(A) - szW(ei“tfj)> Wig)

j=1

<€,

a(A) =) zW(e™ f;)

and the Lh.s. equals

“W(g)*at(A>W(g) — Z zje_%Im[<_g7eiwtfj>+<ethfjvg>]W(eiwtfj) < e. (184)
7=1

Since lim; o (—g, € f;) + (€“'f;,9) = 0 (this follows from the Riemann-
Lebesgue Lemma) there is a number Ty(e) < oo s.t. if £ > Tj then

n n

Z Zje_%Im[<_gyethfj>+<emtfj7g>}W(eiu)tfj> —_ Z zjat(W(fj))

j=1 j=1

<e (185)

It follows from (183), (184) and (185) that ||W (g)*a:(A)W (g) — au(A)]| < 2e,
for t > Ty(€), and consequently

lim [W(g)*ar(A)W(g) — a:(A)]| =0, (186)

for all observables A and all test functions g. Relation (186), which merely in-
volves observables and the dynamics (and no reference to any state is made),

is a form of asymptotic abelianness w.r.t. «;. In fact, it follows easily from
(186) and (183) that

lim || Bow(A) — ay(A)B]| = 0, (187)

t—o0

for any observables A, B € CCR(D).
If w is any ay—invariant state then (186) shows that

lim w(W(g) (AW (g)) = w(A). (188)

t—o0

To prove that (188) holds if w is an equilibrium state, and for W (g) replaced
by any observable B, i.e. to show return to equilibrium as in (182), we need
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to use special properties of equilibrium states. The property of asymptotic
abelianness, (187), does not suffice.

Let wg denote an equilibrium state of the free Bose gas with a continuous
density (172) and with a fixed condensate density py > 0. The expectation
functional is given by (159). We have

woa(W ()W (e FYW (R)) = el oe ) H e ™ Ml (1 (g + 1 f + )
and (using again the Riemann-Lebesgue Lemma)

lim w; (W ()W (e £) IV (1)

= et gy e {-Z2D ) vt + P
<o) e { 2L |11}
xJo ((27)23/20019(0) + £(0) + h(0)]) . (189)
In the absence of a condensate, py = 0, Jo(0) = 1, equation (189) is just
Tim ws(W (g)W (€ )W (h) = ws(W (g)W () wa(W(F)-  (190)

Using an easy approximation argument (as in (183)), this yields the property
of return to equilibrium (py = 0),

lim ws(Bay(A)C) = ws( BO)ws(A), (191)

for any A, B,C € CCR(D).

What happens in presence of a condensate, pg > 0?7 Formula (191) is not
valid in this case, because the Bessel function in (189) does not split into a
product. However, the integrand in the representation (137) of Jy does split
into a product according to

Jo ((27)%2\/2p019(0) + £(0) + h(0)])
= / ) % exp —i(2m)%2\/2p0[Re(g(0) + 1(0)) cos 6 + Im(g(0) + 1(0)) sin 0]

—T

x exp —i(27m)%2/2po[Re(f(0)) cos f + Im(f(0)) sin d]. (192)
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This suggests that for an equilibrium state with a condensate and a fixed
value of 6, the property of return to equilibrium holds. To cast this into a
precise form we write

W) = [ 52 A o), (199
where '
AV() = 0D (0, 7, (WD), (194)

with €, given in (153) and 7, defined in (154), (155). This decomposition
is in accordance with the decomposition of the Hilbert space into a direct
integral,

D
Hpyp = / do H,, (195)
S1

see (152), (161). The GNS representation of (CCR(®),wj) is given by
(H,, 75,9,), where

T (W (f)) = e, (W(f)). (196)

The representation map ms associated to the state wg is the direct integral
of the fibers Wg, and the representation vector €23 of wg is the direct integral
with constant fiber €2,

©do ©do
71'5:/[ }%ﬂ'g, Qg:/[ -— Qp. (197)

-, —7,7] 27

It is clear from (194) that for each 6 fixed, wj is a (o, 3)-KMS state. The
(o, #)-KMS state wg is a uniform superposition of the wg, 6 ¢ S'. We can
form other equilibrium states by taking different superpositions of the wg:
Given any probability measure du on [—, 7],

W)= [ dutd) S () (199
is an (oy, 5)-KMS state. As follows directly from (191) and (194), for each
fixed 6 we have limy_,, wh(Boy(A)C) = wh(BO)wh(A), so

lim w,(Bay(A)C) = /_ ' dp(0) wh(BC) wh(A). (199)



The Ideal Quantum Gas 61

In general, the r.h.s. of (199) does not equal w,,, so the time-asymptotic state
depends on the initial state. If the perturbation of the state w, is given by
B,C s.t. wj(BC) =1 for all § then we have return to w,, in the usual sense.

