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Abstract

In this paper we give a precise mathematical formulation of the relation between Bose
condensation and long cycles and prove its validity for the perturbed mean field model
of a Bose gas. We decompose the total density p = pshort + Plong into the number
density of particles belonging to cycles of finite length (pshort) and to infinitely long
cycles (piong) in the thermodynamic limit. For this model we prove that when there is
Bose condensation, piong is different from zero and identical to the condensate density.
This is achieved through an application of the theory of large deviations. We discuss
the possible equivalence of pione # 0 with off-diagonal long range order and winding
paths that occur in the path integral representation of the Bose gas.
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1 Introduction

In 1953, Feynman analyzed the partition function of an interacting Bose gas in terms of the
statistical distribution of permutation cycles of particles and emphasized the roles of long
cycles at the transition point [1]. Then Penrose and Onsager, pursuing Feynman’s arguments,
observe that there should be Bose condensation when the fraction of the total particle number
belonging to long cycles is strictly positive [2]. These ideas are now commonly accepted and
also discussed in various contexts in systems showing analogous phase transitions such as
percolation, gelation and polymerization (see e.g. [3], [4], [5]). However, to our knowledge,
there had not appeared a precise mathematical and quantitative formulation of the relation
between Bose condensate and long cycles until the the recent work of Siit6 [6] dealing with
the free and mean field gas. The purpose of this paper is to formulate such a relation and
to prove its validity in a model of a Bose gas having some genuine short range interactions
between modes, the perturbed mean field model studied in [7].

In Section 2 we recall the general framework for cycle statistics independently of any specific
model. The arguments used below have been well known for a long time in various contexts,
see e.g. Ginibre in [8] for a proof of the convergence of virial expansions of quantum gases,
Cornu [9] in relation to Mayer expansions for quantum Coulomb systems, Ceperley [10]
for numerical simulations on Helium; a pedagogical account can be found in [11]. Using
standard properties of the decomposition of permutations into cycles, the grand-canonical
sum is converted into a sum on cycle lengths. This makes it possible to decompose the
total density p = pPshort + Plong into the number density of particles belonging to cycles of
finite length (pshort) and to infinitely long cycles (piong) in the thermodynamic limit. It is
conjectured that when there is Bose condensation, piong is different from zero and identical
to the condensate density. The main result of the paper is to establish the validity of this
conjecture in the perturbed mean field model.

This model is diagonal with respect to the mode occupation numbers with a non mean
field interaction between them. It has been thoroughly analyzed in [12], [13] and it is
revisited here in Sections 3 to 6 from the view point of cycle statistics. In order to compute
Plong = P — Pshort, We find it useful to introduce a modified statistical ensemble equipped with
an additional external field that gives an extra weight to cycles of finite length. Then pgor
is related to the derivative of the pressure with respect to this external field. In Section
3 the mean perturbed field model is presented, and an easy explicit calculation using the
modified ensemble establishes the identification of pjone With the Bose condensate for the free
gas. Section 4 is devoted to the formulation of the variational principle that leads to the
same identification for the interacting gas. The justification of this variational principle is
provided by an application of the theory of large deviations (Section 5) and the mathematical
proofs are found in Section 6. In the concluding remarks (Section 7) we discuss the possible
equivalence of pjone # 0 with off-diagonal long range order and winding paths that occur in
the path integral representation of the Bose gas.



2 Cycle statistics
2.1 Cycle representation of the partition function

We consider a system of n identical bosons enclosed in a region A in thermal equilibrium at

temperature kgT = 7. The states of these bosons belongs to the symmetrization HY symm

of the n-fold tensor product of HY™ of the one particle Hilbert space H, and their total energy

is given by a symmetric Hamiltonian H,. The projection Py . of HY™ onto H} .., reads

n 1
Psymm = E ZS Ur. (2.1)
TESN

where U, : H" — HY™ is a unitary representation of the permutation group S, on HY"

defined by
Ur(01@ 2@ @) = Or(1) @Pr(2) @ - @ Or(n), ¢ € Ha, j=1,...,n, €S8, (2.2)

The canonical partition function can be written as

_ _ 1
Zy = trace gy [e 2] = trace o [Pl € PHA] = ] Z fa(m) (2.3)
’ 7T€Sn

where f,(7) is a function on S, defined by

fa(m) = trace o [U,re’ﬂHA} . (2.4)

Each permutation m € S, can be decomposed into a number of cyclic permutations of
lengths q1,qs,...,q with r <n and ¢; + ¢+ - - - + ¢ = n. We consider the set 2 = U,.en2.
of unordered r-tuples of natural numbers q = [¢1,¢2,...,¢;] € Q. for r =0,1,2,..., and let
la|=q + g2+ -+ ¢ for g € Q. Then a decomposition of m € S, into cycles is labelled by
q € Q with |q| = n. We recall the following facts on the permutation group.

e The decomposition into cycles leads to a partition of S,, into equivalence classes of
permutations Cy, |q| = n.

e Two permutations 7’ and 7" belong to the same class if and only if they are conjugate
in S, i.e. if there exists m € S,, such that

' =a"ln'r. (2.5)

e The number of permutations belonging to the class Cy is

n!
nq!((hQQ . -QT>

(2.6)

with ng! = nylng!---n;!--- and n; is the number of cycles of length j in q.



