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Abstract

Assuming energy states to be an independent and identically distributed positive
sequence, a randomized version of the conventional Bose occupancy problem
is investigated.

PACS numbers: 02.50.Ey, 02.50.—r, 05.30.Pr, 05.40.—a, 02.10.Yn

1. Introduction

The conventional Bose occupancy problem consists of assigning indistinguishable particles on
a prescribed deterministic energy states sequence. The purpose of this work is to initiate the
study of the following related problem: assuming energy states to constitute an independent
and identically distributed sequence of positive random variables, we wish to investigate the
corresponding randomized version of the conventional Bose occupancy problem. This simple
model does not seem to have received much attention in the past, to the best of the authors’
knowledge. Under such conditions, using a grand canonical approach, a Bose—Einstein-like
condensation phenomenon is shown to take place provided the probability mass at zero of
energies is small enough (else, probability mass of energies is not ‘too strongly concentrated’
at zero); we shall quantify these allegations. Next, we shall describe this phase transition
in some details and give some illustrative examples. The origin of this phenomenon seems
to result from the conjunction of two main effects: the randomness of the energy levels
with adequate distributional behavior near zero and the indistinguishability of particles to be
allocated.

When there is condensation, we shall discuss the problems of understanding the ground-
state occupancy at critical density, together with the number of distinct occupied states. Some
limit laws are obtained in some cases. Also, some aspects of ground-state occupancy in the
condensed phase will be investigated. The way the critical line separating condensed from
fluid phases depends on the full law of the energy levels sequence is elucidated.

Finally, using a description of occupancies of the ranked energy states (the sampling
formula), we shall derive the grand-canonical statistics of states with a prescribed amount
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of particles. This statistical aspect concerns the fluid phase only. We report on a Poisson
factorization of this distribution in a specific low temperature, low density limit.

The theory of Bose—Einstein condensation (BEC) in random systems is still quite far
from satisfactory rigorous description. Traditional BEC in an ideal quantum Bose gas occurs
in momentum space, when a macroscopically large number of bosons condenses onto the
ground state. The fact that the one-particle spectral gap is able to produce BEC even for
strongly interacting bosons has only been established quite recently (see [16]). The situation
still is unclear for a random one-particle spectrum. In Lenoble and Zagrebnov [17], rigorous
arguments are developed for the case when spectral randomness is due to some form of random
external potential. Here, in contrast to extreme case of the gap (zero density of states near the
bottom of the spectrum), (super-) exponential suppression of the density of states known as
the ‘Lifshitz tail’, can be observed.

It has also become increasingly clear over the last decade that condensation can also take
place in real space (even in one-dimensional systems) in the steady state of a broad class of
non-quantum physical systems. Examples include traffic jams on a highway, island formation
on growing crystals as well as many other systems (see [9]). The condensation problem has
also recently been addressed in a class of one-dimensional mass transport models [10].

In this paper, the combinatorial skeleton of a condensation phenomenon is exhibited for
a system which still is of a simpler nature: a random allocation problem of bosons onto
a purely random energy sequence. Perhaps is it the minimal problem setting under which
a condensation problem makes sense. For this peculiar abstract model, free of possible
physical nature of the system, we address and solve the condensation transition; due to its
intrinsic simplicity, many facets of the problem are amenable, to some extent, to analytic
calculations.

Incidentally, as a corollary of the present study giving condensation criterion, assuming
the energy sequence to be completely random (that is exponentially distributed with fixed
given mean), the Bose condensation phenomenon fails as a result of there being no sufficiently
large enough gap between the ground state and the first excited state. Similar interest and
conclusions for conditions under which Bose condensation does not take place can be found
in [9].

2. Randomized Bose samples

2.1. The model and some of its statistical features

LetE, := (E, ..., E,) be a system of independent and identically distributed (iid) positive
energies whose law will be specified later on (at this step, we shall however further assume that
E| has a density f; with support € R, and that the largest value from E, goes to co almost
surely). Let B > O be the inverse of temperature. We shall presently study the randomized
energy version of the classical allocation model of statistical mechanics where energy levels
are originally chosen deterministically. For some related aspects of the randomized problem
(see [14]). The problem under study can now be formulated as follows.

Let there be k indistinguishable particles to place on the random energy levels (or states)
E,. Conditionally on E, (for quenched disorder), let K,, x (m) denote the occupancy of energy
level m with Bose equilibrium collective law given by

1 n
Pg, (Kux(m) =kpsm =1,...,n) = ——— | | e PEnkn. 2.1
Zx,(B) H
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With [z¥] f (z) the coefficient of z* in the power-series expansion of f(z) the normalizing term
reads

n n
Zk,E” (ﬂ) — Z 1_[ e_ﬁE;nkm — [Zk] 1_[(1 _ Ze—ﬁE,,,)—l. (22)
ki+--+k, =k m=1 m=1
kis.oky, 20

The distribution defined by equations (2.1) and (2.2) favors configurations with minimal
(interaction free) energy H,«(E,) := > _, Enky. Given E,, it is the one maximizing
entropy under the assumption that the average energy is fixed and g stands for the conjugate
parameter. Here and throughout, the subscript E, in Pg, (or Eg,) will denote conditional

probability (or expectation) given E,.

Remarks.
(1) In equation (2.1), k, € Ny := {0,1,2,...},m = 1,...,n with no restriction but
ki + -+ +k, = k. Imposing the additional condition that k,, € {0,1},m = 1,...,n

(the Pauli exclusion principle), would lead to a Fermi—Dirac occupancy problem which
we shall not further develop specifically.

