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We study Bose-Einstein Condensation (BEC) in the Infinite-Range Hopping Bose-
Hubbard model for repulsive on-site particle interaction in presence of ergodic random
one-site potentials with different distributions. We show that the model is exactly soluble
even if the on-site interaction is random. But in contrast to the non-random case [BD],
we observe here new phenomena: instead of enhancement of BEC for perfect bosons, for
constant on-site repulsion and discrete distributions of the single-site potential there is
suppression of BEC at some fractional densities. We show that this suppression appears
with increasing disorder. On the other hand, the BEC suppression at integer densities
may disappear, if disorder increases. For a continuous distribution we prove that the BEC
critical temperature decreases for small on-site repulsion while the BEC is suppressed at
integer values of density for large repulsion. Again, the threshold for this repulsion gets
higher, when disorder increases.
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1 Introduction

Lattice Bose-gas models were invented as an alternative way to understand continuous inter-
acting boson systems including liquid Helium, see [MM] and a very complete review [U]. But
recent experiments with cold bosons in traps of three-dimensional optical lattice potentials show
that lattice models are also relevant for describing the experimentally observed Mott insulator-
superfluid (or condensate) phase transition [G-B]. In [BD] and then in [A-Y], this phenomenon
was analyzed rigorously in the framework of the so-called Bose-Hubbard model.

The aim of the present paper is to study a disordered Bose-Hubbard model and in particular
the influence of the single-site potential randomness on the Bose-Einstein condensate (BEC).

Notice that the first attempts to understand this influence go back to [KL1], [KL2] and [LS]
for continuous Perfect Bose-Gases (PBG) in a random potential of impurities. For the rigorous
solution of this problem see [L-Z]. One of the principal result of [L-Z] is that the randomness
enhances the BEC. For example, the one-dimensional PBG has no BEC because of the high
value of the one-particle density of states in the vicinity of the bottom of the spectrum above
the ground state, making the integral for the critical particle density infinite. The presence of a
non-negative homogeneous ergodic random potential modifies the one-particle density of states
(due to the Lifshitz tail) in such a way that the integral for the critical density becomes finite.
Hence, the one-dimensional PBG with random potential does manifest BEC. The nature of this
BEC is close to what is known as the ” Bose-glass” since it may be localized by the random
potential [LZ]. This is of interest for experiments with liquid *He in random environments like
Aerogel and Vycor glass, [F-F|, [KT].

On the other hand, the nature and behaviour of the lattice BEC may be quite different.
First of all, the lattice Laplacian and the Bose-Hubbard interaction produce a coexistence of
the BEC (superfluidity) and the Mott insulating phase as well as domains of incompressibility,
see e.g. [F-F], [K-C]. Adding disorder makes the corresponding models much more compli-
cated. The physical arguments [F-F], [K-C] show that the randomness may suppress the BEC
(superfluidity) as well as the Mott phase in favour of the localized Bose-glass phase, but this
is very sensitive to the choice of the random distribution.

Since there are very few rigorous results about the BEC in disordered systems, we consider
here a single-site random version of the lattice Infinite-Range Hopping (IRH) Bose-Hubbard
model, which in non-random case has recently been studied in detail for all temperatures and
chemical potentials in [BD].

This paper is organized as follows. In Section 2, we define the lattice Laplacian for finite-
and infinite-range hopping and recall the results about BEC for the free lattice Bose-gas. We
then introduce random single-site and on-set particle interaction potentials and state our main
result about the existence of and an explicit formula for the pressure for the IRH Bose-Hubbard
model with these type of randomness. We outline the proof of the main theorem using the
approximating Hamiltonian method.

In Section 3 we consider the pressure for extremal cases of hard-core and perfect bosons.
We show that they are the limits of the IRH Bose-Hubbard model pressure when the on-site
particle interaction tends respectively to +o0 and to 0.