We observe that for a symmetric Hamiltonian ([H,,U,| = 0, 7 € S,,), fa(m) is constant on
Cq. Indeed for 7', 7" € Cy, one has by (2.5)

fa(@) = trace pon [Uﬂne_ﬁHA] = trace jn [Uﬂ_lU,r/Uﬂe_ﬁHA]
= trace yen (U Upe U, ] = trace pon [Upe P ] = fo(n') . (2.7)

Therefore f,(m) only depends on the cycle decomposition q of m, and we shall write from
now on

fa(m) = fa(q), 7€ Cq. (2.8)

For instance f,(q) = fi(mq) can be evaluated on the permutation 7q = (1,...,¢1)(¢1 +
L,....,¢1+q)...(n — ¢q,...,n) representative of Cy. Let U, be the operator representing
the cyclic permutation (1,2,...,q). Then

Uﬂ'q = Ulh UQ2 T Uqra (29)

fA(q) = trace HI™ [Uth UQ2 T Uqre_ﬁHA] (2'10)

and using (2.6)

> A = i) @.11)

7eCq nq!(q1q2 <o qr

Then, summing first in (2.3) on the permutations belonging to a class Cy and then on all
possible classes gives

ZETED SIS DD SFAC)

=1 qeQ,lal=n 7€Cq

SR I ED WD AT

qeNT, “l|—n ﬂ—ecq
_Zl > L @ a) 21
! v (Q1QQ..,QT)A 1,42, -« Qr |
qeN", |q|=n

In the second line we have taken into account that replacing the summation on unordered
r-tuples in Q, by ordered r-tuples in N”, we are over counting by a factor r!/ng!. Finally
to get rid of the constraint of fixed particle number n, we introduce the grand-canonical
partition function with chemical potential u

N R D |

n=1 qeN" =1

ePrai

fA QhQZa---:CIr) . (213)

’L

This leads to define the grand-canonical distribution of cycles on the space 2 = U,¢nf2, of
r-tuples of arbitrary integer length by the probability measure

1 1 oy eBrai
Pk(q) = ﬁﬁ i fA<q17q27"'7QT)a qE Qa (214>
A=

Z Z P (g1, q2,---,q-) =1

r=1 q1,92,---,qr EN"



One then introduces the cycle density and cycle correlations in the usual way. Consider the

observable — | A2 Zéq 4 1.e. the number of cycles of length ¢ per unit volume. Its grand-

canonical average Wlth respect to P} is given by

phla) = <|A|Z qth>X
1 1 efma 1
TOAEN g S - 2 H

qeN(—1 i=1

eﬁu%

¢ q, - q0-1) - (2.15)

7,

The quantities

1 > 1 0. _
PA(u)—mln~“ and o = qpli(q) —Wa—ln =H (2.16)
q=1

are the usual grand-canonical pressure and particle number density of the gas.

2.2 Particles in long and short cycles

We first note that expressing the partition function in terms of cycles corresponds to a
partitioning of the particles into groups of the same size as the cycle lengths. It is natural
therefore to ask for the probability p,(q) for a particle to belong to a cycle of length ¢ (we
drop the chemical potential i from the notation and it is understood that p and the inverse
temperature (3 are kept fixed). Since the average number of particles to be found in g-cycles
is |A|gpa(q) and the total average particle number is |A|p, this probability is

@) =29 S =1 (2.17)

Pa =1

Let us assume at this point that infinite volume limits of the cycle and total densities exist,
namely

A pa(g) = plg),  lim py=p. (2.18)
Then limy_,o pa(q) = qp(q)/p = p(q) is the probability to find a particle in a g-cycle,

¢ < 00, in the infinitely extended system. Hence the fraction of particles piong/p belonging

to infinitely long cycles is

PR =1 o) (2.19)

The conjecture [2] is that ping is different from zero when there is Bose condensation and
identical to the condensate density. One also says in this case that the probability p(q) is
defective or that cycle percolation occurs.

.From the above definitions one can write

pons = p— Y ap(q) = Jim > apa(a) =Y ap(q)
q=1 q=1 q=1

= lim Y gpa(@)— Y aplg) (2.20)

A—oo
q=Q+1 q=Q+1



for any @ > 0. Thus letting () — oo and taking into account that the last sum in (2.20) is
convergent one has

Prong = Jim_lim > qpu(g) (2.21)
q=Q+1

showing that piong is carried by the tail of the cycle number density as A — oo.

One can alternatively consider the quantity

Q—o00 A—oo

Pshort = P — Plong = hm lim quA<Q) (222)
=1

which is expected to coincide with the density of particles that do not belong to the conden-
sate and can be studied more easily. It will turn out to be convenient to define a modified
partition function depending on a parameter A > 0 by

eﬁ(ﬂ‘f’)\@@(%

‘—‘Q7>\A_1+Zr| Z H Zf(qbq?a"'vqr) (223>

reN qeNT =1

where

_J1 ifg <@,
Oqq) = {0 g 0. (2.24)

and the corresponding modified pressure

1 —
PQ, A A= _ﬁ‘A| In QA A (2.25)

One immediately sees that

(2.26)

quA = )\ Q,)\A

Thus if P, ) = limpy_, Py, x4 has a thermodynamic limit, the convexity of P, » ,(u) implies
the convergence of the derivative [14] and

A=0

Pshort = hm lim quA = hm QPQJ’ ) (2.27)

Q—o00 A—oo

Note that the order of limits is crucial here. The procedure is the same as generating the
density from the pressure by functional differentiation with respect to an external field. Here
the “external field” Afg(q) gives an additional weight to cycles of length ¢ < Q.

