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We study a non-interacting (perfect) Bose-gas in random external potentials (traps). It is shown that a gen-
eralized Bose-Einstein condensation in the random eigenstates manifests if and only if the same occurs in
the one-particle kinetic-energy eigenstates, which corresponds to the generalized condensation of the free
Bose-gas. Moreover, we prove that the amounts of both condensate densities are equal. This statement is
relevant for justification of the Bogoliubov approximation in the theory of disordered boson systems.
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1. Introduction

The problem of the occurrence of the Bose-Einstein Condensation (BEC) in random media was
considered for the first time in the papers by Kac and Luttinger, see [1,2], and then by Luttinger
and Sy [3]. In the latter reference, the authors studied a non-interacting (perfect) one- dimensional
system with point impurities distributed according to the Poisson law. The authors conjectured a
macroscopic occupation of the random ground state, but this was not rigorously proved until [5,6].
Although the free Bose-gas (i. e., the perfect gas without external potential or traps) does not ex-
hibit BEC for dimension less than three, the randomness can enhance BEC even in one dimension,
see [4]. This striking phenomenon is a consequence of the exponential decay of the one particle den-
sity of states at the bottom of the spectrum, known as Lifshitz tails, or “doublelogarithmic” asymp-
totics, which is generally believed to be associated with the existence of localized eigenstates [12].

On the other hand, the BEC is usually associated with a macroscopic occupation of the lowest
one-particle kinetic-energy eigenstates, which are spatially extended (plane) waves. Therefore, it is
not immediately clear whether the phenomenon discovered in random boson gases, i. e. macroscopic
occupations of localized one-particle states, has any relation to the standard BEC. This is of
particular interest in view of the well-known Bogoliubov approzimation [7] and its applications to
disordered boson systems, see e. g. [8,9], where the a priori assumption of the momentum-space
condensation is essential, and is far from trivial to check.

We prove that for the perfect Bose-gas and for a general class of non-negative random po-
tentials, the condensation in the random localized one-particle states and the generalized van
den Berg-Lewis-Pulé condensation of bosons in the lowest one-particle kinetic-energy states occur
simultaneously, and, moreover, the densities of the condensate fractions are equal. Our line of rea-
soning is also applicable to some non-random potentials, for example to the case of a perfect gas
in weak (scaled) traps studied in [18].

2. Model, notations and definitions

Let {A; := (=1/2,1/2)%};>1 be a sequence of hypercubes of side [ in R? d > 1, centered at the
origin of coordinates with volumes V; = I¢. We consider a system of identical bosons, of mass m,
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contained in A;. For simplicity, we use a system of units such that z = m = 1. First we define the
self-adjoint one-particle kinetic-energy operator of our system by:

h :=—4Ap, (2.1)

acting in the Hilbert space 7% := L2(A;). The subscript D stands for Dirichlet boundary conditions.

We denote by {wé, 52};@1 the set of normalized eigenfunctions and eigenvalues corresponding to

th. By convention, we order the eigenvalues (counting the multiplicity) as e/ < &} < &}

We define an external random potential v()(-) : @ x R — R, z + v*(z) as a random field on
a probability space (€2, F,P), satisfying the following conditions:

(i) v¥,w € Q, is non-negative;

(ii) p:=P{w:0v¥(0) =0} < 1.

As usual, we assume that this field is reqular, homogeneous and ergodic. Then the corresponding
random Schrédinger operator acting in . := L2?(R?) is a perturbation of the kinetic-energy
operator:

he = —1A + 0, (2.2)

defined as a sum in the quadratic-forms sense. The restriction to the box A;, is specified by the
Dirichlet boundary conditions and for regular potentials one gets the self-adjoint operator:

B = (<A o) = B F o, (2.3)

acting in 5¢. We denote by {¢f’l, Ef’l}@l the set of normalized eigenfunctions and corresponding
eigenvalues of h;. Again, we order the eigenvalues (counting the multiplicity) so that Ef’l <
B < EY'. ... Note that the non-negativity of the random potential implies that E"' > 0. So,
for convenience we also assume that in the thermodynamic limit almost surely (a. s.) with respect
to the probability P, the lowest edge of this random one-particle spectrum is:

(ili) a. s.-limy_o B! = 0.