(i) The conventional Bose occupancy problem [3] can be obtained by considering an ordered
deterministic energy sequence €, := (&), - . . , €()) Where €y < -+ < €(), instead of
E, usedin (2.1) and (2.2). Typically, €.,y = m® for some o > 1 (see [4], for example). We
therefore wish to investigate the role of randomization of the energy sequence, requiring
an additional averaging over disorder.

Indeed, given there are k particles, averaging equation (2.1) over disorder E,, the searched
Bose unconditional canonical occupancy probability clearly is

P(Kyx(m) =kyp;m=1,...,n) =EPg (Kpt(m) =ky;m=1,...,n). 2.3)

As a symmetric function of the k,,, this annealed distribution is exchangeable. In particular,
E(K,x(m)) = k/n,m = 1,...,n. Further, for instance, with k; € {0,...,k} and
En\l = (E2a e En)

e BEIk

n
- —BE, ky,
Zen, (B) 2 e

ko+--+k,=k—k| m=2
e BNz kB (B)

Pg, (K, k(1) = ki)

ZiE, (B)
and
e PEhz, o (B)
IP)(I(n,k(l) =k)=E 1LEn
Zix, (B)
is the one-dimensional marginal of K, x(m) = k,,; m =1, ..., n. Except for very particular

cases as in the example which follows, a closed-form expression of equation (2.3) seems out
of reach.

Example. As a limiting example of Bose distribution, when B8 | 0, the joint law of
K, r(m);m =1, ..., n tends to the uniform Bose—Einstein distribution (see [12, 13])

1

P(K,x(m)=k,,m=1,...,n) =
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and the one-dimensional distribution at high temperature reads

(")

"

Before investigating some additional statistical properties of the Bose distribution
displayed in equation (2.3), let us first stress immediate consequences of the model.

P(Ky i (1) = k1) =

Energy of a single particle. Assume first that k = 1. Then the sample is made of a single
particle. From Bose law, this particle will launch on energy level number m with conditional
probability e #En /Zg (B) where Zg,(B) := Z1g,(B) = Y.je PEn. The corresponding
energy attached to this single particle, say £,, has conditional law given by

Pk, (& = En) = e 75"/ Zg, (B) = Viuu(B), m=1,...,n.

The random probabilities V,, ,, (B) satisfy Z'f Viun(B) 2 1 and so constitute a random partition
of unity. Let now Eg, (e ~*¢") be the conditional Laplace—Stieltjes transform (LST) of £,. Then
Eg, (e 7*") = Zg, (A + B)/ Zx, (B). Averaging over E,,

E(e™) := EEg, (™) = E[Zg, ( + B)/ Zg, ()]
characterizes the distribution of the single-particle energy. In particular,
E(&,) = 0gE[—log Zg, (B)].

In this energy-biased picking procedure E, — &, , states with low energy levels are clearly
favored. One therefore expects £, to be stochastically smaller than the typical energy level E,
from the iid sequence E,,.

To study the Sherrington—Kirkpatrick model for spin glasses, similar questions were raised
for different purposes by Derrida in the early 1980s, under the (ruled out here) hypothesis that
energies were normally distributed (see [5-7]).

n

Total energy. Let now H, ; = Zm:  En K,k (m) stand for total energy of the k particles
system where occupancies law is as in equation (2.1); its LST is clearly given by
Zrg, (A +B) i|
Zig,(B) 1

Let us now show that, when the number of energy levels is fixed, the proportions of
particles tend to concentrate on the ground state as the number of particles increases.

E[e ] = E [ A>0.

Proposition 1. For each m € {1,...,n}, let E,\, ;= {E\, ... En_1, Eps1, ... Ey}. With n
fixed, as the number of particles grows, conditionally given E,,, we have

—n’k( )'m——l... n|—> WV, =g, <x,,;m=1,...,n) 2.4)
k ’ ’ ’ kTOO B m n\mJ? ’ ’
in distribution.

Proof. Let us first consider the ordered version E,, of the energy sequence E,, namely

E(n) = (E(]),n, ey E(n),n) with E(l),n < e < E(n),n~ Let also E(m),n = E(m),n - E(l),n >
0,m =2, ..., n.Developing the product partition function
n n
1_[(1 —ze PEnyTl = H(l — ze PEmay~1
m=1 m=1
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appearing in equation (2.2) into a sum of rational fractions, extracting its z¥-coefficient and
isolating the ground-state term, we get

1
J— — _ﬂE(l).nk ﬂE(m) nk
ZvE,(B)=ZrE,, (B)=¢e 1_[ PR Z e l_[ — ﬁ(Em 5

m#l l#m
Inserting this expression into equation (2.1), with Ky ((m);m = 2,...,n the
occupancies of energy levels Ex)p, ..., Ewy,, and k,, € No;m = 2,...,n , such that
> s km < k, we get
Pr,, (K a(m) = knim =2, ....n) = (1 — e(k)) [ {e PEoabn (1 — e~ PPy} (2.5)
m=2

where e(k) = e PE@unk [T (1 - e PEony/ [T - e PE0.~Ean)) is a negative corrective
term that goes to 0 exponentially fast with k becoming large. Suppose k,, = [ksp]
for some fixed s, € (0,1];m = 2,...,n. In this case, the probability displayed in
equation (2.5) goes to O when k goes to oco: in other words, the probabilities of

Koy xm)/k;m = 2,...,n all concentrate on 0 and therefore all the probability mass goes
to ground state (;m = 1). This is statement in equation (2.4) where I;4, stands for the set
indicator of the event A. Note that (Vm,n = Iig, B M= 1,..., n) is an exchangeable

partition of unity. In particular, for each m, E(V,, ,) = 1/n and 02(V,,,) = (1 — 1/n)/n. O