3 The perturbed mean field model

The bosons have mass M and are enclosed in a cube A C R? centred at the origin with
periodic boundary conditions. The one-particle space H, = L*(A) is generated by the basis
of plane waves with wave number k € A* = {271/|A|"/? | | € Z?} where |A| is the volume of
A. In second quantized form, the Hamiltonian of the perturbed mean field model expressed



in terms of the boson creation and annihilation operators a; and ay, k € A*, [ax, a}/] = O,
reads

Hy=Ty\+ — N2y

1 /

k,k'eA*

where Nj, = aja;, are the occupation number operators of the modes £, and

Th= > e(k)Ne, e(k)=R|k|?/2M, Ny= ) M (3:2)

keA* keA*

are the kinetic and total particle number operators. It differs from the standard mean field
model by the last term of (3.1) which introduces the coupling kernel v(k, k’) between the
modes. We assume that v(k, k') is a bounded, continuous and positive definite kernel with
suitable decay properties.

Since the perturbed mean field model is defined in terms of the mutually commuting occupa-
tion numbers Ng, it can be studied with the techniques of classical probability theory. The
N;’s form a set of classical random variables and the equilibrium properties are expressed in
terms of their distribution functions. In particular, in the thermodynamic limit, the average
occupation number distribution is a measure v(dk) which is continuous except for a possible
Dirac 6 at & = 0 corresponding to a macroscopic occupation of the £ = 0 state. Thus when
there is a non vanishing condensate density v., the equilibrium distribution is given by

dk
(2m)
where the continuous part v.(k) describes the density of particles in excited states. The

main result of the paper consists in establishing that the average number density of short
cycles (2.22) is identical with the total density v. = [v.(k) © )d of exited particles, and

v(dk) = v.0(k)dk + ve(k)

(3.3)

consequently that piong (2.21) indeed coincides with the condensate density of particles v, in
the £ = 0 mode as given in (3.3).

For a number of specific interaction kernels it is known that Bose condensation occurs for
a range of chemical potentials. In particular in the case of a Gaussian kernel v(k, k') =
voe~IF=FI” there is a value jip such that if g € (0, o), then p. is non zero [12] . On the
other hand for the kernel v(k, k') = voe "'l there is condensation for all positive p [13].
Our present results therefore imply that in these cases the Bose condensate is carried by
particles in long cycles.

We compute the function f,(qi,¢s, ..., q,) for the perturbed mean field model (3.1) by cal-
culating the trace (2.4) in the plane wave basis

fulm) = > (ke ke P R R )

ke (A*)"
B K — (kj, kj1) 5
kEZA:* exp{ (; e(ky) + 2]A\n + 2|A\ Z J >}j1:[1 ke,

(3.4)



giving
fA(q17q27 B aQ'I’) =

r r 2
Z exp —ﬂ Zg(kz)% + ﬁ (ZZ z) 2|A’ Z qiqi'v kzak

ke(A*)T i=1 1,1/=1

(3.5)

As a preliminary simple calculation, we consider the modified partition function E% A Of
the free gas. In the absence of interactions the function (3.5) reduces to

g a) = > eXp{—ﬁZE(ki)qi}- (3.6)
ke(A*)" i=1
Inserting this into (2.23) we obtain the modified partition of the free gas in the form

—1+Z > H Z exp{—ﬁgs(ki)qi}. (3.7)

rEN ! qeNT =1 ke(A*)T

eﬁ Oé+)\0Q Qz

Here the chemical potential, denoted by «, has to be negative, and the corresponding pressure
18 1
0 =0
PQ/\A:M ln‘:'Q,)\,A (38)
This partition function is readily calculated, permuting product with the q and k summations
one obtains

0 exp{f(a —e(k;) + No(q:))q
=0, =1+ Z Z ZH p{ e( ) Q(a))ai}

reN ke A*)m qeN" =1
= exp { D ol - 5(k))} (3.9)
keA*

where for y < 0 and A > 0 we have introduced the function

oo
eBya

B

(3.10)

TQ, A (y) =
g=q+1

This yields the modified pressure (2.25) in the infinite volume limit
PY = hm P?, , = lim 1 Z o x(a—¢e(k)) = ﬂw Ao —e(k)) . (3.11)
@r = e = LT 2 e 2

Notice that for A = 0,

To r=0(y) = mo(y) = g1 In(1 — efﬂy), (3.12)
so that i
Py =p8" / 2n) In (1 — e Pek)=a)) (3.13)



reduces to the well known pressure of the free gas at chemical potential o < 0. Moreover,
one explicitly checks from (3.10) and (3.11) that

o o | [ dk T,
Jm 5P, = / r)i A —1 (3:.14)

with ¥ the total number of particles in exited states. Bose condensation is characterized in
the three dimensional gas by the fact that 10 remains finite for a« = 0 (the critical density).
The relation (3.14) also remains valid for a = 0 showing that the equality pshort = 0 holds
even in case when the condensate density is different from zero . This yields again the results
of [6] for the free gas.