When no confusion arises, we shall omit the explicit mention of [ and w dependence. Note that
the non-negativity of the potential implies that:

(@) Q(h¥) C Q(RY), @ being the quadratic form domain, (2.4)
(b) (o, hi'0) = (o h'p), Yo € Q(RY).

Now, we turn to the many-body problem. Let % := .%;(54) be the symmetric Fock space
constructed over .#j. Then H; := dI'(hy’) denotes the second quantization of the one-particle
Schrodinger operator hy in .%;. Note that the operator H; acting in .%; has the form:

H = ZEZW a*(pi)a(pi), (2.5)
i>1

where a*(¢;),a(¢;) are the creation and annihilation operators (satisfying the boson Canonical
Commutation Relations) in the one-particle eigenstates {¢; := <Z>;J’l}i>1 of A¥. Then, the grand-
canonical Hamiltonian of the perfect Bose gas in a random external potential is given by:

Hy(p) = Hi—pN; = Y (B = p) Ni(o), (2.6)

i>1

where N;(¢;) = a*(¢i)a(¢i) is the operator for the number of particles in the eigenstate ¢;,
N; = Y. Ni(¢;) is the operator for the total number of particles in A; and g is the chemical
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potential. Note that N; can be expanded over any basis in the space .4, and in particular over
the one defined by the free one-particle kinetic-energy eigenstates {z/ch, Ek t-
We denote by (—); the equilibrium state defined by the Hamiltonian H;(u) :

- Tr o, {exp(—BH;(1))A}
AnBp) = —F = )

For simplicity, we shall omit in the following the explicit mention of the dependence on the thermo-
dynamic parameters (5, u). Finally, we define the Thermodynamic Limit (TL) as the limit, when
[l — oc.

3. Generalized BEC in one-particle random eigenstates

In this section we consider the possibility of macroscopic occupation of the one-particle random
Schrodinger operator (2.3) eigenstates {¢; };>1. Recall that the corresponding limiting IDS, v(E),
is defined as:

WE) = lim v¥(E) = lim —£{i : E*' < E}. (3.1)
l—o0 l—o0 Vz
Although the finite-volume IDS, v}’(E), are random measures, one can check that for homogeneous
ergodic random potentials the limit (3.1) has the property of self-averaging [12]. This means that
v(E) is almost surely (a. s.) a non-random measure. Let us define a (random) particle density
occupation measures m; by:

mi(A) ;:% > (Ni(¢i)), ACR. (3.2)

:EY'eA

Then using standard methods, one can prove that this sequence of measures has (a. s.) a non-
random weak-limit m, see (3.8) below. Moreover, if the critical density

o 1

dE) (3.3)

pei= tim [

is finite, then one obtains a generalized Bose-Einstein condensation (g-BEC) in the sense that this

measure m has an atom at the bottom of the spectrum of the random Schrédinger operator, which
by (iii), section 2, is assumed to be at 0:

- 1 0 if p < pe

0}) =lim1 — _ e ’

m{0}) 510 100 « VY p—pc ifP=pe,
B <6

(Ni(di))1 = { (3.4)

where p denotes a (fixed) mean density [4,6]. Physically, this corresponds to the macroscopic
occupation of the set of eigenstates ¢; with energy close to the ground state ¢1. However, we have
to stress that BEC in this sense does not necessarily imply a macroscopic occupation of the ground
state. In fact, the condensate can be spread over many (and even infinitely many) states.