Some remarks on Maxwell-Boltzmann version of the occupancy problem. This limiting
behavior of occupancies is in sharp contrast with the one arising in a Maxwell-Boltzmann
version of the randomized occupancy problem. Let us briefly address this point.

as. e BEm

With Y| V,, ,(B) = 1, the random numbers V,, ,(8) = G

to be the conditional Bose probabilities that a single particle hits state m with energy E,,.
The partitioning system V,(8) := (V1,(B), . ..., Va.n(B)) constitute an exchangeable random
partition of unity (in particular, for each m, E(V,, ,(8)) = 1/n). The random quantities
V..(B) are essential in the derivation of the Maxwell-Boltzmann sampling distribution version
of the randomized occupancy problem. It proceeds as follows: let (Uy, ..., U;) be k iid
uniform throws on [0, 1] partitioned by V,(8). Let (B, (1), ..., B,x(n)) be an integral-
valued random vector which counts the number of visits to the different energy levels in a
k-sample in the following sense: if M; is the random state label which the Ith trial hits, then
Bui(m) := Y Yagmmy. m = 1,...,n. Clearly Py, 5 (M; = m) = V,,,(8) and, given
V.. (B), state m is chosen proportionally to its ‘size’ V,, ,(B).

With (by, ..., b,) € N, satisfying ZZ=1 by, =k, (B,x(m) = b,;m =1,...,n) now
follows the conditional multinomial distribution:

have been shown

Py, (Bux(m) =by;m=1,...,n) = 1—[ me B).

m 1
Averaging over V,,(B) gives the Maxwell-Boltzmann distribution
]P)(Bnk(m) = bm; m = 1’ ceey I’Z) = EPV,Z(ﬂ)(Bn,k(m) = bm; m = 1’ ceey n)

Clearly, proceeding in this way to fill up sequentially the energy levels, particles are assumed
distinguishable and, by strong law of large numbers, conditionally given E,,

(—Bn’];c(m);m =1, ,n) k?go(‘/m,n(ﬁ); m=1....n)

almost surely and in distribution (compare with equation (2.4)).
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Note that computational problems also arise in the canonical ensemble, since, averaging
over E,, one needs to evaluate the awkward quantities

n B Xzt Embm
E [l’[ Vrﬁ,mn(ﬂ)} =E [e—k}
m=1 (Zm:l e_ﬁE’”)

Due to these computational difficulties, canonical randomized Maxwell Boltzmann statistics
turns out to be as intricate as Bose one. We shall not enter into more details on this question
and rather focus on the Bose occupancy problem as defined by equations (2.1) and (2.2).

Random allocation scheme representation of Bose distribution. From equations (2.1)—(2.2),
we observe immediately the distributional identity

(Knpi(m) =kp;m=1,...,n) < G- & L=k, (2.6)
where (&, ..., &,) is iid on Njj conditioned by its sum ¢, := Z'I’ &n =k and
P(&) = ki) = E[Pg, (& = k)] = E[e PPl (1 — e 7)), ki € No, 2.7)

a mixture of geometric distribution with success probability e #£1. Such a conditional
representation of the occupancies is called a random allocation scheme property in [15].
Let p > 0 be the density of particles per state and let «,, := [np] .

a+BE;

Proposition 2. Assume E[(e — )71 = p admits a solution for a := a(8, p) > 0. Then

d
Kn,K,,(]) _>nToo ’va (28)
where, with a := a(B, p), KC,, is a mean-p mixture of geometric distribution with probability
generating function

u € [0,1]. (2.9

| — e~ (@BE)
]E[u’cﬂ]zE[ © }

1 — u e (@BED)

Proof. This follows from the above allocation representation property and the Gibbs
conditioning principle. The random variable K, is the asymptotic typical cell occupation
at density p of particles per state. Its law can be obtained by exponential tilting those of
E,,m = 1, ..., n namely, with Pg, (&, = k,,) = e PEkn (1 —e=PEn) by considering

e Py, (& = ki)
Dk, 50€ %Py, (B = ki) |

PEne = ki) = E(Pg, o = kn)) = E [

Given E,, E,,w, m =1, ..., n are therefore geometrically distributed with iid success random
probabilities e~ @£ and expected values (e**#E» — 1)~!. Applying Gibbs conditioning
principle to obtain equation (2.8), one needs to adjust o so as to meet the conditioning
requirement &, o := an=1 &n.o = |np]. This will be possible at the only condition that there
exists an « > 0 such that

E[K,] = E[(e**F — )71 = p. (2.10)

This condition will appear more clearly later to separate, in some cases, between a fluid and a
condensed phase. In case there is no « for a given p (see below for examples in the condensed
phase), there is no typical limiting cell occupation at density p. (|

6
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Gibbs randomization of sample size (variable particle number). As it was stressed above,
the canonical conditional distributions given sample size is k are extremely difficult to evaluate
in general (even when k = 1). To circumvent this drawback, we shall now assume the number
of particles is variable and so randomize sample size. Let « > 0 (@ = Bu where u > 0 is
fugacity). Assume the number of particles K, , is now random with law given by the Gibbs
probability measure

e *Zi g, (B)

Pg, (Kno = k) = (2.11)
' Zg,(a, B)
where the grand canonical partition now reads
- 1
_ —ak _
Zg, (o, B) = kE>0€ Zixg,(B) = 1_[1 T o@hEn (2.12)

Alternatively, with A > 0, we have

Zg, (@ + 1, B) l_’[ 1 — e~ (@+BEw
Zg, (o, B) ol 1 — e—(+a+BE,)

Lk 1 — e—(@+BEY) n
E(e™" ) = [E (—1 — e—(/\+a+ﬁE1)>} .
Given E,, the expected number of particles can be obtained through

Eg, (Kn.o) = =0 log Zg, (a, B).