In Section 4, we analyse the phase diagram in the case of a non-random on-site particle
interaction and random single-site external potential. We distinguish a number of different
cases. We start with perfect bosons and show that the randomness enhances BEC in this
case, see Sect.4.1. This is no longer true for interacting bosons. We study in Sect.4.2 the phase
diagram first for Bernoulli single-site potential and then for trinomial and multinomial discrete



distributions.

In the case of a Bernoulli distribution and hard-core bosons (infinite on-set repulsion) we
showe that in addition to the complete BEC suppression at extremal allowed densities p = 0
and p = 1 there is a new point p = 1 —p, where p = Pr {potential # 0}. We prove that for finite
on-site repulsion the suppression of BEC at integer, and also for fractional values of densities
p=n—p,n =12, ... persists, if the Bernoulli potential amplitude is large enough. In fact
we find that increasing the Bernoulli potential amplitude (disorder) decreases the critical BEC
temperature in the vicinity of fractional values of densities but increases it for integer values of
density. A similar phenomenon occurs also for equiprobable trinomial distributions, but now for
densities p = n/3. Our numerical calculations demonstrate that it should be true for a general
multinomial distribution.

For illustration of a continuous distribution we study a homogenous distribution with com-
pact support. Then for hard-core bosons we prove that the complete BEC suppression occurs
only at extremal allowed densities p = 0 and p = 1, with the trace of suppressions only at
integer values of densities for a finite on-site repulsion. In particular we show that the critical
BEC temperature gets lower, when one switches on disorder for (a small) on-site interaction,
whereas it gets higher for perfect bosons. For large values of on-site interaction the picture is
similar to the discrete distributions: increasing of disorder increases the critical BEC temper-
ature in the vicinity of integer values of density but increases it for the complimentary values
of density.

In Section 5 we summarize and discuss our results.

2 Model and Main Theorem

For simplicity we shall consider the Bose-Hubbard model only with periodic boundary condi-
tions. Solet A :={x € Z¢: —L,/2 < x4 < Lo/2, a = 1,...,d} be a bounded rectangular
domain of the cubic lattice Z¢ wrapped onto a torus. Then the set A* := {q, = 27n/L, :
n=0+1,4£2... £ (Ly/2 — 1),Ls/2, o = 1,2,...d} is dual to A with respect to Fourier
transformation on the domain A = Ly X Ly X ... X Lg of volume |A| = V.

The standard one-particle Hilbert space for the set A can be taken as h(A) := C* with the
canonical basis {€;}sen, i.e. €;(y) = 0z,y. Then for any element u = Y _, uze, € h(A) the
one-particle kinetic-energy (hopping) operator is defined by

(taw)(z) =Y 2 (ulx) —uly) = > & (u, —u,), (2.1)

yeA yeEA

where

1 7 ig(r—
th, = v 3ty (2.2)

geN*

is the periodic extension in domain A of a symmetric, translation invariant and positive-definite
matrix, i.e.

ty=> th ™ >0. (2.3)

yeA

Notice that functions {(&,)(y) := €'%/v/V} e~ also form a basis in h(A), i.e. for any u € h(A)
one has u =} 1. ugéy .



Let §p := Fp(h(A)) be the boson Fock space over h(A). For any f € h(A)) we can associate
in this space the creation and annihilation operators

=S W) . alf) = aly)f ). (2.4)

Let a}, a, and ay, a, be the boson creation and annihilation operators corresponding respec-
tively to the basis elements e, and é,, satisfying the lattice Canonical Commutation Relations:
[, aZ] =0, , and [a,, d;j = 04.p- Then n, = ala, is the one-site number operator, and

Npo=D) ng =Y, (2.5)
TEA qeEN*

is the total number operator.
The second quantization of the hopping operator (2.1) in §Fp gives the free boson Hamilton
of the form

Ty =) aj(tra)s Z th,(as — a2)(a, — a,) = Y _ (fo — t,)dsd,. (2.6)
r €A z,y EA qEN*