4 The variational principle

We set up a variational principle to determine the modified pressure (2.25) in presence of
the interaction. Its precise mathematical justification is provided by the application of the
theory of large deviations presented in the next sections. Here we give the form of the
grand-potentials per unit volume ¢ = u — up — T's = —P (u is the internal energy, p
the particle number density and s the entropy) corresponding to the perturbed mean field
model and to the modified statistical ensemble (2.23). These potentials will be considered
as a functionals of all possible momentum distributions. The latter are described by positive
bounded measures m(dp) on R Their minimization will yield the corresponding pressures.

Consider first the measures of the form
M(q,k) dp |A| ZQZ i dp7 (Q7k) - {<QI7k1)7<QQ7k2)"'7<qrakT>} (41>

which are the sum of Dirac distributions centered at the wave numbers k;. The particle
number density is [ mqu)(dp) = > i, ¢;/|A| = n/|A|, and [, m(qu)(dp) is the number of
particles per unit volume that have wave numbers in the range A. One can write (3.5) as

fula) = ) exp(—BlA|ugu)

ke(A*)"
a 1
Uqk) = @m@m+§UWMMV+§mme%m> (4.2)
with the notation (g, m) = [ g(p) , (m,um) = [v(p,p)m(dp)m(dp’), and where u(q )

is the energy den51ty of partlcles in a cycle and wave number configuration (q, k). In view
of (4.2), we define the energy density functional for general measures m(dp) by

1
u(m) = (e,m) + g<1,m>2 + §(m,vm> ) (4.3)
Concerning the entropy density functional, we recall its standard form [15]

SoA = | Z my Inmy, — (my, + 1) In(my, + 1)] (4.4)
keA*



for a gas of independent Bose particles having average occupation numbers my, k& € A*. In
the thermodynamic limit,

so(m) = Ah_rgo soa(m) = —kp / %[me(k‘) Inme(k) — (me(k) + 1) In(me(k) +1)] (4.5)

only involves the absolutely continuous density m.(k) of the infinite volume mode distri-
bution m(dk) ( for instance it is easily verfied that a macroscopically occupied mode, say
ng—=o ~ n, does not contribute to the limit (4.5); for the free Bose gas, it is well known
that at any finite temperature the total entropy is entirely due to the non condensed phase).
Adding the chemical potential term, the grand-potential functional of the perturbed mean

field model reads
p(m) = u(m) — p(1,m) — Tso(m) . (4.6)

It is proved in [7] for a class of positive definite interaction kernels v(k, k) that the minimiza-
tion of ¢(m) yields indeed the pressure of the perturbed mean field model, the minimizer
v(dk) is unique and is of the form (3.3).

We now want to define the entropy density functional s,  for the statistical ensemble (2.23)
that has the additional “Ad field”. For this we first consider the Legendre transform

mo(t) = sup (ts —mo(s)) = tso(t) — mo(yo(t)) (4.7)

of the function my(s) (3.12). It is given by
mo(t) = tso(t) — mo(yo(t)) (4.8)
where yo(t) is the unique solution of the equation

1

J— / J—
t=70)= = (1.9)
and thus
t
One therefore sees from (4.5) that the entropy can be expressed as
dk
Tso(m) = — / g me(F) (4.11)

When A # 0, this motivates the definition of an entropy density functional s, x(m) for the
modified ensemble (depending only on the density of the absolutely continuous part m.(k)
of the measure m(dk)) by

T 2(m) = — / %wgyk(me(/ﬂ)) (4.12)

where
To A(t) =sup (ty — mo A (y)) = tyo,A(t) — To, (Yo, (1)) (4.13)

y<0
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is the Legendre transform of the function (3.10) and yq A(t) is the unique solution in y of
the equation

t =7l ,(y). (4.14)

Finally the total functional ¢, x(m) (the grand-potential of the modified ensemble) is taken
as

Po.a(m) = u(m) — p(1,m) — Tsq A(m) (4.15)
where u(m) and sq x(m) are defined by (4.3) and (4.12) respectively.

The corresponding pressure is thus given by

Pox= _<PQ,/\(VQ,A) (4-16)

where v, A(dk) is the measure that minimizes ¢, x(m). For A = 0, vy r=o(dk) = v(dk)
reduces to the equilibrium mode distribution (3.3) of the perturbed mean field model. The
A-derivative of the modified pressure is

9
)

0

= TﬁSQ’ A(V) (4.17)

P A‘
Q? )\

=0 ‘)\:0

since derivation with respect to v, » does not contribute at the minimum and only sq »
explicitly depends on A in ¢, ». Therefore we have from (4.12)

) k0
SR = / G SR (4.18)

with v.(k)dk the absolutely continuous part of v(dk). ;jFrom (4.13) and (3.10)

0 0

)] = srmaao®)] = ow(t) (4.19)
and therefore P ik
—Pos| = / gt o (0n(ve(). (4.20)
;From (4.9)
Jim o (8) = mho0) = (121)
and hence 5 ik
(‘_}I*I)lgo aPQ’A))\:() = /(QT)dVe(k). (422)

In view of (2.27) this establishes our main result, the identification of the total excited mode

occupation v, = f %I/e(/{) with the short cycle average number density pshors (2.22):

Pshort = Ve (423)
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5 The large deviation argument

We shall use the large deviation techniques developed in [7], [16] (see also references in [12])
to justify the variational calculation presented in the previous section. Here we present the
heuristic argument, the technical details are given in the next section. The large deviation
theory is a generalization of Laplace’s method for evaluating the asymptotics of integrals of
the type [ dp(z)e?f (@) with dp(x) a probability measure and v a large parameter. First we
have to cast our problem in the form of a Laplace integral.

