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1 Introduction

Soon after the discovery of superfluidity F. London made a connection between this phe-
nomenon and the almost forgotten Bose-Einstein condensation (BEC) in the free Bose gas
[1]. His arguments were essentially based on fact that Helium-4 atoms are bosons, and
their superfluidity can be understood in terms of the Bose statistics that they obey. Almost
ten years later N.N. Bogoliubov [2] proposed a microscopic theory of the superfluidity of
Helium-4 showing that it can be regarded as a consequence of Bose-Einstein condensation
in an interacting system. The Bogoliubov theory had a serious impact since just a few years
before Landau had developed a spectral criterion for superfluidity and according to this
criterion the free Bose gas is not a superfluid even in the presence of BEC.

But more than eighty years after the prediction of Bose-Einstein condensation the problem of
whether this phenomenon is stable with respect to realistic pair-interaction is still unsolved
and seems beyond the reach of the present methods. Either one must use a very special pair-
potential or one must truncate the Hamiltonian. The second course was followed by many
authors. One such approach is to use a Hamiltonian which is a function of the occupation of
the free-gas single particle states [3]. Since all the operators in these models commute, they
can be investigated by probabilistic techniques using Laplace’s method (Large Deviations)
[4], [5]. However these models (which include mean-field or imperfect Bose gas) produce a
spectrum identical to that of the free Bose gas and therefore does not satisfy the superfluidity
criterion.



A more plausible model is the so-called Bogoliubov model, also called the weakly imperfect
Bose-gas, see [2] and [6]. This model takes into account more interaction terms without
losing its exact solvability. The basic ingredients of this model in terms of states on the CCR-
algebra of the boson observables, including the problem of the Bogoliubov-Landau spectral
behaviour, has been analyzed in [7, 8]. Later the boson Pairing Model was introduced as
a further refinement of the Bogoliubov model by including of BCS boson interaction [11].
Theoretical work on this model resulted into some intriguing properties like the occurrence
of two types of condensation, a boson BCS-type pair condensation and the standard one-
particle condensation, as well the presence of a spectral gap in the elementary excitations
spectrum [12] - [16].

The methods that have been used so far for the study of these solvable models have been the
Bogoliubov approximating Hamiltonian method [6] and some form of Laplace’s method [4],
[5]. One should also mention the non-commutative large deviation method developed by [17]
for lattice systems and later refined in [18]. This method has not been rigorously extended
to Bose systems mainly due to technical problems with unbounded operators. However on a
formal level it gives the right variational formulas (see for example [16].) Here we develop a
new method based on the quasi-free states on the algebra of observables given by the algebra
of the canonical commutation relations [19, 20].

All the solvable models referred to above share the property that their equilibrium states
and/or ground states, which are states on the algebra of the Canonical Commutation Re-
lations (CCR) are completely determined by the one- and two-point correlation functions.
Such states are called quasi-free states. This class of states has been intensively studied in
the sixties and seventies. Although quasi-free states are frequently used as the ideal labora-
tory for performing tests of all kinds, this mathematical analysis turned out to be much too
technical to be very practical for its utility in the study of Bose systems in physics, see e.g.

21], [22].

This paper is intended to remedy this failure by giving a presentation of the quasi-free states
suitable for the study of space homogeneous systems. In particular we prove the explicit form
of the variational principle of statistical mechanics for all solvable boson models. We prove
that for these models the set of states over which one minimizes the free-energy density (or
grand-canonical pressure) is reducible to the set of homogeneous quasi-free states. The main
technical step in this is the explicit formula for the entropy density of a general quasi-free
state including the non-gauge symmetric ones.

Though the variational principle when solved fully, in principle contains all the information
about the model, in practice it is often difficult to solve. A very useful additional tool is the
use of condensate equations introduced in [23, 24]. They form an essential part of the study
of the variational principle and can be derived without any explicit knowledge of the entropy
of the system, Section 2. Moreover, they are always valid as opposed to the Euler-Lagrange
equations which are not always satisfied because either the stationary point is a maximum
or the minimum does not correspond to any stationary point.

In Section 3 we apply our method to the Pairing Boson Model with Mean-Field and BCS
interactions to obtain the variational principle conjectured in [16] (and proved in [25]), sup-
plemented by the condensate equations. This model with BCS attraction is a very good
example of a situation, when the condensate equations can give some conclusions more di-
rectly. For instance, from the condensate equations (3.18), (3.19), one immediately concludes



that there is neither pairing nor zero-mode condensation for negative chemical potentials and
also that zero-mode condensation implies a non-trivial boson pairing. An unusual property
of this model is that for the BCS repulsion it is not completely equivalent to the mean-field
case: the repulsion does not change the density of corresponding thermodynamic potentials
but produces a generalized (type I1I) condensation a la van den Berg-Lewis-Pulé.

Another application is the model, analyzed in [26], which describes the phenomenon of the
recently observed superradiance of the BEC accompanied by a matter-wave grating and
amplification.