If hopping is allowed only between the nearest neighbor (n.n.) sites with equal probabilities,

then ty = —A corresponds to minus the lattice Laplacian, i.e.
d
té\y = Z (Ozt1a,y T 0o-14,y); (2.7)
a=1

where (z + 1,) = 23 £ 04, 3. In this case the one-particle hopping operator spectrum is

e(q) == (to — 1) Z 4 sin*(ga/2) >0, g€ A", (2.8)

with eigenfunctions {é,} e~

It is known that the lattice free Bose-gas (2.6) with n.n. hopping manifests the zero-mode
BEC when d > 2, since the spectral density of states Ny(de) corresponding to (2.7) is small
enough to make the critical particle density p/m¢(3) bounded for a given temperature 3! :

1 1 1 1
free — 1 P — d
Penn. () = limlim GZA BE@—m _ 1 (27) /de 4 e — 1 (2.9)
q *
1
= Na(de) 5 < 00 .
R4 e =
Here lim, stands for the thermodynamic limit A T Z4, by B? := [—m, 7] we denote the first

Brillouin zone and the density of states Ny(de) = {cge¥*~V) + o(e @27V }de for small e.
A similar result is true for the infinite-range (i.r.) hopping Laplacian:

1
tgyzvu—dx,y) , T,y € A (2.10)

By (2.10) the one-particle spectrum in this case takes the form:

e(q) == (to—1ty) = (1 —8,0) >0, g€ A™. (2.11)
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Therefore, it has a gap:
lime(q) =1#¢€0)=0, (2.12)

q—0

and allowed values of the chemical potential are still 4 < 0. Since the density of states is simply
zero in the gap, and |[A*| = V|B?|, we have Ny(de) = &(e — 1)de. Therefore, the critical particle
density has a bounded value:

1 1 1
free o d .
pc, zr(ﬂ) - (27T)d /Bd d q eﬁ —1 - 65 —1 <00, (213)

for any dimensions. The latter implies a zero-mode BEC for densities p > pf}rj_eﬁ (B).

The problem of existence of BEC gets much less obvious if one takes into account the boson
interaction. This is even the case for the simplest on-site repulsive interaction

Hy:=Ty+X Y ng(n,—1), A>0, (2.14)

TEA

known as the Bose-Hubbard model. (Notice that attraction: A < 0 makes this model unstable,
see [U] for discussion of other cases.)

Remark 2.1 Concerning the model (2.14) the best rigorous results so far are:

- a proof of BEC for the n.n. lattice Laplacian and the hard-core boson repulsion: X = +00, by
[K-S] for the case of the half-filled lattice, see also [AB];

- a recent exact solution of the IRH Bose-Hubbard model (2.10), (2.14) for any A > 0 by [BD].

The aim of the the present paper is to study a disordered IRH Bose-Hubbard model. Let
(Q, X3, P) be a probability space. We define our basic model by the random Hamiltonian:

1

z,yeA zEA TEA
where parameters {\2 > 0}, ;. and {e¥ € R'}, ., for w € Q, are real-valued random fields
on Z<, which we suppose to be stationary and ergodic. We denote by

PR(B. ) = p[HZ] (B, p) : Trg, exp {—B(Hy — uNy)} (2.16)

1
=
the grand canonical pressure of the system (2.15) for given temperature 3~' and chemical
potential u. For non-random parameters \Y = A > 0 and €¥ = ¢ = 0 the model (2.15) was
considered in [BD].

Our main theorem is a formula for the pressure of this model given some general regularity
conditions on the random parameters involved in the Hamiltonian (2.15).