These various situations correspond to classification of the g-BEC on the types I, II and III,
introduced in the eighties by van den Berg-Lewis-Pulé, see e. g. [13] or [7,14]. The most striking
case is type III when generalized BEC occurs in the sense of equation (3.4) even though none of
the eigenstates ¢; is macroscopically occupied. The realization of different types depends on how
the relative gaps between the eigenvalues F; at the bottom of the spectrum vanish in the TL.
To our knowledge, analysis of this behaviour in random system has only been realised in some
particular cases, see [6] for a comprehensive presentation. The concept of generalized BEC is more
stable than the standard one-mode BEC, since it depends on the global low-energy behaviour of
the density of states, especially on its ability to make the critical density (3.3) finite. We also note
that, since the IDS (3.1) is not random, the same it true for the amount of the g-BEC (3.4).
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We can also obtain an explicit expression for the limiting measure m. Note that we have fized
the mean density p, which implies that we require the chemical potential u to satisfy the equation:

1 1
5= (N R . —— 3.5
p = (Ni)i(B, 1) Vi e g (3.5)

for any . Since the system is disordered, the unique solution p{’ := pu’(3,5) of this equation is a
random variable, which is a. s. non-random in the TL [4,6]. In the rest of this paper we denote the
non-random fio 1= a. s.-lim;_,o p’. By condition (iii), section 2, and by (3.7) it is a continuous
function of p :

— 0 iftp > pe,
oo (8,9) = { <0 i7<pe. (3.6)
where i := (3, p) is a (unique) solution of the equation:
- > 1
p = /0 BE—) _1 v(dE), (3.7)

for p < pe.

Remark 3.1 Note that po is non-positive (3.6), which is not true in general for the random finite-
volume solution py’. Indeed, the only restriction we have is that uy < Ef’l, which is the well-known
condition for the pressure of the perfect Bose gas to exist. We return to this question in section 4
for the case of random BEC in the free one-particle kinetic-energy operator eigenfunctions.

We also recall that for (3.6) the explicit expression of the weak limit for the general particle
density occupation measure is:

(7 — p)So(dE) + (¢F 1)L w(dE) i > pe,

m(dE) = { (PE—1) _ 1)1 y(dE) it 7 < pe. (38)

We end this section with a comment about the difference between the model of the perfect Bose
gas embedded into a random potential and the free Bose gas. In the latter case, one should consider
the IDS of the one-particle kinetic-energy operator (2.1), which is given by the Weyl formula:

WL(E) = C4EY?, (3.9)

where is Cy is a constant term depending only on the dimensionality d. It is known that for this
IDS, the critical density (3.3) is finite only when d > 2, and hence the fact that BEC does not
occur for low dimensions. On the other hand, a common feature of Schrédinger operators with
regular, stationary, non-negative ergodic random potentials is the so-called Lifshitz tails behaviour
of the IDS near the bottom of the spectrum. If the lower edge of the spectrum coincides with
E = 0 (condition (iii), section 2), this means that for the IDS one has the “doublelogarithmic”
asymptote, see [12]:
In|In(v(E))| d

li A7 .1
B0t InE 2 (3.10)

Here we consider a stronger form of this asymptotic behaviour, namely:

Jim, (—EY)In(v(E)) > a >0, (3.11)
for some constant a. The technical conditions assumed throughout this paper are sufficient for
(3.11) to hold. Lifshitz tails in this form are in particular true in the case of Poisson random
potentials. In general, however, there can be a logarithmic correction to (3.11), so that one can
only expect the weak form (3.10). Hence, the critical density (3.3) is finite in any dimension, and
therefore enhances BEC in the sense of (3.4) even for d = 1,2. This was shown in [4,6], where some
specific examples of one-dimensional Poisson disordered systems exhibiting g-BEC in the sense of
(3.4) were studied.
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4. Generalized BEC in one-particle kinetic energy eigenstates

4.1. Occupation measure for one-particle kinetic energy eigenstates

Similar to (3.2), we introduce the sequence of particle occupation measure /m; for kinetic energy
eigenfunctions {iy, := %/ch}keA;i

) = o 3 (N, ACE,

L ke €A

but now in the random equilibrium states (—); corresponding to the perfect boson gas with Hamil-
tonian (2.5).

Note that, contrary to the last section, the standard arguments used to prove the existence
of a limiting measure in TL are not valid for /m;, since the kinetic energy operator (2.1) and the
random Schrodinger operator (2.3) do not commute.

We also remark that even if we know that the measure m (3.8) has an atom at the edge of the
spectrum (g-BEC), we cannot deduce that the limiting measure m (assuming that it exists) also
manifests g-BEC in the free kinetic energy eigenstates ¢y.