2 Quasi-free Bose systems

2.1 Heuristics

The concrete and traditional approach to Bose systems in physics is to start with the sym-
metric Fock Hilbert space of vector states §. Consider L?(R") the space of square inte-
grable functions on R”, n is the number of degrees of freedom. One considers the cre-
ation and annihilation operators: for any f,g € L?(R"), the creation operator is given by
a*(f) = [daf(x)a*(x) acting in §, the annihilation operator is its adjoint operator a(f),
and satisfying the usual canonical commutation relations

[a(x), a*(y)] = 6(z —y) , [a(x), a(y)] = 0, (2.1)

leading to the relations

[a(f), a"(9)] = (f,9) la(f), alg)] = 0. (2.2)

It is assumed that there exists a particular normalized vector €2 in § such that it is annihilated
by all a(x) and hence that for all f:

a(f)Q2 = 0. (2.3)

The symmetric Fock space § is then the Hilbert space is the linear span generated by all
vectors of the set: {a*(f1)a*(fa)...a*(f,)Q}, for all f; and for all n € N.

A vector-state wy of a boson system is an expectation value of the type w(A) = (¥, AV),
where ¥ is a normalized vector of the Fock space and where A is any observable of the boson
system. Remark that each observable is a function of the boson creation and annihilation
operators. In particular, the physical model is defined through the energy observable, called
Hamiltonian. For a two-body interaction v the general model takes the following form in a
finite volume V' = |A]:

Hy = /Ad:vQLVa*(x) -Va(x) + % /Adx/Ady a*(x)a* (y)v(z — y)a(x)a(y) (2.4)

m

Stability of the model requires that the Hamiltonian operator acting in the Fock space is
bounded from below.



In this paper we adopt the following definition: we shall say that a system is solvable if the
corresponding density of the thermodynamic potential can be expressed explicitly via a finite
number of correlation functions. We shall make this definition more exact later. In general
the model (2.4) described above is not solvable. The natural way of defining solvability is in
terms of the correlation functions.

The state w is known if one can find all its correlation functions

w(a®(f1)-.a*(fn)algr)...a(gm)) (2.5)

for all functions f;, g;. One should realize that in order to know the state one has to know
an infinity of correlation functions, for all n,m € N. This makes the many-body problem
unsolvable in most cases.

In the literature one can find many approximation procedures, where the original state w
is replaced by a state w constructed via various decoupling procedures such that all higher
order correlation functions can be expressed in terms of those of order less than some n+m.
It must remarked that on the basis of the Marcinkiewicz theorem [27, 28], many of them
are erroneous. Indeed, this theorem tells us that if the decoupling holds for all correlation
functions from some n+m on, then the decoupling holds for all correlation of order n+m > 2.
This means that the only decoupling, not contradicting the positivity of the state w, is
the one in terms of the one-point function, @(a(f)) and two-point functions, w(a*(f)a(g)),
w(a(f)a(g)), for all f and g. Any state satisfying the decoupling procedure described above
is called a “quasi-free state” (qf-state).

In the rest of this section we recall the main features of the boson Gibbs states, in particular
the class of space homogeneous quasi-free states which are necessary for the formulation of
the variational principle of statistical mechanics for solvable models.

Our main original contribution in this section is a proof of the existence of a canonical
automorphism mapping a gauge breaking state in a gauge invariant one. This result will
be essential for the explicit computation of the entropy density of the state, which makes
possible the explicit formulation the variational principle for our class of solvable boson
models.

2.2 CCR and quasi-free states

In order to define the total set of all quasi-free states it is convenient to work with the boson
field which is defined on ¥ a suitable subspace of L?(R"), called a space of test functions.
This field is defined by the map b : f € T +— b(f), where the linear operator b(f) on Fock
space is given by

b(f) = a(f) + a*(f).

The Canonical Commutation Relations (CCR) for these fields are now

[b(f),b(g9)] = 2io(f,9) , (2.6)

with o(f,g) = Sm(f,g). Note that the fields are real-linear in their argument: b(Af) =
Ab(f), for SmA = 0, but b(if) = i(—a(f) + a*(f)) and a(f) = 5((b(f) + ib(if)).



It is equivalent to use the field operators as the generators of all observables instead of
creation and annihilation operators. To avoid using unbounded operators we use the Weyl
operators as the generators of the algebra of observables 2 of the system. These are given
by:

W(f) = exp{ib(f)}, (2.7)

for any f € T. The CCR are then equivalent to the relations
W()W(g) = e “PIW(f + g). (2.8)

We shall denote the set of states on 2 by &. We recall that a state w € &, is any normalized
linear positive form on .

Very often it is convenient to define states though their {truncated functions
w(b(f1)b(f2) ... b(fn)): for fi, fo,... fn € T. These functions are defined recursively through
the formula

Wb())e =), WOB)-b(f2)) =D @b(fi)e)ew( b)), (2.9)

where the sum is over all possible partitions of {1,...,n} and where the order within each of
the clusters is carried over from the left to the right.

Let w be an arbitrary state on the Weyl algebra 2, then for all f € T, the expectation values
w(W(f)) are known and can be expressed in terms of the truncated functions (see e.g.[20]),

"\

n!

W (f)) = e 0) =3

n!
n=0

b)) = exp {Z “"ww(f)”)t} @)

n=1

For the models that we study in this paper we shall see that only the one- and two-point
functions play a role. The one-point function is determined by the linear functional ¢ on ¥
and the two-point functions by two (unbounded) operators R and S on ¥. These are defined
by

o(f) = wla*(f)), (2.11)

and the truncated two-point functions

{f, Rg) = wla(f)a*(g)) —w(a(f))w(a™(g)), {f,S9) = wla(f)a(@))—wla(f))w(a(g)) (2.12)

where g stands for the complex conjugate of g. Clearly w(b(f)b(f)) can be expressed in terms
of these two operators and ¢. Note that the operator R is self-adjoint. We shall denote by
Go,r,s the elements of & determined by the triplet ¢, R and S.