What is special about the equilibrium states w$? They are factorial'”
equilibrium states. The fact that each wg is factorial follows from 9 :=
ng(A)” = B(F(L*(R3, d%k))) @ 1, M = 1 @ B(F(L*(R3,d%k))), hence
MNIM = CLl® 1. On the other hand, it is clear that wg, (193), is not fac-
torial since 1® 1® M (denoting the multiplication operators on L?(S*, do))
belongs to the center of its von Neumann algebra, see (162). The decom-
position (195)-(197) is called a factor decomposition of the state wg, or a
decomposition into extremal states.

Let us now see how the emergence of a multitude of equilibrium states for
a fixed inverse temperature 3 can be viewed as a consequence of spontaneous
symmetry breaking — here, the gauge group symmetry is broken. The general
scheme is this: suppose a dynamics a; on a C*-algebra 2l has a symmetry
group oy, i.e. o, is a group of automorphisms of 2 satisfying os0a; = ay o0y,
for all s, (s may belong to a discrete or continuous set, ¢t € R). If w is any
(B, ay)-KMS state then w, := w o gy is a (3, ay)-KMS state as well:

ws(Aay(B)) = w(os(A)au(os(B)))
= w(-ip(04(B))os(A)) = ws(—ip(B)A). (200)

(We implicitly assume that a;_;z(os(B)) is well defined.) If there is a (3, ay)-
KMS state which is not invariant under o, for some s, i.e., woo, # w, then we
say the symmetry o, is spontaneously broken, because there are equilibrium
states which “have less symmetry” than the dynamics. This gives rise to the
existence of several equilibrium states at the same temperature.

Consider the continuous symmetry group o;, on CCR(®) given by

os(W(f)) =W(e"f), s€R, feD, (201)

17A state w on a C*—algebra 2 is called factorial iff the von Neumann algebra ,, ()" is
a factor. (Here, 7, is the GNS representation map associated to (,w).) A von Neumann
algebra 9 C B(H) is a factor iff its center is trivial, 3 := M N M’ = C1.

We point out that it follows from general considerations that an equilibrium state is
factorial iff it is extremal (see [BRII, Theorem 5.3.30]). A state w is called extremal iff the
relation {w = Aw; + (1 — A)wg, for some 0 < A < 1 and some states wy,wz} implies that
W] = Wy = W.
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called the gauge group. Clearly we have o 0 05 = 05 0 oy (where o is given
n (166)). Using (194) we obtain

(o (W () = e D (Qy my (W (e f))) (202)

and (150), (156) show that (Q,, m,(W(e* f))Q,) = (Q,, m,(W(f))$,), while
(163) gives

e f,0) = (2m)%2\/2p0 (Re(e” £(0)) cos 6 + Im(e* f(0)) sin 6)
= (2m)*2\/2p0 (Re(f(0)) cos(6 — s) + Im(f(0)) sin(6 — s))
= O(f,0—s). (203)

This shows that the equilibrium states wg break the gauge group symmetry,
hence giving rise to an S'-multitute of equilibrium states ((203) shows that
we get the whole family wg by varying s in any interval of length 27).

Let us finally examine the mixzing properties of the equilibrium states with
respect to space translations. Given a vector a € R3 we define

Ta(W(f)) = W(fa), (204)

where f,(z) := f(x — a) is the translate of f by a. 7, defines a (three
parameter) group of automorphisms on CCR(®). We say that a state w on
CCR(®D) has the property of strong mizing w.r.t. space translations if

dim w(W(f)ra(W(9))) = w(W(£))w(W(g)), (205)
for any f,g € ©. This means that if two observables (W (f) and W(g)) are
spatially separated far from each other then the expectation of the product
of the observables is close to the product of the expectations (independence
of random variables). Intuitively, this means that the state w has a certain
property of locality in space: what happens far out in space does not influence
events taking place, say, around the origin. Condition (205) is also called a
cluster property. It is easy to calculate explicitly the Lh.s. of (205) for w = wg,
the equilibrium state of the free Bose gas with a continuous density (172)
and with a fixed condensate density po > 0 (whose expectation functional is
given by (159)):

lim ws(W(f)7(W(g)))

la[—o0

— wa(W()wa(W (9)) exp |~87°po Re(F0)g(0))| . (206)
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Consequently, the equilibrium state is strongly mixing w.r.t. space transla-
tions if and only if py = 0, i.e., if and only if there is no condensation. In
presence of a condensate, the system exhibits long range correlations (what
happens far out does influence what happens say at the origin). On the
other hand, it is easily verified that each state wg is strongly mixing. We
may understand that limit states (lim;_., of states of the form (198)) de-
pend on the initial state as a consequence of the long-range correlations in
presence of a condensate. Even as time reaches its asymptotic value the
system “remembers” the initial state.
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