Our motivation to study this problem is that in view of the well-known Bogoliubov approzxi-
mation, it is the latter that is required, see [7—9]. Indeed, let the second-quantized form of the
interaction term be expressed in terms of creation/annihilation operators in states 1/)2, eigenfuncti-
ons of kinetic-energy operator (2.1). Then the so-called first Bogoliubov approximation (Bogoliubov
ansatz) assumes that only terms involving creation and/or annihilation operators of particles in
the ground state 1)} are relevant. The Bogoliubov theory is nontrivial if there is macroscopic occu-
pation of this zero-mode kinetic-energy operator ground-state. Therefore, the g-BEC in the sense
(3.4) is not sufficient to apply the Bogoliubov ansatz.

Now we formulate the main result of this section. Let

Qf ) = {€:£(0) = 2, €(T) = ')

be the set of continuous trajectories (paths) {£(s)}1_, in RY, connecting the points z, =/, and let
w? denote the normalized Wiener measure on this set.

Theorem 4.1 The sequence of measures m; converges a. S. in a weak sense to a non-random
measure m, which is given by:

(de) = { %ﬁ(g—)gg)éo(ds) + F(e)de ZZ gigz (4.1)

with density F(e) defined by:

F(e) = (25)d/2_1/ do g(v2en,) .

Sa

Here, S} denotes the unit sphere in R? centered at the origin, n, the unit outward drawn normal
vector, and do the surface measure of Sé. The function g is as follows

o= llzl?(1/2np)

_ 1 ikx nB oo nB — [78 dsv® (£(s))
g(k) = (2m)d/2 /Rd dze Ze (27n3)4/2 Ew{ ns w"’(d§) e o }a (4.2)

n=1 (0,z)
with expectation B, on the probability space (Q, F,P).

Note that since the Wiener measures w™ on Q?Oﬁ 2) are normalized, we recover from (4.2) the
expression for the free Bose gas if we put v* = 0.
Before proceeding with the proof, we give some comments about these results.
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(a) First, the existence of a non-trivial limiting kinetic energy states occupation measure provides
a rigorous basis for discussing the macroscopic occupation of the free Bose gas eigenstates.

(b) Moreover, both occupation measures (3.8) and (4.1) do not only exhibit simultaneously an
atom at the bottom of the spectrum, but these atoms have the same non-random weights. It
is quite surprising that the generalized BEC triggered by the Lifshitz tail in a low dimension
disordered system produces the same value of the generalized BEC in the lowest free kinetic
energy states.

4.2. Proofs

We start by expanding the measure m in terms of the random equilibrium mean-values of
occupation numbers in the corresponding eigenstates ¢,. Using the linearity (respectively conjugate
linearity) of the creation and annihilation operators one obtains:

A= % > ot (wr)alwe))
k:iep €A
= LYY T 0 eate)
i,j kiepr€A
- %Z 2 160 vr)? (™ (di)a(di))r. (4.3)
i kieg€A

In the last equality, we have used the fact that [H;(u), Ni(¢:)] = 0 for all 4, which implies that:

(@*(¢i)a(dj)h = 0 if i j.

This is the analogue of the momentum conservation law in the free Bose gas. Although, it has a
different physical sense: the conservation of the particle number in each random eigenstate ¢;.

We first prove two important lemmas. In neither of them we shall assume that the sequence m;
has a weak limit, instead we consider only some convergent subsequence. Note that at least one
such subsequence always exists, see [17].

The first result states that if there is condensation in the lowest random eigenstates {¢; };, then
there is also condensation in the lowest kinetic-energy states {1y }x. Moreover, the amount of the
latter condensate density has to be not less than the former.