Since *-automorphisms (canonical transformations) leave the CCR invariant, many prop-
erties of a state are conserved under these transformations. We shall say that states are
canonically equivalent if they can be transformed into each other in such a way.

It is easy to see that in general there is a canonical transformation which transforms a state
w into a state wy with ¢ = 0. For any real linear functional x on %, the transformation 7,
on the boson algebra defined by

(W () = eXDW(f) (2.13)



together with linearity and conservation of products, is a canonical transformation. Clearly
this transformation translates the boson field: 7,b(f) = b(f) + x(f). Now the composition
of a state w with the transformation 7, wy = w o 7, is again a state and wy(b(f)) =
w(b(f)) + x(f). Therefore if we choose x(f) = —w(b(f)) = —2Re ¢(f), which is real linear,
then the one-point function of wy vanishes. Moreover the reduced two-point functions are
left invariant so that operators R and S are unchanged.

It is clear that the positivity of the state w implies that

w((a(f) +a*(g))(a(f) +a*(g))") 2 0 (2.14)
for all f,g € T. Assuming ¢ = 0 the inequality (2.14) is equivalent to
(f,Rf)+(f,S9) + {9, S"f) + (9, (R—1)g) = 0 (2.15)

for all f,g € T. Putting f = 0 we see that R > 1 and putting ¢ = —R"?h and f = R~'/2Sh
gives

R(R—1)+ 5*S — R7Y28*SRY? — RY25*SR~1/2 > 0. (2.16)

Notice that if operators R and S commute, then the latter simplifies to

T°=R(R—1) - S*S >0. (2.17)

Now we introduce the one-parameter group of gauge transformations. This group of canon-
ical transformations or CCR-automorphisms, {7)| A € R}, is defined by

na(a*(f)) = ¢a*(f), m(a(f)) = e a(f). (2.18)

A state w is called gauge invariant if wo 7y = w for all A € R holds. In particular for a state
w € G4 rs the one- and two-point functions transform under such a gauge transformation
as follows:

(won)(a*(f)) = e wla(f)),
(womn)(a(f)a*(g)) = wla(f)a™(9)),
(womn)(a(flalg)) = e (w)(a(f)alg)).

or equivalently (¢, R, S) is transformed into (¢ ¢, R, e"?*S). Therefore a necessary condition
for gauge invariance is that ¢ = 0 and S = 0.

We now prove that any w € G4 s is canonically equivalent to a state w € &5 = Sopo if
R and S commute and Rf = Rf for all f € T. We shall see later that these conditions are
satisfied for translation invariant states. We determine explicitly the operator R as a function
of R and S. This result is similar to the more restricted result stated in [19], where only the
existence of such a map between pure quasi-free states (see definition later) is proved. Here
we prove not only the existence of this map but we give its explicit construction.

Theorem 2.1. Let w € Sy r s with R and S commuting and Rf = Rf forall f € . Then

there exists a canonical transformation T mapping w into w € & where the operator R is
given, in terms of the operators R >1 and T > 0, by

-1 1\ 2
== T2+ =) . 2.1
i 2+( +4) (2.19)



Proof. Clearly we can assume that ¢ = 0. By applying a canonical transformation similar to
the gauge transformation in (2.18) we can transform operator S into |S|. Then we consider
another canonical transformation v (also called Bogoliubov transformation)

a(f) =~(a(f)) = aUf) = a*(V]) (2.20)

where U and V' are commuting self-adjoint operators commuting with R and .S and satistying
Uf=Uf,Vf=Vfand U?> — V2 = 1. We consider the two equations

{f Egz = w(a(f)a*(9)) = w(r(a(f)a™(9))) (2.21)
0= (f,59) = w(a(f)a(g)) = w(r(a(f)a(g))) (2.22)

in order to express R as a function of R and S or preferably T'. One computes explicitly the
following equations from the former ones, using the symmetry of R and S.

R=U?R+V?*R—-1)-2UVS, (2.23)
0=U2S—~UV(2R—1)+V38S. (2.24)

From the second relation (2.24) one gets a quadratic equation for the operator X := UV 1,
which is semi-bounded from below by I. Then solution of this equation has the form:

X = (R —1/24 (R—1/2)* - 52)1/2> S, (2.25)
Using the relation (2.17) between the operators S and T', one gets
X = (R=1/2+ (12 +1/4)) (R(R—1) - T2 2. (2.26)
This gives for U and V:
U=X(X2-172 v=(X2-1y2 (2.27)

which we insert into the first equation (2.23) to obtain R as a function (2.19) of R and T.
The canonical transformation 7 of the theorem is of course given by the composition of the
gauge transformation with the Bogoliubov transformation. O]

The states we shall be considering will be translation invariant. Space translations are again
realized by a group of canonical transformations {7,|z € R"} of the algebra of observables
A given by 7.(a(f)) = a(T,f) where (T,.f)(y) = f(y — ). The translation invariance of a
state w, given by w o 7, = w for all z € R", is immediately translated to the operators R, S
by the property that they both commute with the operators T, for x € R".