Let €, , to be the set of unordered r-tuples (q,k) = {(q1, k1), (g2, k2) . .., (¢, k) } in N x A*
and let ©Q, = U,en2, . We introduce a probability measure on 2, associated with the
modified ensemble (3.7) of the free gas at some negative value « of the chemical potential

lexp[ ﬁz ] a<0. (5.1)

¢From (2.23) and (3.5) we can now write the total partition function (normalized with
respect to the free one (3.7)) as an average with respect to P? of the chemical potential

eﬂ a+)\0Q QZ

IP)Q)xA<q7k)_ =0 'H

QvAA =1

QA A
and interaction contributions
LAA Z IEDQ A, A qa exp <6|A|G( )) (5'2)
Q’ A A q,keQp
with ] 1
G(m) = (/J“ - oz)(l,m) - §CL<1, m>2 - §<m7 Um> (53>

It is understood in the sequel that quantities pertaining to the free gas (with index 0) are
taken at an arbitrarily fixed negative value « of the chemical potential (since the latter
quantities are not defined when « is positive). The complete partition =, » , function
depends on the actual value p, p # «, of the chemical potential. This produces the term
(u—a)(1l,m) in (5.3). The a dependence will drop out in the final calculation.

We observe that the function to be averaged in (5.2) depends on q,k only through the
measure mqk). We can define a measure KQ N L(dm) on E, the space of positive bounded
measures on R, through the relation

[ P 5 ) = 3 B () Fmiau) (5.4)

q,keQp

so that in terms of this measure the expectation (5.2) takes the form of an integral on the
space

S22t — [ oxp (BIAIG(m) K, o (dm) 55)
=Q, A A

Then the pressure of the modified ensemble, using (5.5), can be expressed in the form

PQ’ by - llm hl =Q, N A

- lm mln/ exp (BIAIG(m)) KO, 5 ,(dm) + P2 , (5.6)
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where the last term is the free (modified) pressure (3.11).

In a mathematical sense which will be made precise in the next section, the measure
K? , .(dm) on E behaves or large A as

QA A
Ko, x, a(dm) =~ exp (—B|A|Ig7 /\(m)) (dm) (5.7)

where I \(m) is called the rate function. Introducing this asymptotic behaviour in (5.5),
we see that the partition function =, ) , has the form of a Laplace integral (up to a nor-
malization). Then by a generalization of Laplace’s Theorem (Varadhan’s Theorem) [17] we
get

Fo.n = sup (Glm) —Ig 5 (m)) + Fy . (5.8)
We still have to determine the rate function ] . One can guess it with the help of a well
known argument. For a test function f on R” con81der
C9,() = Aliggoﬁln [ exp GINm) RS () (5.9)
where (f,m f f(k ). Applying now Varadhan’s Theorem to (5.9) one obtains
CS,A(f) = sup ((fym) =I5 A(m)) , (5.10)

that is 087 ) is the Legendre-Fenchel transform of I 8 - Inverting this transform one gets
I§ \(m) = Sup(<f m) — Cox(f)) - (5.11)

We observe that the integral occurring in (5.9) has the same form as that in (5.5) with
G(m) replaced by (f,m). Coming back to expectations written in terms of the probability
Py, 5, (g, k) this amounts to replacing in (5.2) the partition function Zg,  , by that of the
free gas (3 7) with shifted energies e(k) — f(k)

[E exp (BIA|(f,m)) KO, 4 (dm)
eﬂ OH_U'HQ(Q'L )QZ
3 Zr. >
qeN”

QAN =1

> exp{ Z }(5 12)

i=1 ke(A*)T

By the same calculation that led to (3.11) one eventually gets

Coalf) Z/%WQ sa—e(k)+ f(k) + P, (5.13)

To find the inverse Legendre transform of 087 L, (f) it is useful to first single out the singular
part m.(dk) of m(dk) leading to (see next section)

187 \(m) = — /(a —e(k))me(dk) + Sl}p ((f, Me) — C’g,,\(f)) + Pg N (5.14)

The second term in the r.h.s only involves the density m.(k) of the absolutely continuous
part of m(dk). With the change g(k) = o — e(k) + f(k) and in view of (4.13) it is equal to

dk dk
_/ 2y (a—ﬁ(k))me(k’)-f-sgp/ @) [(g(k)yme(k) — 7o A(g(k))]

_ _/% (a—s(k))me(k')%—/% 7 A (me(k)) (5.15)
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Finally,
I&A(m) = — /(a —e(k))m(dk) + / (Zd:)d o A (Mme(k)) + Pg/\ (5.16)

and from (5.8) and (5.3)

1 1
P, \=- infE ((5 — p,m) + =a{l,m)* + §(m,vm> - /
me

2 (Qd:)d o, A(me(k))) (5.17)

is precisely the variational problem for the modified ensemble treated in Section 4.