Lemma 4.1 Let {m;.},>1 be a convergent subsequence. We denote by m its (weak) limit. Then:

if P<pe-

(o)) > migoy) = { h=r B =

Proof: Let v > 0. Using the expansion of the functions v, in the basis {¢;}i>1 , we obtain:

m([0,7]) = lim > N (W),

r—00 V
kier <y

- rli{go% Z Z|(¢ivwk)|2<Nlr(¢i)>zr

T o kiep<y izl

im o 3 Y ()l (N (60,

r—oo Vj
b hien<ry i:E: <6

WV

for any § > 0. The non-negativity of the random potential (2.4) implies:

Ev
PRIRUSIEENY ,y|<<z>z,wk Zsu@,wk = <<z>z,h 6) < = (60, h o) = -

kg >y kg >y k>1

2
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We then obtain:

1
w((0,9) > Timoom Y0 (M@, (1= Y (6 wn)l?)
e iy B <O ke >y
> lim 3 (N6, (1 Eif)
e L B <68

> lm (=55 Y (N @), = (L= 8/n)m([0,8)>0

be i Ei<5

But ¢ is arbitrary, and the lemma follows by letting § — 0. O
In the next lemma, we show that the measure m (4.1) can have an atom only at zero kinetic
energy.

Lemma 4.2 Let {m;.},>1 be a convergent subsequence, and m be its (weak) limit. Then, it is
absolutely continuous on Ry := (0, 00).

Proof: Let A be a Borel subset of (0,00), with Lebesgue measure 0, and let a be such that
infA > a > 0. Then:

1
() = 3= > (N (i,

" kiex€A
1

= o > 2 1@n v (N (),
b kiexk€A i

= Vi Yoo 2 @) PN @b + 5= Do D 1@ )P (Ne (9, (4.4)
b kiex€A i:E; <« r kier€A i:E; >«

for some o > 0. Next, we use (2.4) to get the following estimate:

LB = ((bzah(lu(ybz) (¢zah ¢z) = Z 5k|(¢mwk Za Z d)zawk

k kiex€A

Since the equilibrium value of the occupation numbers (N;(¢;)); = {eFi7# — 1} ! are decreasing
with 4, the estimate (4.4) implies:

- 11
. (4) < 3= > BN (@), + (N (i) — Y 1, (4.5)
% Ei<a Vi, kiencA

where ¢;, denotes the eigenstate of hy’ with the smallest eigenvalue greater than «. Using again
the monotonousness and the finite-volume IDS (3.1) we can get an upper bound for the mean
occupation number in the second term of (4.5), since:

P = M6 > 7 Y NG > (N6 (@) (16)
7 B <a
Combining (4.5) and (4.6) we obtain:
- ap p 0
() < 5P v s [ . (4.7

Since the measure v° (3.9) is absolutely continuous with respect to the Lebesgue measure, and
v(a) is strictly positive for any o > 0 the limit 7 — oo in (4.7) gives:

But « > 0 can be chosen arbitrarily small and thus m(A) = 0. To finish the proof, note that any
Borel subset of (0,00) can be expressed as a countable union of disjoint subsets with non-zero
infimum. Our arguments then can be applied to each of them. O
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Remark 4.1 Lemmas 4.1 and 4.2 are fairly general, since they require only the non-negativity of
the potential and in the random case, ergodicity. In particular, they apply to non-random (weak)
external potentials, that we consider below, as well as to some models of an interacting Bose gas, as
long as the many-particle Hamiltonian still satisfies the commutation relation [H;(1), Ni(¢:)] = 0.
In particular this holds in the case of models with interactions, which are diagonal in the occupation
number operators.

Above we exploited the fact that the sequence {m;};>1 has at least one accumulation point.
However, to prove the convergence, we need to make use of some particular and explicit features
of the perfect Bose gas, as well as a more detailed information about the properties of the external
(random) potential. In particular, we shall need some estimates of the (random) finite-volume
integrated density of states.

5. On the nature of the generalized condensates in the Luttinger-Sy model

In this section, we study the van den Berg-Lewis-Pulé classification of generalized BE conden-
sation (see discussion in section 3) in a particular case of the so-called Luttinger-Sy model with
point impurities [3].