Theorem 2.1 Let the stationary, ergodic random fields {\2}, ., and {€X}, ., be such that:

Amin = 1Inf A2 >0 | Emin := infe? > —o0. (2.17)

Then for almost all w € Q, i.e., almost sure (a.s.), there exists a non-random thermodynamic
limit of the pressure (2.16):

a.s. = limpx (B, 1) = p(B, ), (2.18)

bt



such that

p(B, p) = (2.19)
sup { =7 + 87'E {In Tr(g,), exp B (1 — €5 — 1)y — Nong(ng — 1) +7(a; +az)l}
r>0

where E (+) is expectation with respect to the measure P.

Proof: Let
Bo= D Aemg(ng — 1)+ ) (524 ), (2.20)

x€A z€EA
Then by definitions (2.4) the Hamiltonian (2.15) takes the form

HY =T+ Y Xng(ng — 1)+ > e¥n, = —agao + Hy - (2.21)

zEA TEA

Since conditions (2.17) imply the estimate from below:

HY > —ajao+ Na+ Anin D na(np — 1) + EninNa (2:22)
TEN
/\min 2
Z NA + (5min - )\min>NA y

V

the Hamiltonian (2.21) is superstable. Thus, the pressure in (2.18) is defined for all p € R.
Following [B-T], we introduce a similar Hamiltonian with sources:

HY(v) == HY =V (ay +va), veC, (2.23)
and the corresponding approximating Hamiltonian:
H$ (2, v) := HE\(2) — VV (Tag + vay) (2.24)

where

HY\(2) = HS\ + V |2]> =V V (Zag + za7) , z € C. (2.25)

Then
H3 (v) = (2, v) = — (a0 — 2VV) (a0 — 2V/V), (2.26)

and by virtue of the Bogoliubov convexity inequality one gets the estimates:
1/, .
0 < pIHW)] = p[HR (2] < 37 (B0 — VP (60— VV)) (2.27)
A v

for each realization w € 2. Here (—) How) = (—) HY () (B, 1) denotes the grand-canonical

quantum Gibbs state with Hamiltonian (2.23), and from now on we systematically omit the
arguments (3, p). If we choose in the right-hand side of (2.27)

1

then (2.27) implies the following estimate for each w € Q:
|
0<p[H{(V)] - Sup p [HR (=, v)] < 17 (065 0a0) g (2.29)
zE



where we denote
5&0 = EL() — <&0>H“’(u) . (230)

Since (2.5) implies the estimates:
—VV (Tag + vai) > — || agae — V > —|v|*Na -V, (2.31)

by virtue of (2.22) and (2.31) the Hamiltonian with sources (2.23) is also superstable:

)\min
HX(V) Z Vv N/2\+(5min_>\min_|y|2> NA_V 5 (232)

uniformly in w € Q and in |v| < Cy, for a fixed Cy > 0. The superstability (2.32) implies that
there is a monotonous nondecreasing function M := M (3, 1) > 0 of u € R!, such that for any
w € ) we have the bounds:

(80/VV), 0 G| =182 [HE 0] (3, )
< ANA/V) oy (B 1) = 0up [HY ()] (B, 1) < M, (2.33)
and
20w (B, V) < M? (2.34)

for the mazimizer zp (V) = za, (5, p;v) in (2.29):

pHY (20w (B, 13 v), )] (B, 1) == supp [Hy (z,v)] (B, 1) , (2.35)

zeC

uniform in |v| < Cy. Notice that the maximizer satisfies the equation:

2no(V) = O [H (2o (), )] = (a0/VV) . (2.36)

HY (zp,0(v), V)

Moreover, by the same line of reasoning as in [ZB], Ch.4 (see also [BD]) one gets that for
|v| < Cy there are some u = u(M) > 0 and w = w(M) > 0 such that

(05 0a0) o,y < {u+w(dag, 0G0)mz () ) - (2.37)

where

(8ag » 0a0) mryw) = B0, Opp [HF (V)] (2.38)
Then the estimates (2.29) and (2.37) imply:
1 w on
0 <p[HYW)] —p[HY(2a0(v), V)] < v {u~+w(dag, 0a0) g w) } - (2.39)