Indexing now cell occupancies by « rather than k, with k,, € No; m = 1, ..., n, the joint
occupancies probability reads

Eg, (™) =

IP)E,, (Kn,a(m) =kpy,m=1,..., I’l) = ﬁo{ﬂ) l_[ ei(a*—ﬂEm)km,
n ’ m=1

and K, o := Y _; Ky o(m).
Let ¢1(B) := EePE! be the Laplace—Stieltjes transform of E;. Averaging over E,, the
unconditional occupancy probability is

I['D(I(n,ot(’n) :km;m = ls ,I’l) = EPE,,(Kn,a(m) = km;m = 17 9”)

n
—E [1—[ e~ @HBEkn (] _ e—(a+ﬁEm))i|

m=1

— 1_[ E[e—(a+/3E|)km(1 _ e—(a+ﬂEl))]

m=1

= ]_[(efak’” [¢1(Bkm) — e™“P1(B(km + 1))]). (2.13)

m=1
It is exchangeable and under the form of a mere product measure. In particular, with k; € Ny
P(Kya(l) = ki) =™ [¢1(Bk) — e ¢ (Blky + 1)].

Stated differently, with &; , the Ny-valued random variable with distribution P(§, , > k) =
e~ ¢, (Bk,), we have

P(Kpa(m) =kn:m=1,....n) = [ [ Pn.a = kn).
m=1

where (§] 4, - - ., £y.¢) 18 an iid sequence. This factorized representation turns out to be useful.

7
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(1) For example, let K, , be the grand-canonical occupancy of state with the largest amount
of particles. Then

P(Ky, <k)=(1—e (k)"

and one expects some Poisson approximation. However, following Embrechts et al
[8, theorem 3.1.3, p 117], observing that

]P)(Eloz = 1) < e ¥ e (0, 1) and lim ]P)(El o 2 l) < 1,

PG1e 2k —1) kitoo P(&10 > k1 — 1)
there is no sequence k, such that n e, (Bk,) — y € (0, 00). Therefore, whatever the
sequence k, is, there is no non-degenerate limit of the form P (K}, < k,) — x where
x € [0, 11\{0, 1}; in other words, for every sequence k, such that IP’( o S kn) — X,
either x = 0 or 1 and there is no way to normalize K’ , so as to obtain a non-degenerate
limit distribution. The discreteness of the dlstrlbutlons involved prevents the maximum
from converging properly to some extreme value distribution and instead forces this
oscillatory behavior.

(2) The grand canonical distribution of total energy: let us consider the LST of the random

variable H, . With A > 0 and k,,, € Ny, itis

By =B Y et ZmabnFiPy (K, o(m) =kpim =1,...,n)

kpsm=1,..., n
— 1_[ Z e*(“*’()\*’ﬁ)E )km(l *(CY+/3E:”))

m=1

n n
1 — e—(a+5Em) 1— e—(a'*'ﬁEl)
=E([[ —= | ={BE—5 ) -
1 — e~ (@+(+B)En) 1 — e~ (@+(+B)EY)
m=1

This shows that H,, ,, is the sum of z iid random variables whose increment has LST given
by E(%) In particular, by strong law of large numbers, H,, /n converges a.s.

to the mean energy per state, namely
Hn,oz E 1
ot B )

2.2. A condensation phenomenon

The origin of the condensation phenomenon to be described now results from the conjunction
of two main effects of the model under study: the randomness of the energy levels (the system
is disordered) and the indistinguishability of particles to be allocated. Phase transitions induced
by disorder is well known in related contexts (see [17]).

A Bose—Einstein-like condensation phenomenon. It remains to interpret « in more details.
Observing that

1 1
Eg, (Ky.o(m)) = —EBEW log Zg, (a, p) = B 1
we have
¢ 1
Eg, (Kn.o) = Z i PE ] v:=EEg, (K, o) = nE(E7" — 17,
m=1
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Assuming the number of levels 7 to be the extensive variable of such a mean-field model, we
thus get the particle density per state

pi= 5 =E(E5 -1, (2.14)

Usually, it is therefore of interest to try to deduce « from (p, ) which are the physical
quantities which are known in practice. Letting z := e~ to denote fugacity, developing the
argument of the expectation, this is also the implicit state equation

p = zhg(z), 2.15)
where hg(z) has the power series representation
hp(z) =Y 2'hi(B) with hi(B) =1 (B +1). (2.16)
i>0

Let z. > 0 be the convergence radius of the series

Hp(z) := zhg(z) = Zzi¢1(ﬁi)-

i>1

Two cases arise: z. = 1 or z. > 1. If z. > 1, hg(1) exists, is monotone decreasing and maps
B € (0, 00) onto (o0, 0); let therefore B, be defined by p = hg (1). If z. = 1, let B. be
defined as before if Hg(z,) < oo and B, := oo if Hg(z,) = oo. In any case, for 8 < B, by
Blirmann-Lagrange inversion formula, « = — log z where z € (0, 1 A z.) and

1
=1+ %h;(ﬂ) with  h(B) = [ Thp(x) . 2.17)

I>1

A Bose-Einstein condensation-like phenomenon therefore pops in when the probability that
energies take values close to 0 are small enough. We shall now supply three examples.

Examples. In example (i), the probability mass in 0 of energy is chosen log-algebraically
large. In the subsequent example (ii), the probability mass of energy in 0 is exponentially
small. These two examples show that a condensation-like phenomenon occurs if the probability
distribution of energy in a neighborhood of 0 is small enough (with growth at least linear). In
a last extreme example (iii), the support of the law of E| is (€p, 00), €9 > 0; ground state € is
away from 0 with probability 1.