Let u(z) > 0, 2 € R, be a continuous function with a compact support called a (repulsive)

single-impurity potential. Let {z$} cq be the random Poisson measure on R with intensity A > 0:

AAD™
P({weﬂzuf(A):n}):%e_MA‘ ., neNy=Nu{0}, (5.1)
n!
for any bounded Borel set A C R. Then the non-negative random potential v* generated by the
Poisson distributed local impurities has realizations

OE N CIECENED SRR (5.2)

;c;f’EXW

Here the random set X“ corresponds to impurity positions X« = {x‘f }j C R, which are the atoms
of the random point Poisson measure, i. e., §{X*“ [ A} = pf(A) is the number of impurities in
the set A. Since the expectation E (1§ (A)) = X|A|, the parameter A coincides with the density of
impurities on R.

Luttinger and Sy defined their model by restricting the single-impurity potential to the case of
point d-potential with amplitude a — +o00. Then, the corresponding random potential (5.2) takes
the form:

v = [ igdpade-y)=a Y oo af). (53)
R

:v;’GX“’

Now the self-adjoint one-particle random Schrédinger operator h¥ := h® 4 v% is defined in the
sense of the sum of quadratic forms (2.2). The strong resolvent limit h{gq := s.7. lim,— oo hY is the
Luttinger-Sy model.

Since X generates a set of intervals {I;’ = (24, 2y
gets decompositions of the one-particle Luttinger-Sy Hamiltonian:

Yo =@ hoy), dom(his) c PLAIY) . weQ, (5.4)
j .

J

)}j of lengths {L‘J*’ =y — x;’_l}j, one

into random disjoint free Schrodinger operators {hD (I f)}]w with Dirichlet boundary conditions
at the end-points of intervals {I;’}j . Then the Dirichlet restriction hj’p, of the Hamiltonian hyg
to a fixed interval A; = (—1/2,1/2) and the corresponding change of notations are evident: e. g.,
{I;’}j — {I]“’ }]I,Vill(w), where M!(w) is total number of subintervals in A; corresponding to the set
X*. For rigorous definitions and some results concerning this model we refer the reader to [6].
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Since this particular choice of random potential is capable of producing Lifshitz tails in the
sense of (3.11), see Proposition 3.2 in [6], it follows that such a model exhibits a generalized BEC
in random eigenstates, see (3.4). In fact, it was shown in [6] that only the random ground state
d)‘f’l of hj’p is macroscopically occupied. In our notations this means that

" w,l . 0 if o< pe,
llirgo l Mo = { P~ Pe ifp = pe, (5:5)
1
Jim - (Ni(¢2h)), = 0, foralli>1.

According to the van den Berg-Lewis-Pulé classification this corresponds to the type I Bose-
condensation in the random eigenstates {¢% }ix1.

Following the line of reasoning of section 4, we now consider the corresponding BEC in the
kinetic-energy eigenstates. We retain the notation used in that section and briefly explain the
minor changes required in applying our method to the Luttinger-Sy model.

We first state the equivalent of Theorem 4.1 for this particular model.

Theorem 5.1 Theorem 4.1 holds with the function g defined as follows

B 1 . nope, € Iel?@/2n8) —[lz[|*(1/2nB)
) = G [ L g

n>1

X /Qnﬁ w"?(d€) eXp(—A(sgpﬁ(S) —igfﬁ(é’))>-

(0,2)

The scheme of the proof is the same as the above, cf. section 4. First, we note that Lemmas 4.1
and 4.2 apply immediately. The positivity of the random potential has to be understood in terms
of quadratic forms, see (2.4).

First, suppose that there is at least one impurity in the box, then the eigenvalues will be of the
form (for some j)

(n27r2)/(L;’)2, n=12...
if I is an inner interval (that is, its two endpoints correspond to impurities), and
(n+1/2)*7%)/(LY)?, n=0,1,2,...

if I¥ is an outer interval (that is, one endpoint corresponds to an impurity, and the other one to
the boundary of A;). Therefore, Ef’l’N > B/I? since obviously L < I. Now, if there is no impurity
in the box A;, then BN = 0 < B/I2. But due to the Poisson distribution (5.1) this happens

with probability e M.