Translation invariance implies that ¢(f) = cA(O) where fdenotes the Fourier transform of
f and ¢ = w(a*(0)). On the other hand it is well-known [30] that if A is such a transla-
tion invariant operator, then there exists a function § on R" whose Fourier transform is a
tempered distribution such that for all functions f, (Af)(k) = £(k)f(k). This is due to the
kernel theorem for operator-valued distributions and the convolution theorem for Fourier
transforms. In particular, our operators R and S are simple multiplication operators with
functions denoted by r(k) and s(k). It is easily checked that for k # 0, r(k) = w(a(k)a*(k))
and s(k) = w(a(k)a(—k)) = s(—k) where a(k) is the operator-valued distribution given by
the Fourier transform of a(x). For our purposes (see later) we can assume in addition that



r(—k) = r(k). This last property is equivalent to Rf = Rf. As R and S are multiplication
operators they commute so that (2.17) holds and can be written in terms of r and s:

r(k)(r(k) — 1) — |s(k)]* > 0. (2.28)

It is convenient to introduce a non-negative function ¢(k), corresponding to the operator T
defined by
t(k)* = r(k)(r(k) — 1) — [s(k)[*. (2.29)

The class of translation invariant states G, g ¢ can now be parameterized by the complex
number ¢ and the functions > 1, ¢ > 0 and «a(k) = arg s(k).

Now we turn to the quasi-free states.

Definition 2.2. A state w is called a quasi-free state (qf-state) if all truncated functions of
order n > 2 vanish. This means that a ¢f-state is completely determined by its one- and
two-point functions:

w(W(f)) = exp{iw(b(f)) — %w(b(f)b(f))t} (2.30)

The set of ¢f-states will be denoted by Q.

Note that a gf-state is completely determined by ¢, R and S. We denote the ¢f-state
corresponding to ¢, R and S by wg rs. Of course translation invariant gf-states can be
parametrized uniquely by the complex number ¢ and the functions r > 1, ¢ > 0 and «a(k) =
arg s(k). Note also that a ¢f-state is gauge invariant if and only if ¢ = 0 and S = 0. The
above arguments show that we g s is canonically equivalent to wi = wy -

We end this section by calculating the entropy for ¢f-states. For any normal (density
matrix) state w with density matrix p the von Neumann entropy is defined by the formula:
S(w) = =Trplnp. The entropy is left invariant under any canonical transformation 7 (see
e.g. [29], Chapters 1 and 9), that is, S(wo 7) = S(w). Let w be a translation invariant,
locally normal state on the algebra 2 (i.e. its restriction to every bounded region of R" is
normal). Let A C R™ be a family of bounded regions increasing to R™. Then the entropy

density of w is defined by

S(w) = lim S<;A), (2.31)

where V' = |A| denotes the volume of A, wj is the restriction of w to A and lim, := limpgn.
For translation invariant ¢ f-states of the type wg, S has been calculated in [31] and is given
by

S(wgr) = /V(dk?) {r(k)Inr(k) — (r(k) — 1) In(r(k) — 1)} (2.32)

where v(dk) = d"k/(2m)™. It is clear from the above argument that the entropy density of
we,Rr,s is the same as that for wz. We state this result in the following proposition.

Proposition 2.3. The entropy density of q f-state with two-point functions defined by R and
S is given by

S(ws.rs) = S(wg) = / v(dk) {7(k) In7(k) = (7(k) = 1) In(7(k) — 1)} (2.33)
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where 7 is given by (2.19):

2

In particular the entropy density is independent of the one-point function ¢.

Fk) = -4 (t?(k;) + }1) | (2.34)

2.3 Equilibrium states

An equilibrium state at inverse temperature 3 of a homogeneous boson system will be defined
by the variational principle of statistical mechanics, that is, an equilibrium state is one that
minimizes the free energy density.

The free-energy density (or more precisely the grand-canonical pressure) functional is defined
on the state space by

fw)=pEw)—-Sw), (2.35)
where S(w) is defined in the previous section and £(w) is the energy density. The energy

density is determined by the local Hamiltonians of the system under consideration, H\y,
defined for each bounded region of volume V:

o1
E(w) = lim Zw(Hy = pNa)

where p is the chemical potential and N, is the particle number operator.

The variational principle of statistical mechanics states that each translation invariant (or
periodic) equilibrium state wg is the minimizer of the free energy density functional, that is,
for any state w:

f(ws) = inf f (). (2.36)

In the definition of £ and § it was presupposed that the states are locally normal in the sense
that wy is a normal state. This is a reasonable assumption since we are basically interested
in equilibrium states which are thermodynamic limits of local Gibbs states given locally by
their (grand) canonical density matrices py = e PHA=#NA) /Ty e=AHA=1NA)

Let w be a normal state with density matrix p on Fock space §, with zero one-point function
and with two-point functions given by the operators R and S = 0. Let {f;} be an ortho-
normal basis of eigenvectors of R with eigenvalues r;. Consider the operator (trial diagonal
Hamiltonian) H =}, €;aja; with a; = a(f;) and €; = In(r;/(r; — 1)). Let o be the density
matrix given by o = e~ /Tre . Tt is clear that the state defined by o is a ¢f-state which
has two point function

Troa(f)a*(g) = (f, Rg) = Trpa(f)a’(g). (2.37)
Thus o is the density matrix for the ¢ f-state wg.
We use this construction to prove the entropy inequality
S(w) < S(wg). (2.38)
Using the Bogoliubov-Klein convexity inequality [20], Lemma 6.2.21, one gets

S(wrp)) —S(w)=Trplnp—Trolno > Tr(p—0)Ino (2.39)
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where Ino = — 3 ¢;aja; — In Tr (exp —H) and hence

S(wy) —S(w) > — Z ¢j(Trpaja; — Troaja;) = 0 (2.40)

J

since the states p and o have the same two-point functions. This proves the inequality (2.38),
which is a mathematical expression with the following physical interpretation. The state w
is a state with more non-trivial correlations than its associated ¢ f-state wr and therefore it
is understandable that the entropy of the state is smaller than or equal than the entropy of
its associated ¢ f-state.