(i) Assume the distribution of energy E|, say Fj(€) := f € fi(€') de’, satisfies
Fi(€) ~ejo C-€’/L(1/e),

where C > 0,0 > 0 and L(x) a slowly varying at oo function (such as logx). The
smaller 6 is, the more energy is concentrated at 0. Then by Karamata—Tauberian theorem

(see [2])
$1(B) ~pro0 C-T(1+6) - B9/L(B)

and ¢;(B) is regularly varying at co. For all & > 0, 8 > 0, the convergence radius of
Hg(z)is z. = 1. 1If 0 < 1, Hg(z,) = oo whereas for 6 > 1, Hg(z.) < 00.If § < 1, there
is no condensation whereas when 6 > 1, a critical value 8. of 8 can be defined. When
0 > 1, the order of differentiability of z — Hg(z) atz. = 1is [0] — 1.

In all such cases, ¢1(28)/$1(B) ~ 100 27% does not tend to 0 when 8 1 oco.
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(ii) Assume density of E; satisfies fi(€) ~¢0 C - € 3/2e=1/¢: a small value of E,| is
rather unlikely (exponentially small). Then, ¢;(8) ~gj00 C - e VP so that zZe =1
with Hg(z.) < oo. In this case, ¢1(28)/¢1(B) does tend to 0 when 8 1 oo.

This example is a particular case of the related one for which fi(€) ~ o C - e~/
for some ¢ > 0. In this case, a small value of E| is exponentially—algebraically small
and, by applying the saddle point method: ¢;(8) ~g100 C - ,B_ﬁ e 887" for some
constant B > 0. Here again, ¢, (28)/¢1(8) — 0 when 8 1 oo.

(iii) Let €g > O denote spectral gap and a > 0. Assume fi(€) = ae ““ ) ¢ > ¢ (a
truncated exponential model). Then ¢, (8) = % Herez, = ef > 1and Hg(z.) = oo.

Note that Hg(z) is infinitely differentiable (smooth) at z = 1 < z.. In this case, f. is
uniquely determined by

e Peeoi
i>1 Bnja — P
Remark. In this approach, the free parameter is density p and the Lagrange inversion formula
only holds for § < B, (temperature is high enough). If § is the free parameter, Lagrange
inversion formula only is valid for p < p. := hg(1l) (the free Bose gas has small enough
density). In the (8, p) plane, the critical line p. =: p.(B8) separates a diluted fluid phase
p < p. from a condensed phase p > p.. Note that p.(8) = E(EPEr — D).

One can summarize shortly the results as follows:

Proposition 3. We have

(i) If E(1/E) = o0, there is no condensation and the only available phase is fluid.

(ii) If E(1/E|) < o0, there is condensation: the critical line separating the condensed
(p > pe) from fluid (p < p.) phases has equation p = p.(B) = E((eff' — 1)~") which
is also the convergent series

p=p(B) = pi(Bi)
i>1

involving the LST of energies.

Thermodynamics of the diluted fluid phase. Internal energy reads U, («, 8) = E(Ug, (¢, B8))
where

n

Ug, (o, B) = —dg log Zg, (a, B) = Z

m=1

En
eoz+,BEm _ 1

Observing that [ (#—) < 0o we get

Uk, (@, B) as. E,
—— H?ZO]E <—eﬂt+ﬁE1 — 1) = u(a, B).
Further, U, (o, B) = n - u(a, B). The quantity u(«, 8) is internal energy per state.

Assume Elog(l — e~ @*#E)) < oo for each (a, B) € Ri. With N, (¢) := > _ L, <e)s
let the empirical distribution function (or density of states) of E, be D, (¢) := n~'N, (). Let
Fg, (o, B) = —é log Zg, (e, B) be the conditional free energy. Then, by the strong law of
large numbers

1 1 &
—_F , — 1 1— —(a+BEn)
" E, (@, B) np m§—1 og(l—e )

_ %/ log(1 — e—(a+ﬂe))Dn(d5)n%'o %Elog(] - e_(a+ﬁE|)) =: f(o, B)

+

10
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and
Faler ) 1= B(Fy, (. ) = ZElog(l = 5 = n- /(@ )

The quantity f(c, B) is free energy per state. We have f («, B) > é log(l —e™@).
As usual, we can define entropy S, (o, ) as

Sn (e, :8) = ﬁ (U (a, ,8) — F,(a, 13)) .
Clearly, S, (a, 8) = n - s(a, B) where s(a, 8) = B (u (a0, B) — f(a, B)) is entropy per state.
We have

s(a, B) =E <L> —Elog (1 _ e—<a+/3E1)) .

eOt+/3E1 — 1

Remark. Assume n 1 co, v 1 0o in such a way that particle density p = v/n exists. Then,
using the equation of state as defined by equations (2.15) and (2.16), there is an expression
of « in terms of p and B, provided the system is in the diluted phase. The thermodynamical
quantities per state u(«, B), f(«, B) and s(«, B) can better be expressed in terms of p and 8.
The functions s(¢, 8) and Bf (c, B) are B-Legendre conjugates.

The existence of a limit for the thermodynamical quantities per state when the system
becomes infinite is clear (see [1] for similar considerations).