6 Proofs

In this section we establish rigorously the identity (4.20) which leads to our main result
(4.23). This is done in Theorem 6.1. Recall that for @ € N, y < 0 and A > 0, we have (see

3.10)
eﬁ(y+/\)q . ebua
T\ (y) = Z 2 G
q=1 g=a+1
and
y) = Zeﬁ(y+/\)q + Z eBYa. (6.1)
q=1 g=qQ+1

Here m, , denotes (Omqg 1)/(9y). The function y w— 7, (y) is strictly increasing and its
range is (0,00). On the other hand 77, (), the Legendre transform of m, », is decreasing in
A since (see (4.13))

a’ﬂ—g A 87TQ )\ < B( (£)+A)
a/\’ (t) =— a)i (Yo, A (t Ze YA 7<0. (6.2)
q=1
Ty, » 18 of course convex in ¢ but it is also concave in A as can be seen from the following
argument:
We have o ) B ”
™, 0°mg 2 Ta, Yo, A (1
0 (1) = — LTy (1) — T (g (1)) N, (63
;From (4.14) we get
Omg,» 9ya,A(t)
0= 8(;\ (?JQ A(t)) S,A(yQ,A(?f)) (g)\ (6-4)
which together with (6.3) gives
6271' A o’ 2
pre O e ®) - (T 0a0)
2 (1) = ; . (6.5)
O oAU A(1))

The right hand side of the last identity can be seen to be negative from the explicit expres-
sions:

Toay) = 6quﬁ(y“>qw Z ge”

q=Q+1

67'(22 by a 'H-Q7 A < B(y-l-)\)q
W) = o) =8 e (6.6)

q=1
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.From Theorems 2 and 3 in [16] we can deduce the next proposition. We note that condition
(1.1) in [16] is not necessary; one can replace it with the condition that 7, ) is invertible on
(—00,0) (see the proof of Theorem 1(a) on page 681).

Proposition 1 If E is equipped withe narrow topology, then the sequence of probability
measures K¢\, on E (defined in (5.4)) satisfies the large deviation principle with rate
function I}  (defined in (5.14)) and constants B|A.

Explicitly Proposition 1 means that:
(LD1) I3 , is lower semi-continuous;
(LD2) For each b < oo, the level sets {m € E : I ,(m) < b} is compact;
(LD3) For each closed set C

lim sup(B|A]) ' In K

Ao QA A meC

(C) < — inf I° (m);

QA

(LD4) For each open set O
limsup(B|A]) ' InKP, 5 ,(0) > — inf 19 \(m).
A—oo

meO QA

We set inf,,ep I9 5 (m) = oo.

iFrom Lemma 4.1 in [7] we know that m — G(m) (as defined in (5.3)) is continuous in the
narrow topology. Then by Varadhan’s Theorem [17], we obtain (5.17):

P, A(pr) = — inf &, A(m) (6.7)

mekE

where the functional &, ) : E — R is defined by

Eoa(m) = (e — p,m) + %aHmW + %(m, vmy + / o A(Mme(k)). (6.8)

We have the following results:

1. £42(0) = 0.

2. &, » is convex in m and concave, differentiable and decreasing in A. The concavity of
Eq, » in A follows from the concavity of 7, \ in A. The latter together with (6.2) gives

o€ dk Om
S m) = = [ s T A(meh) (69
which implies that
o€
il < %22 m) < 0. (6.10)
since
871'(0‘?7 A ’
0. 2282 (1 5 (1)) < T (a1 (1)) = 1. (6.11)

(From the continuity of G, » and the lower semi-continuity of I 87 , it follows that
Eo, A(m) is lower semi-continuous in m.
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3. Suppose that v is symmetric and is continuously differentiable with bounded deriva-
tives. Then &, ) has a unique minimizer v, y whose singular part is concentrated at
0. The minimizer satisfies the Euler-Lagrange equations:

e(0) — p+allvg all + (vrg2)(0) = 0, (6.12)
e(k) — p+al|lvg all + (vvg A) (k) = —yo (o re(k)), Lebesgue-a.e., (6.13)

where v, ) . is the density of the absolutely continuous part of v, . This is proved by
the same arguments as in Theorem 6 in [7]. Equation (6.13) implies that

Vo e(k) = mo \(—{e(k) — 1+ allvo Al + (vvo,2) (F)}). (6.14)

We shall prove the following theorem:

Theorem 6.1
a];i/\ho _ /(;f)d ;exp{ﬁ(yo(ve(k))Q} = / (;:)d o, 0(Wo(ve(k)). (6.15)

Lemma 6.1 For every sequence {\,} of positive numbers tending to zero, v, », converges
to v in the narrow topology. Moreover the sequence v, », is tight and vg », (k) converges
pointwise to ve(k).

Proof: First we prove that the set of minimizers {v, » | 0 < A < 1} lies inside a compact
set. To do this we follow the proof of Lemma 5.1 in [7] using the additional fact that for
fixed m, £y A(m) is decreasing in A. Since £, 1(0) =0, £, A (v 2) < 0 and thus E,1(vg, z) <
Eo (Vg 2) <0 for 0 <A< 1. Therefore

I (vo,n) = Eqi(vga) +G(vg ) + Py

)
1
< Grga) < (1 — O‘)HVQ,/\H - §a||VQ,A||2 + Pc(z),l

1 1
=l ~ (= @)} (- 0
1 2 po
< %(N—a) + Po (6.16)

which implies that vq  lies in a level set of I ; which is compact by LD2.