Following [PS] we define in the Hilbert space L*({(Rev, Imv) € R? : [v| < Cy}) the Dirichlet
self-adjoint extension Ly of the operator

Ly :=1—w(pV) 10,0, . (2.40)

Here 40, 07 = A coincides with the two-dimensional Laplacian operator in variables (Rev, Imv).
The operator Ly is invertible and L;' has the kernel (ﬁ;l) (v, ") (Green function), and
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(ﬁ‘jl) (v,v') = 0 for |v| = Cp, or |V'| = Co, by the Dirichlet boundary condition. Since the
semigroup {exp [—t(f)v -1 )]} is positivity preserving, the same property is true for the
>0

operator [A/‘_,l, see e.g. [RS2], Ch.X.4,
Now, let p(v) := p[H%(v)] and po(v) := p [H{(24,(v),v)]. Since L' is positivity preserv-
ing, then (2.39)-(2.40) imply

(L5 (o +u/V)) (v) = p(¥)., (2.41)
and by consequence the estimates
0 < pH{ ()] = p [H3 (ea). )] < (L5 (o +u/V) ) () = pol®)
< dv' (Ly' ) (v,v 0 v u/V, 2.42
< [ (1) ) o) = o))+ (242

where we used that fz/|<c av' ( ) (v,v') =1, |v| < Cy. By virtue of (2.34) and (2.36) we
obtain for the integral in the right-hand side of (4.40) the estimate:

[ (@) e e -mo) <2 [ (1) - =T 2

[v'|<Co

After change of variables to & = vV V', we get

2M M
Iy = — d¢’ (&) —¢l < — (2.44)
V |f'|<CO\/‘7 ( > V
Here we used that in R? the Green function is known explicitly:
(£2) (6:6) = ol I~ €1) (2:45)

where the Bessel function Ky(z) ~ /7 /2z exp(—z) decays exponentially fast for large z > 0.
Therefore, (2.42) and (2.44) imply

0 <p[HR(W)] = p[H{ (2a0(v), V)] < O(1/V) (2.46)

for all w € 2, any 3 > 0, u € R! and |v| < Cp.
Notice that by definitions (2.20) and (2.25) for any z,v € C we get:

Py, appr(ﬁ,u; 2,v) = pHR (2, 0)] (B, p) = — |21 + (2.47)
Zln Trg, expB(p — €2 — Dng — Ang(ne — 1) + (2 +v)a, + (Z+7)ay] .
a:EA

Then ergodicity of the random fields {\¢} ;4 and {€¥} ;4 implies the existence of the a.s.
limit:
p appr(ﬁa s z, I/) =a.s. — h/r\np(x, appr(ﬁ: Mz, y) = - |Z‘2 + (248>
+B7E{InTrg, exp B [(1 — £ — Dna — AJnu(ne — 1) + (2 + v)ag + (Z + D)as]}



i.e., the self-averaging [PF] of the limiting approximating pressure p*,_ (8, u; 2, ).
Now we put the source v — 0 and we make the canonical (gauge) transformation:

Gy i= aze 9%, (2.49)

Since Hamiltonian (2.25) is invariant with respect of this transformation, we get that z = |z| :=
r and (cf.(2.47)):

ﬁx,appr(ﬁa 2 T) = px,appr(ﬁvu; £=TV= 0) =D [HK(T’, 0)] (67 iu) = _TQ + (250)

1
— Z InTrg, exp B[(n — €2 — Dng — AXong(n, — 1) + r(a, + a,)] .