Clearly this inequality carries over to the entropy density of locally normal states and using
canonical equivalence to locally normal states with non-vanishing ¢ and S. Thus we have
for locally normal states in Gy g g:

S(w) < S(wg,r,s) = S(wg). (2.41)

From now on we shall study solvable models, i.e. models with a Hamiltonian whose energy
density lima w(Hy)/V for any translation invariant state w depends only on the one- and
two-point correlation functions of the state. This will be made more precise in Definition
2.5. But, first we impose one last restriction on the states.

Definition 2.4. A translation invariant state w is called space-ergodic, if for any three
A, B, C local observables the following holds

li/r\n w(ABAC) = w(AC)w(B),

where B, the space-average
1
Ba=1; /Ada:Tx(B).

Note that for translation invariant states one has that w(B) = limj w(B,), and therefore
the above definition can be written in the form

w(A(li/I\n By —w(B)I)C) = 0.

In other words for a space-ergodic state w, the limiting space-average operator B := w —
limy B, is proportional to identity I. In the same way one gets w — limy [By, A] = 0 for any
local observables A and B. For these reasons the limiting operator B is called an observable
at infinity [20]. Note that B is a normal operator since [B, B*] = 0

As a first application of the ergodicity of states we have

) apa
h/I\Ilu) ( (‘]/0) = |e|* := po, (2.42)

where pq is the zero-mode condensate density for boson systems.

Definition 2.5. We shall say that a model is solvable if for every ergodic state w, the energy
density £(w) depends only on the one-point and two-point correlation functions of w.
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Note that if a model is solvable then the energy density £(w) is the same for all w € G4 g s.
We shall denote this common value by £(r, ¢, a, ¢). On the other hand we have shown that
for w € G4 g5, S(w) attains its maximum at the ¢f-state w = wy g s. Thus we have

B J@) = flans) = B tae) = [oldk) {7 nFE) = () — 1) (k) — D).
(2.43)

Taking the infimum in (2.43) over R, respectively 7" and ¢ we obtain our main result:

Theorem 2.6. For a solvable boson system the equilibrium state wg is a qf-state and it is
defined by

flws) = inf f()

_ o {ﬁf(r,t,a,c)— /y(dk) {F(k)ln”f(k)—(?(k)—1)1n(77(k;)—1)}} |

rt,a,c

where (k) is given by (2.34) as a function of r and t.

2.4 Condensate Equations

Next we introduce the notion of condensate equations for equilibrium states of general boson
system. They constitute essential tools for the study of the equilibrium as well as ground
states of boson models. For a full discussion of this topic we refer the reader to [23, 24].
These equations are derived directly from the variational principle of statistical mechanics
formulated above. However they have certain advantages over the Euler-Lagrange equations.
First of all that they can be derived without any explicit knowledge of the entropy of the
system. Secondly, while the Euler-Lagrange equations are not always satisfied because either
the stationary point is a maximum or the minimum occurs on the boundary, the condensate
equations are always valid.

To this end, consider the following completely-positive semigroups of transformations on the
locally normal states in &. Let A be any local (quasi-local) observable (with space-average
Ap over region A) and let

Iy = / A {[ra(A3), J7a(An) + 7o (D 72 (AW)])-
A

Then for each finite region A one can define a semigroup of completely-positive maps on &
[33] given by
{7v =exp A'x| A > 0}.

Let wg be any locally normal state satisfying the variational principle with density matrix
pa- Then using the notation of Definition 2.4, one gets

0 < lim%(f(lijx\nwoem/‘)—f(w))

A—0
Tr pa A} A

Tr pAAA AR}

< li[{n{ﬁ Tr pa AN[HA (1), Ax] — Tr pa A} ApIn
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The second inequality is a consequence of the bi-convexity of the function: =,y — zIn(x/y).
Because of the normality of the limiting space-average operator A, the second term of the
right-hand side of the inequality vanishes and one gets

lim o (A3 [Ha (1), Ax]) > 0 (2.44)

and the same inequality with A, replaced by Aj.

Using the same argument as above but now working with the group of unitary operators
{Up = exp(itHp (1))t € R}, one gets immediately limy wg([Ha(p), X]) = 0 for any observ-
able X. Therefore

0 = limws([Ha(), A% Aa]) = lim{ws([Ha (), A3 A2) + ws(A[Ha(n), Ar)}.  (245)

Using (2.44) and the property that the space-averages commute with all local observables,
one gets the general condensate equation:

Theorem 2.7. Let wg be any limit Gibbs state, satisfying the variational principle for equi-
librium states at inverse temperature 3, including 3 = oo which means that we, is a ground
state, and let A be any local (or quasi-local) observable, then the condensate equation with
respect to A is given by

li[{nw/g(Aj‘\ [Ha(p), Ap)) = 0. (2.46)

3 Applications

3.1 Superradiant Bose-Einstein Condensation

This model describes the phenomenon of the recently observed superradiance of the BEC
accompanied by a matter-wave grating and amplification. It describes a boson condensate
irradiated by laser. This model was introduced and analyzed in [26]. We consider bosons
in a cubic box A in R™ with volume V' = |A| and periodic boundary conditions for the
corresponding Schrodinger operators. Let A* be the dual set of single particle momenta.
For for k € A* let ¢y () = e**/V1/2 with 2 € A, and define the boson creation/anihilation
operators ai = a#(¢). These bosons interact with a laser photon field {b,, by} with some
fixed mode ¢, where [bq,b:;] = 1. For the case of Rayleigh scattering the corresponding
Hamiltonian has the form:

Ha(p) = ’;N(E(k) — p)agar + byby + WN/Q\ + m(aqaobq + agaghy)

where Q,\,g € RT and e(k) = k?/2m. The total system is assumed to be closed and in
equilibrium. We consider an equilibrium state wg of the total system satisfying the variational
principle described in the previous section.