Let {\,} be a sequence of positive numbers tending to zero and let v* be a limit point of
{va. 1.} Then there is a subsequence \,, such vq ), converges to v*. For m € £ we have

&, An, (ve, )\nl) < &, An, (m) < &g 0(m) (6.17)
and therefore
li{l_l}(i)gf Eq, 2, (v, /\nz) < &y o(m). (6.18)

Now

&o, Ay (v, /\nl) = &g olve, Anl) - (EQ,O(VQ, )\nl) — &, /\nl<VQ, >\nl))
€0,0(V0,3,) = Al an, II- (6.19)

v
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and thus since &g ¢ is lower semi-continuous liminf; . &g A, (Vo 1,,) = o 0(r*) and so
Eo0(V*) < &y o(m) for all m € E. This implies that v* = v, ¢ = v and therefore {v, ,} has
only one limit point v and thus v, , converges to v. ;jFrom (6.14) using 7, ,(y) < 7, o(y+A)
with, vg = sup |v(k, k)|, we have that

Voane(k) < 7o o(={e(k) — p+ allvoa, || + (vwga,) (k) — 1})
< 772,20( {e(k) — —UoHVQ,AnH}—l)
< moo(—{e(k) = p—voK —1}) (6.20)
for some K and all n. For large || k||, e(k) — p — vo K — 1 > €(k)/2 and therefore
1
Va, An, E(k) S eﬂg(k)/Q 1 . (621)
Again from (6.14) that v, », (k) converges pointwise to
To,0(—{e(k) — p+alv|| + (v)(k)}) (6.22)
since (vvg, a,)(k) — (vv)(k) for each k. O

Proof of Theorem 6.1

Recall that P, x(1) = —&g A(v, 1). Therefore

P, A (1) — PQ,O(M) = 5@,0(”@,0) — &, )\n(VQ, )
= (gQ,O(VQ,O) — &, )\n(UQ7O)) + (562, )\n(VQ7O) — &, /\n(VQ, )
OEq A (Vo,0) ‘
o\ A=0

In the last inequality we have used the fact that &,  is concave in A. Therefore

Par, (1) — Py olp) /(Qd:) agik(% (Vo e(k))‘

> gQ,0<VQ,O) — &, An(VQ,O) > = (6'23)

lim inf

n— oo )\n A=0

— /(Qd:) Zexp{ﬂyQ 0(Va,0,e(K))q}

= e Sen{umlb)a) (6.21)

On the other hand

Py, A (1) — PQ,O(M> ,O(VQO) — &, )\n(UQ7 )

Eq
= (5Q,O<VQ,O) - 562,0(’/@, )+ (SQ,O(VQ /\n) — &, An(VQ, An))

0E, (v,
< & 0(Moa) = Eoxn (Vo n,) < —)\nM

. 2
o\ A=Xn (6.25)

Thus

o Pl = Pools) ¢ [0

IN

= > exp{B A+ g (Vo e(k) g} (6.26)
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To show that the righthand side of (6.26) converges to the righthand side of (6.15) we note
that

Q

> exp{B (A + Yo x, (Vo . () 4} < TG 3, Waon, (Vo n, e (K) = Vo n,.e(k). (627

q=1

Therefore by using the tightness of the sequence v, 5, we can make both the integrals

Q Q
/ dk Z exp{ B (An + Yo, xn (Vg An, e (K))) @}, / dk Z exp{Ya,0(Vo,0,¢(k))q}
k>R = [ [ S —)
(6.28)
arbitrarily small by taking R large enough. On ||k||> < R we use the bound
Q Q
> exp{B (A + Yo n (Vo (k) ¢} < exp{Bq}. (6.29)
q=1 q=1
for A\, <1 and the Lebesgue Dominated Convergence Theorem.
OJ

7 Concluding remarks

The most general way to define the condensate density p. for an interacting Bose system is
by means of the concept of off-diagonal long range order

pe=lim lim p,(z, ) (7.1)

|z—a!| =00 |A| =00

where p,(z,2") are the configurational matrix elements of the one-body reduced density
matrix. For the perturbed mean field model the infinite volume reduced density matrix
p(x,z’) is simply the Fourier transform of the equilibrium distribution v(dk) (3.3) so that

lim p(z,2") = lim v(dk)et @) =y, (7.2)
|x—a!|—o00 |x—a!| =00

since the Fourier transform of the smooth part of the mode distribution does not contribute
asymptotically. We therefore see that the three possible definitions of condensation, namely
particles in long cycles piong, macroscopic occupation of the & = 0 mode v, and off-diagonal
long range order p. coincide in this model. It may be conjectured that the relation piong = pe
holds under rather general circumstances (e.g. for models with local pair interactions). It is
therefore of interest to examine the relation of p,(x, z’) with the cycle statistics. For this we
first consider the average of an arbitrary one-particle observable of the form A(n) = >"" | A;
with A; = A a single particle operator acting on the one-particle Hilbert space H,. Its
grand-canonical average reads