3. Bose randomized occupancy and order statistics

In practice, it is convenient to order the energy levels; by doing so, dependence is naturally
introduced. Let then Ey) := (Eq)n,..., Em,n) be the order statistics of E,, with
Ewyy, < -+ < Ewn. Asis well known that the joint probability density of this vector
is

FEimEm,€1r o) =n [ ] filem)  Tie <z 3.1)

m=1

Thermodynamics under ranked energy levels is the same as the one under unranked ones.
This is basically because for symmetric in the arguments functionals ¢(E,) = oEnw);
conditionally on E,, thermodynamic functions involved separable and additive functionals of
the form ¢(E,) = Y| g(E,,) for different g. However, Yk, E,, a;zz > km Emy.n and this is
why sampling under E, does not reduce to sampling under E,).

For instance, given E(,), the joint probability of occupancies K, o(m) of Eyy n;m =
1,..., n now reads

1 n
PE(n) (K(”)’a(m) = km, m = 1’ ey n) = m 1_[ e_(0l+,3E(m),/x)km
o N P =1

. 1
ZE(,,) (Ol» :8) = l_[ —l — e—(a+,5E(m;,,,) .

m=1
Exchangeability is lost; averaging over E,, the unconditional occupancy probability is
HD(I{(n),at(""l) =kpyym=1,...,n) = EPE(”)(K(H),O((m) =kp;m=1,...,n)

n
—F [l—[ e~ @HBEmkn (] _ e—(a+/3E<m),n)):|

m=1
n

— / 1_[ e*(a+/3€m)/<m(1 _ e*(CHﬂem))f] (€) dé.
€1<<€r 1

11
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The occupation numbers of state m with energy E,) ,, namely E (K ). (m)) , present some
interest in practice. Here for instance, we get a randomized version of Planck statistics

1
E(K .o (m) = > P(Kgya(m) > ky) =E (—) ,

eﬂt+ﬁE(m),u -1
ki 21
where, with F; the distribution function of E; (F; := 1 — F}), E@my.n > 0 has density

n! - o
(m—l)!(n—m)!fl(E)Fl(e) TFi(e) .

Let us investigate the full ground-state occupancy distribution in more details.

Lemma 1. The grand canonical distribution of ground-state occupancy is

P(Kw.o(1) = ki) =0 (1 .y /OO (1 - F (%)) e P dx> . 32
0 1

Proof. With E(n)\l = (E(Z),n’ ey E(n),n)» ¢(1)(ﬂ) = EeiﬂE“)’" and kl € N(), the gI'OllIld
state E(yy,, occupancy is

e~ @+BEq.ki 7 ’
P(K@n).o(1) =k1) =E |: E (@ ﬂ)]

Zg,, (o, B)
— E[e—(a+/3E(1).n)k1 (1— e—(01+/‘3E(1>.n))]

= e "¢ (Bk1) — e Py (Bky + D)].
With F(e;) := P(E; > el),f(l)(el) = P(Eq),, > €1), recalling F(l)(el) = Fi(e)", we
get

o0
¢y (B) :=Ele PEor] =1 B / Fi(e))" e Pde.
0
Therefore equation (3.2) holds. O

The last formula allows to extract some limiting information on the ground-state
occupancy at critical point.

A limit law at criticality from example (i). Assume Fy(€) ~¢ 0 C - with® > 1,asin example
(). Approaching critical point, a | 0, p 1 p.(8) = Hg(1) and so, with k, . := np.(8) the
critical number of particles in the system

P(Kmy.o(1) = k)/¢z) =1 —,3/ 1-F le e P dx
' 0 kn,cZ

o0 —nF( =2—
18 [ () e
0

e c (z\7? _—
0

where it can be checked that 6(1), z > 0, as a scale exponential mixture of the Fréchet

Z

S Cop o . .
distributione™ »* , is a complementary distribution function of some random variable Z > 0.

Thus, we obtain

Corollary 1. Fix 8 > 0 and assume Fi(€) ~¢ 0 C - €?. Then, with kn.c := np.(B) the critical
number of particles in the system at temperature 8=, at critical point
Kw,o(1) 4
3’3—/0 oo Z. 3.3)

n,c

12
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Ground-state occupancy grows like k,i(f which is close to np. only as 6 approaches 1 from
above.

Some remarks on the condensed phase. Fix B > 0 and assume condensation takes place. In
the super-critical condensed phase p > p.(8), there is no « such that Bose condition holds.
Therefore, the grand canonical approach is useless to describe the condensed phase and, with
k, = |np], one needs to use back the canonical ensemble description K, ., (m),m =1,...,n
of the occupancy problem. We have the following result:

Proposition 4. Assume E(l / E 12) < 00, so that BE(1/E ) < oo and condensation takes place.
Let p > p. be the density of particles in the condensed phase. Under this assumption, almost

surely
1 < _ﬂi(m) n e BE
- - . = — | < o0,
n Z 1—e— BEm nToo = pe(B) = |: — eﬂE1:|
m=.

so that a proportion n(p — p.) of particles goes to ground state, while the residual np. is
scattered on all remaining energy levels.

Sketch of proof. First, the minimal value E(y , from E, goes to 0 almost surely. Under fairly
general assumptions indeed (see [8]), the almost sure behavior of partial minima reads

lim inf —=— Ean =1
ntoo €,

as.,

where €, | 0 is defined by F;(¢,) = n~'. We shall say Eqpyn~ €.
Let now g(x) := (e#* — 1)~!. If there is condensation (or if E(1/E;) < o0), then as
n 1 oo

1
—g(Emyn) —> 0
n

because, in the worst case E(1), ~n~ % 6 > 1 and then %g(E(l),,,) ~pl/f=1 0.