Since the operators ao/VV, a,/VV, b,/v/V and Nu/V are all space averages, by the ar-
guments of Section 2.3 this model is solvable in the sense of Definition 2.5 and the energy
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density is given by

E(p. P pos Py 00 0, y) = / V(dR) (e(k) — (k) — oo + (e(g) — 1)pg + Uy
)\ 2

+9V/ PopqPq cos(ao + oy + o) + Ep (3.1)

where p(k) = r(k) — 1,

g — 14 ) —ia — q
Ve = limwg(—=), +/pse ' —hmw v Pq e % —hmw —),
Po i 5( /—V) Pq 5(—= 5( /—V)

and p = [dk p(k) + po+ pg- The entropy is given by (2.32) and depends only on p(k). There
are three relevant condensate densities

* aa b0q
o zli/{nwﬂ(a({?oL pq:h/{nwﬁ(qTq), Py = limwg(—— v 1)

and the last two of them are periodic with period k = 27/|q|.

Now we minimise the free-energy (2.35). From (3.1) it is clear the minimum is attained when
ap + og + &g = m. The Euler-Lagrange equations, obtained by varying with respect to the
other parameters, are:

s

(AP — 11)po = =/ PaPapos

_ g /=
(€a) + X = 11)pg = 5V Papapo;
= = g
Pq(\/p_q - ﬁ\/ﬂqPO) =0
1

DO |

pk) = Bk A o—p) — 1

We note that the condensate equations derived from Theorem 2.7 are identical to the first
three Euler-Lagrange above, and the therefore these equations must be satisfied.

In order to determine the value of the Bose-Einstein condensation and to see the effect of
the irradiation in this model, we have to analyse these four equations. This has already been
done in [26]. In fact, if we put § := —p + Ap as in [26], then these equations yield:

4} 40 - 4
pe=—50, po=—5(elq) +9), pg=—(e(q) +)d (3.2)
g g g
and
__ 40 PBG
P=g (e(q)/2+0) + p" 77 (=9), (3.3)
where pB% (1) is particle density in the Perfect Bose-Gas (PBG), that is

P ) = [oldh) (3.4)

Finally we see that the boson part of the equilibrium state wg is the quasi-free state deter-
mined by the 1-point function

ws(a(f)) = £(0)y/poe® + f(0)y/pge
and by the 2-point truncated function given by

1
BB o) — |

r(k)—1=

with pg, p, and p determined above.
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3.2 Pairing Boson Model with BCS and Mean-Field Interactions

The model was invented in [11] as an attempt to improve the Bogoliubov theory of the
weakly imperfect boson gas, see a detailed discussion in [6] and [32]. Using the notation of
the previous section the Hamiltonian of the Pairing Boson Model (PBH) is then given as in
[16, 25] by
Hy = Th = 3-QiQx + 5N} (3.5)

where

Ty = Z e(k)arag, Qp= Z AME)aga_, Ny = Z ayay. (3.6)

keA* keA* keA*

The coupling \ is for simplicity a real L-function on R™ satisfying \(—k) = \(k), 1 =
A(0) > |A(k)|. The coupling constant v is positive and satisfies v —u > 0, implying that the
Hamiltonian defines a superstable system [25]. For a discussion of the origin of this model
see [25] and the references therein.

Again since the operators Ny /V and @5 /V are both space averages, by the arguments of
Section 2.3 this model is solvable in the sense of Definition 2.5 and the energy density is
given by

E(r,t,anc) = /V(dk) (e(k) = p)(r(k) = 1) — plef? (3.7)

+ g (/z/(dk) (r(k) — 1) + Ic|2>2 - g ‘A(O)c2 + /v(dk) Alk)s(k)

We have used the relations
w(a,tak) = <¢k; (R — 1)¢k> -+ |C|2V(5k0, w(aka,k) = <¢k7 S(bk) + C2V5k0. (38)
With p(k) = r(k)—1, ¢ = /poe', p = [v(dk) p(k) +po and o = [v(dk) A(k)s(k), the energy

density E(r,t, a, ¢) becomes:

E(rtiave) = [v(dh)cR)plk) i + 57~ 5 [poc® + o (3.9)

Since the cases u > 0 and u < 0 are very different, we shall consider them separately.