1 oo
(A)r = = Z ePrmtrace o [A(n)e_BHA(”)] (7.3)
—A

n=1
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where H,(n) is the n-particle Hamiltonian. We can write as in (2.4)

trace y¢y [A(n)e —BHA( ”) ] Z M with
TESn
f(r) = trace o [U(W)A(n)e_ﬁHA(”)} . (7.4)

For the same reasons as in (2.7) f2(r) = f2(q) only depends on the cycle decomposition of
7 and all the steps leading to (2.13) are the same:

<A>A=—Z D H

qeN” =1

ePrai

f/\ q17q27"'7Q7“) . (75)

With (2.9) one can write the function f2(qy,qs, .. ., q.) more explicitly as

ff(qb q2, ... JQT’) = trace ’H%ql ®...®H%QT Uqr Z A ﬂHA a2 QT)] (76)
where the notation H,(n) = H,(q1,¢2, - . ., ¢,) indicates that among the n interacting parti-
cles g; of them belong to the cycle j, j =1,...,r. It is a symmetric function of ¢, ¢, ..., ¢,

so that when inserted in (7.5) and relabelling the dummy summation indices, it contributes
as

r X trace UpUg -+ UqTA(ql)e_ﬁHA(QLQQr--,qT)} _

HEN®...@HBar [

r X trace ;e [UqlA(ql)trace I T— (Ug -+ Uqre_/BHA(Q1yq2,...,QT)):| (7.7)

Hence we obtain finally (changing 7 — r + 1 in the r-sum)

[e.o]

(A)s = Ztrace o [A(q)U,RA(q)] (7.8)

g=1

where we have introduced the cycle reduced density matrix R,(¢q) as an operator acting in
the space Hy? of the the particles belonging to a g-cycle:

ePra

1 1
RA(Q):TE—;ALZQ Z H

r=1 " q1,q2,...,grEN" i=1

ePrai

P _ﬁHA(q’ql?qQ)'“)q’r)
trace UpUg - Uge }

®q1 ®...®'H%qr [

(7.9)
The reduced density matrix is obtained from (7.8) by specifying A(q) = >"7 | Pi(z,2’) with
P;(x,2') acting as P(x,z") = |x)(2'| on the one-particle space

o0
= E trace MO
q=1

We want to show that, as for piong, off-diagonal long range order is carried by infinitely long
cycles. For this consider the case of a positive pair potential and let HY(q) = 7 ||pi||?/2M
be the kinetic energy of ¢ particles. Then by dropping the interactions of the particles in
the g-cycle with those belonging to other cycles ¢;,7 = 1,..., 7, one has the inequalities

a0 < HY0) + Haan )
UpUg, - Uqr6_5HA(Q7‘117(12,...7QT)] <

Uy Uy, -+ Uy e P ana2 )] (7.11)

(7.10)

Z R(:L‘, x/)UqRA(Q)

trace HOU g Bar [

—BHY (a)
e trace HEN .. oD [
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The above traces involve off-diagonal configurational matrix elements because of the presence
of the permutation operators U,; but the inequality is easily seen to hold using the Feynman-
Kac path integral representation of these traces. When inserted in (7.9) this shows that each
term of the sum (7.10) is bounded by

eBra
—1trace .
q '

q
> B, x’)qu‘ﬁHﬂq)]

i=1

M d/2 M 2
— eﬂuq<x|67ﬂqHR|x/> < ePra (27rh25q> exp (_%ﬂZH> . (7.12)

For the last upper bound we have used that Dirichlet boundary conditions increase the kinetic
energy and written the explicit form of the kernel of e PH°(@) in infinite space. Therefore
each term of the sum (7.10) tends to zero uniformly with respect to A as |z — 2’| — oo and
we conclude that only the tail of the series (7.10) will contribute to off-diagonal long range
order, namely

(7.13)

Z Fi(w,2")UgRa(q)

[e.9]
pe= lim lim lim Z trace o0
9=Q

Q—00 |z—a'|—00 |A|—00

At the moment we do not have a proof of the equality of the expressions (7.13) and (2.21)
for a Bose gas with pair potential interactions.

In numerical calculations of the path integral representation of the Bose gas [10], it is more
convenient to use periodic boundary conditions, i. e. A is a d-dimensional torus. Cycles with
q particles correspond to Brownian paths on the torus with typical length ~ /q. To such a
path one can associate a winding number, the number of times that the path wraps around
the torus. Then the typical length of a winding path is at least of the order /g ~ |A|V/e,
the linear dimension of A and hence the number of paths such that ¢ > |A|?/? is larger than
the number of winding paths. For a particle configuration , let N,, be the total number of
particles found in winding paths. Since gp,(q) is the average number density of particles in
g-cycles, one has for A sufficiently large

> apa(@) = D apale) = <g\“i> . (7.14)

g=Q+1 g>|A[2/d

If the average number density of particles in winding paths (N,,)/|A| in is different from zero
in the infinite volume limit, we conclude that pione is non zero and thus Bose condensation
occurs (provided that piong 7# 0 is equivalent for the other possible definitions of the con-
densate density). This criterion can be compared with that for superfluidity involving the
fluctuations density of the winding number [10]. Thus the statistics of winding paths will
make it possible to estimate both the superfluid density and the Bose condensate.
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