Our next step is to split the measure m; into two, rhl(l) and m§2>, and to prove the following
statement:
Theorem 5.2 For any d > 1, the sequence of Laplace transforms of the measures ml(”:

filts Bou) o= /R M (de) et

converges for any t > 0 to a (non-random) limit f(t; 8, peo) , which is given by:

e—llzll*(1/2nB+1/2t)

Tt 8, poo) Z elies / (472tn3)d/2

n>1

[ g e (< A(up(s) ~ it ()

(0,2)
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Proof: We can use the ergodic theorem to obtain:

1 nBp 67”93”2(1/2nﬁ+1/2t) o
zlirgoaz(n):e WIEW/Rd:E (4n2tn3)d/2 Z/ w™?(d€) x1,% m8(€). (5.6)

We have used the fact that the Dirichlet boundary conditions at the impurities split up the space
H; into a direct sum of Hilbert spaces (see (5.4)). This can be seen from the expression

_Hg;|‘2(1/2n5+1/2t) _ [P dsa . o)
l— 00 R (47T2tn6)d/2 Qnﬁ

(0,2)

by formally putting the amplitude, a, of the point impurities (5.3) equal to +oco. Because of the
characteristic functions x 19 nB; which constrain the paths § to remain in the interval I} in time
n, the sum in (5.6) reduces to only one term:

lim a;(n) = e"Pre

l—o00

/ o= llzl(1/2n6+1/20)
R

(4m2tnB)%/2 E‘”/mﬂ w"?(d€) X(a o) m5 () (5.7)

(0,2)

where (ay, b,), is the interval among the I%'’s which contains 0.

The expression in (5.7) can be further simplified by computing the expectation E,, explicitly.
First, note that the Poisson impurity positions: a,, b, are independent random variables and by
definition, a,, is negative while b,, is positive. For the random variable b,, the distribution function is:

P (b, < b) := P{(0,b) contains at least one impurity} =1 —e~*?,
and, therefore, its probability density is Ae=** on (0, c0). Similarly for a,, one gets:
P (a, < a) := P{(a,0) contains no impurities} = e Al = e,

and thus its density is Ae*® on (—o0, 0). Using these distributions in (5.7) we obtain:

0 o0 —|lz)1*(1/2nB+1/2t)
lim aq;(n) = 6"5““)\2/ dae)‘“/ dbe*’\b/d:ce
I—00 . o R (4m2tn3)d/2
></ w™(d€) X (a,p) (€)
Qr?
(0.2)
0 o0 —|lz)1*(1/2nB+1/2t)
_ B2 Aa —Xb €
= e A [mdae /o dbe /}Rdx (@m2in By
<[ " Lsup(e(s) <) 1int(€(5) > )
Q0,2) s °
_ 2
= enﬁ;toe)\Q/dxe Ao
N T E
inf, (£(s)) oo
X / w"P(de) / da et / dbe
Q) —o0 sup, (£(s))
and the Theorem 5.2 follows by explicit computation of the last two integrals. O

Proof of Theorem 5.1: Having proved Theorem 5.2, it is now straightforward to derive the cor-
responding result for the Luttinger-Sy model. Note that the line of reasoning remains unchanged,
since only the uniform convergence was used. With these observations, the proof of Theorem 5.1
follows in the same way as for Theorem 4.1. |
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We have proved, in Theorem 5.1, that the Luttinger-Sy model exhibits g-BEC in the kinetic
energy states. But, in this particular case, we can go further and determine the particular type of
g-BEC in the kinetic energy states. Recall that the g-BEC in the random eigenstates is only in
the ground state, that is, of the type I, see (5.5) and [6] for a comprehensive review. Here we shall
show that the g-BEC in the kinetic-energy eigenstates is in fact of the type III, namely:

Theorem 5.3 In the Luttinger-Sy model none of the kinetic-energy eigenstates is macroscopically
occupied:

1
lim — (Ni(vg)) = 0 forall k€A,

l—oo [
even though for p > p. there is a generalized BEC.

To prove this theorem we shall exploit the finite-volume localization properties of the random
eigenfunctions (bf’l of the Hamiltonian h;’fD. Since the impurities split up the box A; into a finite

l
number M'(w) of sub-intervals {I 7 }JAi 1(“)), by virtue of the corresponding orthogonal decomposition

of hi’p, cf (5.4), the normalized random eigenfunctions ¢**! are in fact sine-waves with supports
in each of these sub-intervals and thus satisfy:

2 .
@< 2l @ . 1< <MW, 59)
Js

We require an estimate of the size L} of these random sub-intervals, which we obtain in the
following lemma.