3.2.1 BCS attraction u > 0: coexistence of BEC and boson pairing

First we consider u > 0. Clearly, in this case the minimum in (3.9) is attained when
2a¢ = argo. Therefore, instead of (3.9) one can take for further analysis the function

E(r,t,c) :=&(r,t,a = (argo)/2,¢), which has the form:
Elrt.0) = [oldk) yp(h) - p+ 57" = 5 (o + Jo)" (3.10)

The corresponding entropy density S(w) is given in (2.33). It is independent of p, and
depends only on p(k) and |s(k)|. Then for real A(k), after optimizing with respect to the
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argument of s(k), for 2a = arg o the Euler-Lagrange equations in the parameters r, ¢ and ¢,
take the form:

2p(k) +1 = %coth(ﬁﬁ?(k) /2), (3.11)
s = Yoo ;E’ETIJ;A(’“) coth(BE(k)/2), (3.12)
0 = —u+up—ulpotlol) (3.13)
where
f(k) = e(k) — p+ vp, (3.14)
and

B(k) = {/*(k) = w’A(k)*(po + |o])*} . (3.15)
As usual these equations are useful only if they have solutions within the admissible domain
of r, t and ¢ which corresponds to the positivity of the state. These three equations coincide
respectively with equations (2.8), (2.9) and (2.10) in [16]. The integrated form of the first
two equations also coincide with equations (5.1) and (5.2) in [25]:

5= %/ny(dk){% coth%ﬁE(k)—l} + P (3.16)
(lo] + po) = M /n V(dk));’flz) coth %ﬂE(k) + po. (3.17)

On the other hand, we find that the condensate equation (2.46) with respect to ao/V'/? is

po(—p +vp —u(po + |o])) =0, (3.18)

cf (3.13), and that with respect to @, /V it takes the form:
(@ + 5){ /I/(dk) MK)(e(k) — p+vp) s(k) + (—pu+vp) &

—u {/l/(dk) MK (p(k) +1/2) + po] (c® + O’)} =0. (3.19)

Taking into account that |c|*> = py, one can check that these condensate equations are
consistent with the Euler-Lagrange equations (3.11)-(3.13) and/or (3.16)-(3.17).

Remark 3.1. Notice that there is a relation between the condensate equation (3.18) and the
Euler-Lagrange equation (3.13). Indeed, by (3.10) the po-dependent part of the variational
functional has the form

- 1
Eo(po) = 5(“ —u)pg — (1 —vp +ulol)po

where p :=p— po. Since v > u, & is strictly convex and has a unique minimum at pg"™. For

p < vp — ulo| one gets pf™ = 0, which is not a stationary point, whereas for p > vp — u|o|
the minimum occurs at the unique stationary point pf"™ = (u — vp + ulo|)/(v — u) > 0.

These of course correspond to the solutions of the Euler-Lagrange equation (3.13), or the
condensate equation (3.18).
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Remark 3.2. We assumed above that E(k) > 0. It is clear that E(k) corresponds to the
spectrum of the quasi-particles of the model (3.5) and that it should be real and non-negative
for all k. We can see this by applying the general and well-known inequality (see e.g. [34],
[20] or [23]): limy w([X™*, [Hy — uNy, X]]) > 0 holding for each equilibrium state and for
each observable X. Let X = a;, where a, = ugay — vga*,, with

o L (f(K) o 1 ( (k)
Then one obtains limy w([a}, [Hy — uNy,ax]]) = E(k) > 0.

There are two order parameters in the model (3.5), namely p, (Bose condensate density)
and the function s(k), or the density of condensed BCS-type bosons pairs o with opposite
momenta. By virtue of equations (3.16), (3.17) and (3.13) it is clear that there exists always
a trivial solution given by py = s(k) = 0, i.e. no boson condensation and no boson pairing.
The interesting question is about the existence of non-trivial solutions. The variational
problem for the Boson pairing model for constant A has been studied in detail in [16]. It was
shown there that the phase diagram is quite complicated and it was only possible to solve
the problem for some values of u and v, see Fig. 2 in [16].

The first Euler-Lagrange equation (3.16) implies that for u > 0 (attraction in the BCS part
of the PBH (3.5)) the existence of Bose-Einstein condensation, py > 0 for large chemical
potentials p, or the total particle density p. Moreover, it causes (in ergodic states) a boson
pairing, o # 0. This clearly follows from the condensate equations (3.18), (3.19) or the
second Euler-Lagrange equation (3.17), since (3.17) is impossible for py > 0 and ¢ = 0.
However from the same equation it can be seen that the boson pairing o # 0 can survive
without Bose-Einstein condensation i.e. for py = |¢|> = 0. This is proved in the next remark.

Remark 3.3. In this remark we prove that it is possible to have a solution of the condensate
equations (3.18), (3.19) with py = 0 and o # 0. The proof is based on the analysis in [16].
For simplicity let us take n = 3 and A(k) = 1. For z > 0 we let

E(k,x) = {(e(k) +)® — 22}'/%. (3.21)
and for fixed v > 0
v e(k) +x 1
I =— dk) § ——— coth=pgE(k,x) — 1. .22
o) =5 [ ot {50 o Jopien) - 1] (3:22)
Let p. be the critical density of the Perfect Bose Gas at inverse temperature j3:
1

Let 11 = sup,q(fo(x)—x). From (3.22) one can check that I5(0) = vp. and I5(0) = +o0, and
therefore 11 > vp.. Choose vp. < u < p; and let & be one of the solutions of pu = Iy(z) — .

Now for x > 0, let

L(z) = g /R v(dk) E(;’x) coth%ﬂE(k,x), (3.24)

A(x) = xhL(x) — L(x). (3.25)
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One can check that A is a strictly concave increasing function of x with A(0) = —vp.. Let
a:= (AZ)+p)/2+1=5L(z). (3.26)

Note that A(Z) + p > A(0) + > p — vp. > 0 and therefore a > 1. Let the BCS coupling
constant u = v/a.