Recall now from equation (2.5) that when k = «, is large, the joint law of
occupancy numbers K, ., (m);m = 2,...,n for all states but ground state is (up to a
constant going exponentially fast to 0 with «, 1 oo) close to the one of a sequence of
independent geometrically distributed random variables with success probabilities e A,
where E(m)'n := E(m.n — Eq),n (see the proof of proposition 1). Let us therefore investigate
the large n behavior of the sample mean number of particles

() .BE(m) n

l o~ o~
n Z — € /gE(m)n = ; Zg(E(WL)!n)
m=2

on all states but ground state. Recalling E (), goes to 0 almost surely, we have

~ 1
E m),n ~
8(Eqm.n) ePEma(1 — BE(1yn) — 1

1 E
~ PRIV
eﬁE(m).n —1 1 — e—ﬁE(m),n

n n eflgE(m),n

1<~ 1 BE ()
; Z g(E(m)’") ; Z g(E(m)"") + n mX_; (1— e*ﬂE(m).n)2 .

m=2 m=2

Therefore,
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Under the additional assumption IE(I / E 12) < 00, the corrective term goes to 0 when n 1 oo
(with E(1y,, | 0). Indeed,

Eq, n e PEm.n 1< e BEm.n 1 e BEm.
PEw.n Z = BEun —Z - =
n (1 — e PEmn)2 "\ n (1 —ePEwa)2  p (1 —e PEmn)2

m=2 m=1

and, by strong law of large numbers,
1 < e BEm.n 5 e BE
n 2:1 (d—cFEmy 0 —E <(1 — e—ﬁE.)z> ’
=
which is a finite variance if E (1 /Elz) < 00o. Next,
BE 1. e PEmA 1

n (1 —eBEun)? nBEq)x

Therefore, % >, g(E(m),n) ~ % > 1 8(Emyn) = % >, 8(Ey) and by strong law of
large numbers

— 0.

1l >
- mZﬁg(Em),n) 7 pe = Pe(B) = Elg(ED]. -
In a random scheme of allocating particles, it is said that a giant component appears if,
as k,n — oo while the ratio p = k/n is fixed to p > p., the maximum K, (1) of the
random variables K, ;(m), m = 1, ..., n, with probability tending to 1 is of order n and the
second-order statistic has a limit distribution with normalizing constant of order less than n.
In the condensed phase, K, x (1) (the number of particles attached to ground state) is of order
of magnitude n(p — p.). Let us investigate K, (2) (the number of particles on state just
above ground state) and check this from an example.
First, P(E(yn > €1) = F(e))" and, form = 1, ..., n — 1 we have the Markov property

P(Ewst)n > €ms1 | Egyn = €y -y Eqyn = €1)

— n—m
Fi(€m+1)

= IPD(E(m+1),n > €m+l | E(m),n = em) = ——m 5 €Em+l > €m
Fl(em)

involving the cumulative probability distribution function of the minimum of n — m iid
observations drawn from F; truncated at ¢,,. If m = 1, with €, > €

Fi(e) !
Fi(er)

P(Eq, > e | Eqpyn,=¢€)= (

and so with € > 0

— n—1
~ F
P(Eqyn > €| Eqy, =€) = (%(%:)6))
1(€1
(- Fi(e) — Fi(e1 +€) !
Fi(e)

From this latter expression, assuming n is large and Fy(€) ~¢ o C - €?,6 > 1, one can indeed
estimate E(jy, and E , to be both of order of magnitude n~!/%. Therefore, the average
occupancy of state E() , is g(E@2).n) ~ n'/% which is of order less than n.

4. Sampling formulae

Sampling formula. Let p € {1,...,n} and 1 < m; < --- < m, < n be an increasing
subsequence of {1,...,n}. Let My, ..., M, be the labels of occupied energy levels and P,

14
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denote the number of such occupied states. With k, € N := {1,2,...}, a realization of
occupancies K ) «(my), we clearly have

Proposition S (sampling formula).
PE(”)(ML] =my, K(n),a(mq) = kq; q = 1,..., D, P,,’a = p)
P
— H[e—(a+ﬁE<mq>.H)kq(1 — e~ @BEmgn)y] 1_[ [1 — e~ @ BEmga],

g=1 q#l,....p

Averaging over E,y with joint law given by equation (3.1), gives the unconditional probability
of the event My = my, Ky o(my) =kg;9g=1,..., p; Pyo = p.

Summing next the above conditional probability over k,; ¢ =1, ..., p, we get
IP)Em (Mq =mg;q = L...,p; Poo=p) = 1_[ [1- e—(a+ﬁE(,,,q)‘,,)]
q#{1,....p}
P
x Z H[e_(a"'ﬁE(mq).n)kq(l _ e—(01+,35(m,,),n))]
Kiyeenskp =1 g=1
)4
_ 1_[ [1 — e~ @PEmpn)y He*(a+ﬂE(mq),n)_ 4.1)
q#{1,....p} q=1

Averaging over E,, using the joint law of E(,), we get the unconditional probability
PM; =my;q =1,...,p; P,y = p) that only p < n of the ordered energy levels with
labels m,, are occupied. In particular,

n
E 1_[[1 _ e*(a*'ﬂE(q),n)]e*(OH'ﬁE(1>.u) (42)
q=2
is the unconditional probability that only ground state E ;) , is occupied.
Summing over the (;’7) sequences m; < --- < mp, with p € {0,...,n}, we obtain a
binomial distribution for the number of occupied energy states

n
P(Pro = p) = (p)[e_“fbl(ﬁ)]”(l —e Yy (BT

Note that P(P,, = 0) = (1 — e “¢1(B))" which is the Gibbs probability that there is no
particle in the system: K, , = 0.