Lemma 5.1 Let A > 0 be a mean concentration of the point Poisson impurities on R. Then
eigenfunctions ¢% are localized in sub-intervals of logarithmic size, in the sense that for any > 4,
one has a. s. the estimate:

. max; i< m! (w) LY K
]Jm sup SYAS (w) J g — .
m S In p\

Proof: Define the set

K
S = : LY —Inl;.
: {w 1< T X n}

Let n := [2Al/(kInl)] > and define a new box:

~ n, K n, K

Split this bigger box into n identical disjoint intervals {I! }7 _; of size k(2\) 1 Inl. If w € S}, then
there exists at least one empty interval I' (interval without any impurities), and therefore the set

S; C U {w: I}, is empty} .

1<m<n

By the Poisson distribution (5.1), the probability for the interval I, to be empty depends only on
its size, and thus

K 2l
< I WA < |22 w2
P(Sl) < nexp( )\2)\ 1nl) < [nl l} l

Since we choose k > 4, it follows that

D P(S) < o

1>1
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Therefore, by the Borel-Cantelli lemma, there exists a subset Q C Q of full measure, IF’((NZ) =1,
such that for each w € Q one can find lp(w) < co with

K
P : LY < —Inl} =1
tw e 7 S X J
for all I > lp(w). O
Now we can prove the main statement of this section.

Proof of Theorem 5.3: The atom of the measure m has already been established in Theorem 5.1.
Concerning the macroscopic occupation of a single state, we have

~ =

SN = T I PN )

2

~| —

D N8N dx () 67 ()

%

1 2
> (N 7( d$|¢“ |)7

i

<

~] =

where in the last step we have used the bound |ty < 1/v1 . Therefore, by (5.8) and Lemma 5.1,
we obtain a. s. the following estimate:

SN < T YN

which is valid for large enough [ and for any x > 4. The theorem then follows by taking the
thermodynamic limit. O

~] =

;lnl7
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Bo3e koHAeHcauia y (BMNnagaKkoBMx) nacTkax

T. dex’, N.B. Myne', B.A. 3arpe6HoB?

1 Llikona maTteMaTnyHm1x Hayk, YHiBepcuteTcbkuii konepx AybniHa Bending, OybniH 4, Ipnangis
2 CepepnzemMHoMopcbkuin yHiBepeuteT Mapcens I, LileHTp TeopeTnyHoi @isunkun, 13288 Mapcenb, @paHuis

OTpumano 15 yepsHs 2009 p.

MpoBeneHo [OCNioXEHHS igeanbHOro rady bose-4acTMHOK y BMNAAKOBMX 30BHILLHIX MNOTeHujanax (macr-
kax). MokazaHo, WO y3aranbHeHa KoHAaeHcalis bo3e-AHwTaliHa y BUNagKoBMX BIACHUX CTaHax 4acTu-
HOK CMOCTEpPIraeTbCa ToAj i Nnwe ToAi, KON Le caMe CTOCYETbCS i BNACHUX CTaHiB OAHOYACTUHKOBOI
KiHETUYHOT eHeprii, ki BigNoBiaaloTb y3aranbHeHi KoHAeHcaLii BinbHoro rady 65ose. Kpim Toro, foBeneHo,
O 3HAYEHHS M'YCTMHU KOHAEHCATy € OAHAKOBMM B 060X Bunaakax. Lle TBepAXeHHs € BaXIMBUM Afsi
NiATBEPOKEHHSI 3aCTOCOBHOCTI HabsmxeHHs1 borosito6oBa B Teopii HEBMNOPSAKOBAHUX CUCTEM BO30HIB.

Kniou4oBi cnoea: y3arasbHeHa koHAeHcauis bo3e-AlHLuTaliHa, BUNnaakoBi noTeHuiann, iHTerpoBaHi
rycTuHu cTaHiB, ‘xBoctn” Jlipumus

PACS: 05.30.Jp, 03.75.Fi, 67.40.-w
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