+
BV TEA

Therefore, without source the mazimizers in (2.35) can be defined only up to a phase and their
moduli satisfy the equation:

1 ~ ~ % . fw
r= W <CL$ + ax>H7\’(r,0) = €A<T)7 (251>

zEA
where
gx (T) = <a’$ + a’z>H1‘*\’(7",0) =

~ Trg, (@ +aj)exp B(n —ef — D)ng — Ang(n, — 1) +r(a; + a,)}
B Trg, exp B[(n — ¥ — D)ng — Aong(ne — 1) + r(a + a,)] '

(2.52)

When r = 0, the approximating Hamiltonian (2.25) is invariant with respect to canonical gauge

transformations U,a,U; = a,e’ for any ¢. This implies £ (r = 0) = 0. Hence, equation (2.51)

always has a trivial solution 7 = 0 and , moreover, by (2.34) any nontrivial solution r{ < M.
Finally, differentiating (2.52) with respect to r we obtain:

0<0.&(r) <R, (2.53)

where, by the superstability (2.32), the upper bound R is finite uniformly in w,r,z. Hence,
—2M < O,pR appr (B, p57) < 2RM for r € [0, M]. By consequence the limit (2.48) implies the
uniform a.s. convergence of the sequence {f5 ... (3, 1; r)}A for r € [0, M]:

Pappe (B, 1;7) = a5, = W e (B, p157) = (2.54)
= —r* + 7B {In Trg, exp B [(1n — 5 — D)ng — Xyny(ng — 1) + (@5 + a.)]}

Therefore,
a.s. — Hsup Py (0 1157) = SUP Pappr (6, 457). (2.55)
r>0 r>0

Together with (2.46) and (2.48), the limit (2.55) proves the assertions (2.18) and (2.19) of the
theorem. O

Remark 2.2 The function £(r) is increasing in v by virtue of (2.53). Moreover, it has also
been suggested that for any x € Z% and w € Q, the function v — £2(r) is concave, see [BD]
for discussion of this conjecture. This implies that the nontrivial solution of equation (2.51)
is unique. Notice that homogeneity and ergodicity of the random field random field {2}, .7



implies the same for the random field {£2}, o defined by (2.52). Therefore, equation (2.51) in
the thermodynamic limit takes the form:

E(&_o(r)) =: f(r), (2.56)

| —

r=a.s. — hianm =

expressing a self-averaging property of the order parameter r, see [PF]. Since the expectation in
(2.56) preserves convexity, solution of the limit equation (2.56) should be also unique. There-
fore, the sequence of maximizers {r{}, with P = 1 has a unique accumulation point in the
interval [0, M]. Moreover, if r{ is the unique solution of equation (2.51), then

a.s. — lij{nrj( =r(B, ), (2.57)

where (3, 1) denotes the unique solution of equation (2.56).
Proof: Since Amin > 0, by superstability we get 4 < M, see (2.34), i.e.

0< lij{n infry < li/r\n supry < M, (2.58)

for any w € Q. Now suppose that there exists Q. with P(2.) > 0 and a subsequence
{Txn}n>1 ,w € € such that

lim 7y =71 >7r(3,pn), wel. (2.59)

n—oo

Then, by virtue of (2.51), (2.53), (2.56) and (2.59) we get:
00 = R|ri, —rd| <of, = €8, 00 +0%, —12) &0 + Rry, — 2] (2.60)

These estimates, together with the limit (2.59) and a.s.-convergence of £§ (r) to f(r) for any r
imply

re = f(ry)>r(B,n), (2.61)
for any w € Q. with P(Q2.) > 0, which is impossible by uniqueness of solution of (2.56).
Similarly one excludes the hypothesis ¥ < r(/3, 1), which proves (2.57). O

3 Limiting Hamiltonians

3.1 Limit of Hard-Core Bosons

The hard-core (h.c.) interaction in the Bose-Hubbard model (2.14) corresponds to A = 400,
Or Amin = +00 for the IRH Bose-Hubbard model (2.15). This formally discards from the boson
Fock space §p(A) all vectors with more than one particle at one site.