Corollary 2. Fix B > 0 and let k, . := np.(B) be the critical number of particles in the
system. Then, as n 1 oo, « | 0, approaching critical point from the fluid phase

Pn,a Pn,O d ¢1 (IB)

2~ —

np kne  pe(B)

<1 4.3)

Proof. With 1 > 0, the LST of -2 reads

191(B)

E(e™ fﬁf?) = (1= (1= )y ()" ~e nm.

From the state equation, p.(8) = Hg(l) = Zi>1 ¢1(Bi) > ¢1(B). At critical point, the

degenerate (non-random) fraction 2B of states is occupied. ]

pe(B)
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Remark (a non-degenerate low temperature *x-limit at v < 00). The above results suggest
that the following ‘star’ limit should also be worth considered: assume n 1 0o, 8 1 oo (so
that ¢;(B8) | 0) in such a way that n¢(8) = y > 0.

Then

Pio =4 P, < Poisson(y e™%).
Recalling
v = nzhg(z) where  zhp(x) = ) _Z'di(Bi),
i>1
incaser2(B) := ¢1(28)/d1(B) — proo 0, to the dominant term in B, zhg(z) ~4 z¢1(B). Thus,

S . d . .
v ~, nz¢1(B) ~ yz = ye % Thus, in this asymptotic, P, ~ Poisson(v) where v is the
finite expected number of particles in the system. Note that in such limiting situations, density
p =v/n —, 0:in the *limit, both temperature and density vanish simultaneously.

Asymptotics of the statistics of the number of energy states with prescribed amount of particles.
The understanding of the number of occupied (and therefore also of unoccupied) states is part
of the broader problem of the number of states with prescribed amount of particles. Let
therefore

Apali) = ZI{KnY&(m):i}; i>0 (4.4)

m=1

be the number of energy states with exactly i particles. Clearly, A, 4(0) = n — P, 4 is the
number of free states and Zi>0 A, (i) =n.Thecasei = 1 (i = 2) corresponds to singleton
(doubleton) states. Recall first

P(Kyo(m) =kpim=1,...,n) = [ [ Péna = kn),

m=1

where (§1.4, . . ., &1.¢) 1s an iid sequence with P(§; , > k) = e~ ¢, (Bk;). From this, for all
sequences (a;; i > 0) satisfying the constraint 2190 a; = n, we easily get

Zl;l lay

P(Apo() =ay, ..., Apeli) =a;,..)=n!" ]_[ {

i=0

P(§1o = D" }

a,»!

Wheni > 1, wehave A, ,(i)) = > _, Lk, ,om)=i)» S0 that

E(Ana@) =Y P(Kyo(m) =i) =Y PEnq=i)

m=1 m=1
= nP1e =1i) =ne ' [$1(Bi) — e “¢1(BG + 1))].
Thus, consistently,
E(Kno) =Y iE(Ana() =n) ie [ (Bi) — e “¢1(B(i + 1))]
i>1 i>1

=n) e ¢i(Bi) = nE(E " — 7.

i>1
Therefore, we obtain

16
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Proposition 6.
(i) For all sequences (a;;i > 0) satisfying Zi>0 a, =n:
Zz;] lay

PAna(D) =ar,..., Ava@ =ar...)=nl- [] {m} 4.5)

a;!
i=0 !

(ii) Assume n 1 0o, B 1 00 in such a way that n¢(B) := y > 0. In this weak *-limit,
(Ano(i); i = 1) converges to a sequence of independent random elements with law given

by A, (i) 4 Poisson()\;), i > 1, where
b=y e M — e riy] (4.6)
and

rio= ﬁllerglo ri(B) with  ri(B) := ¢1(Bi)/$1(B). 4.7

(iii) In the weak *-limit, the number of visited states P, , converges to P, ~ Poisson(y e™%).

Proof. It remains to prove (ii) and (iii).
Observing P(§;, =0) =1 —e ¢ (B) andag = n — Zi>, a;, we have

. _ . _ n! _ — n
P(An,a(l):alwnvAn,a(l)—a1’~-~)— (H—Zi>lai)!(l € d)l(ﬂ))
Pl (B = 1))(1 — e i (B))°

la =1 —¢ 1 !
. E { a;! }

~ T e T {¢1(ﬁ)“’ e ri(B) — e Dri ()" }

a;!
i>1 !

ai —X;
~ 1%
* a!
i>1 !
In the last equivalence, we used y e ™ = Zi>] A;. The law of (A, ,(i);i > 1) therefore
converges to the infinite product of Poisson factors
ai ,—\;

Al e

a,-!

P*(A,(1) = ay, ..., Ag() = a;,...) = ]—[

i>1
with the announced finite-dimensional distributions in (ii). The constants v := E*(K,), « > 0
and y > 0 are now related by

V= E A=y E e "r;.
i1 i1

To prove (iii) again, observe P, = Zi>1 A, (i) and use the Poisson decomposition. U

Example.

(i) Assume r2(B8) := ¢1(2B8)/d1(B) =10 2 = 0 as in examples (ii) and (iii). Then for
alli > 2,r(B) > rp =0andso A, — 0 (B 1 o0). Thus, A, () # 0 with some
)Lt]q e

A
— where
a!

positive probability only when i = 1 (singletons) and P* (A, (1) = ay) =
A1 = y e® = v. This asymptotic regime is the one of uniques. States whose occupancies
cannot exceed 1 are currently obtained in a Fermi—Dirac context. We have no physical
interpretation of this statement.
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(ii) Assume r2(B) := ¢1(2B)/P1(B) = proc 12 = 279 as in the regularly varying example (i).

Then, r;(B) ~proo i % and A; ~pr00 ¥ (1 —e™*) e7*i~%; configurations with A, 4 (i) > 0
exist foralli > 1.
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