We now propose the following solution:

ek + 2 1 1
x 1 N

;From the definitions above it can be verified that (s(k))* < p(k)(p(k) 4+ 1). Then using the
identities

vp = {L}@@MM=JAQZM+&

v 1
uo = —o=—L(T)T =1,
« «

we can check that the condensate equations (3.18), (3.19) are satisfied. Note that (3.27)-
(3.29) is also a solution of the Euler-Lagrange (3.11)-(3.13). In fact in [16] we have proved
that there is a whole region in the u-a phase space for which this happens.

Now suppose that (po # 0, p(k), 5(k)) is another solution of (3.11)-(3.13) for the same values
of i, v and uw. Then from (3.13) we can let

yimo | VaR)) = p = ul+151) >0 (3.30)

and so from (3.11) and (3.12) we obtain

. (k) +y 1 1
~ B Y 1
s(k) = Bk g) coth 56E(k,y)

Integrating these identities we get

yt+u—vp = I(y),
ay —vpo = yh(y)
and subtracting gives A(y) = (o — 1)y — p. But from the properties of the function A

mentioned above the last equation has only one solution for u > vp. and therefore y = 7.
Thus the solution coincides with (3.27)-(3.29).
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3.2.2 BCS repulsion: u < 0 and generalized (type III) Bose condensation

This unusual “two-stage” phase transitions with one-particle py = |c|> # 0 and pair o # 0
condensations is possible only for attractive BCS interaction u > 0. It was was predicted in
the physics literature (see for example [11, 15]) and proved in [16, 25]. The case of repulsion
(u < 0) in the BCS part of the PBH (3.5) is quite different. The case u = 0, of course,
corresponds to the Mean-Field Bose gas.

Remark 3.4. Formally one deduces that (3.17) for u < 0 implies only trivial solutions py =
0, o = 0, but since the equation gives stationary points of the variational problem, this
observation can not be conclusive. On the other hand the condensate equations (3.18),
(3.19) give immediate but only partial information that for u < 0 the Bose condensation
po and boson pairing ¢ must be zero. The inequalities of Remark 3.2 do not give more
information about those parameters.

The pressure for u < 0 was obtained rigorously in [16], in fact for a wider class of interactions
then we consider here. The nature of the phase transition was studied in [25] where a method
of external sources was used to prove the variational principle. Below we give another
argument that solves the problem for the BCS repulsion in the PBH model (3.5).

Let us therefore take u < 0. Then clearly

E(rt ) > / (AR (R)p(K) — i+ 57 (3.31)

Therefore, since r +— rInr — (r — 1) In(r — 1) is increasing and 7(k) < r(k), we have
S(wors) < S(wg) < S(wa), (3.32)

where S(wgr) = S(wy,r,5=0) = S(Wp=0,r,5=0) as in (2.32), the free-energy density f(wg) is
bounded below by the free-energy density f™¥ (3, ) of the MF boson model. On the other
hand:

flwg) = inf {BE(r,t,a,c) — S(wers)} < inf O{ﬁg(r,t,a,c) — S(ws.rs)}

= :}fa{ﬁ ( / v(dk) e(k)p(k) — pp + %p;SQSS (wR)} > (333)

where p = [v(dk)p(k). It is well known that the last infimum gives the free-energy density
of the MF model (though this infimum is not attained with py = 0 for u > vp.(3)) and
therefore f(ws) coincides with the free-energy density fM (3, u). Here p.(8) is the critical
density for the Perfect Bose Gas (3.23). Thus we have the following: In the case of BCS
repulsion u < 0 the free energy for the PBH is the same as for the mean-field case:

flws) = f77(B, 1) - (3.34)

Returning to the variational principle this means that the infimum of the free-energy func-
tional in the repulsive case is not attained for u > vp.(). Since the critical density p.(3)
is bounded (for n > 2), we must have BEC in this domain. But now it cannot be a simple
accumulation of bosons in the mode k = 0, i.e. py # 0, since it would imply that ¢ # 0, and
by consequence a positive BCS energy in £(r, ¢, «, ¢), see PBH (3.5).
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The situation which one finds strongly suggests a relation to what is known as generalized
condensation. The possibility of such condensation was predicted by Casimir [36] and studied
extensively by van den Berg, Lewis and Pulé [37]. One form of generalized condensation is
called type III; here the condensate is spread over an infinite number of single particle states
with energy near the bottom of the spectrum, without any of the states being macroscopically
occupied. To make contact with the large deviation and variational techniques developed
by van den Berg, Lewis and Pulé, see e.g. [4], [5], note that though the infimum in the
right-hand side of (3.33) cannot be reached within the space of regular measures p(k) with
po = 0, there is a sequence of regular measures {p® (k)}; such that p® (k) = 06(k)+pV (k) —
pod(k) + p(k), | = oo. Here py > 0 when p > vp.(5).

If F denotes the free-energy density functional in terms of (pg, p(k), s(k)), then we get:

lim (0, ¥ (k), s (k) = 0) = F(po, plk), 5(k))- (3.35)

Mathematically this is because the functional F is not lower semi-continuous on the set
of regular measures. The physical explanation was given in [25]: In the case u < 0 this
model corresponds to the mean-field model but with type III Bose condensation, i.e. with
approximative regular measures that have no atom at £k = 0. The fact that repulsive inter-
action is able to “spread out” the one-mode (type I) condensation into the type III was also
discovered in other models [38], [39].
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