Let ®y denote the vacuum vector in Fg(A). Then the subspace §%“(A) C Fp(A), which
corresponds to the hard-core restrictions, is spanned by the orthonormal vectors

Oy = [[az . XcCA. (3.1)

zeX

Since the subspace §%¢(A) is closed, there is orthogonal projection Py onto §%¢(A) such that
5(A) = P §p(A) (3.2)

10



and we get the representation
Fu(A) = F5“(A) @ (B (A)" (3-3)

where the orthogonal compliment (%% (A))* := (I — P)Fs(A).

Since our main Theorem 2.1 is valid for any A, > 0 and the estimate (2.46) is uniform in
A2, we can extend this theorem to the hard-core case by taking the limit Ap;, — +oc.

For simplicity we consider the case of a sequence of non-random identical and increasing
positive {\Y = Ay > 0}22, such that Ay — +o0.

Lemma 3.1 Let A\; — +o00. Then for all { € C: Im(¢) # 0, and for any w € Q and v € C
we have the strong resolvent convergence of Hamiltonians (2.23):

-1

lim (Hy(s,v) = ¢I)'W =P Ty + > e¥n, —VV(Vag+vag) —(I| PV, U eFp(A),

As oo TEA
(3.4)
where
HY(s,0) :=Ta+ A > na(ng — 1) + > £¥ny — VV (Vg + vay) . (3.5)
e zEA
The same is true for approzimating Hamiltonians (2.24):
lim (HY (s, z,v) — ()70 = (3.6)

As——+00
—1

PV |2 = VV (Zao + 2a5) + Y (5 + )ng — VV (Wlg + vag) — (1| PY,

TEA

for any z € C and ¥ € Fp(A). Here

HY (5, 2,0) =V |2|* = VV (Zag + 2a8) + Ny + A an(”z —1) ‘1‘25?7% —VV (wig +vig) .

reEA TeEA
(3.7)
Proof: By estimate (2.32) and (3.5) for 0 < Ay < Ag11 we get:
As
VNi + (min — As — |V°) Ny =V < H¥(s,v) < HS(s + 1,v) . (3.8)

So, for any w € 2 and v € C Hamiltonians (3.5) form an increasing sequence of self-adjoint
operators, semi-bounded from below. Let {h% (v, A)[¥] := (¥, HY (s, v)V)z,() }22, be the corre-
sponding monotonic sequence of closed symmetric quadratic forms with domains dom h¥(v, A).
Put

Q= () dom h¥(v,A), (3.9)

s>1

and let Qo = @ be the closure of @ in the Hilbert space §g(A). Since for any w € Q and v € C

i (U HR (5,0) W)g,0) = oo, e (F(A)" (3.10)
one gets Qo = 5% (A) and the strong resolvent convergence (3.4) of Hamiltonians, see e.g. [D],

Ch.4.4 or [NZ], Lemma 2.10. (Note that for hard cores the space %% (A) is finite-dimensional,
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which makes these arguments even simpler.) The strong resolvent convergence (3.4) of Hamil-
tonians implies also

i (®, H (5, 1)), 00 = (3.11)
(@, P[Ta + > e¥na — VV (Tig + vay)| PO)gre ) » ® € FH(A) .
xEA
The same line of reasoning leads to (3.6) for approximating Hamiltonians. O

By the Trotter approximating theorem [RS1] the convergence (3.4) and (3.6) yields the
strong convergence of the Gibbs semigroups:

Corollary 3.1 The following strong limits exist:

s— lim e PHAEY) — o= AHical) (3.12)
As—+00
where
Hy, ()= P[Tx + Y £¥ny — V'V (i + vay)|P (3.13)
TzEA
and similarly
s— lim e PR 2 o PR dom HY, () = B4°(A),  (3.14)

As—+00

where

HY ™ (z,v0) o= PV |2 - VV (Zag + zag) + Z(g;; + Dng — VV (Tag +vai)|P,  (3.15)

TEN

with dom Hy "V (z,v) = 5 (A).

Since { e~ PR (s¥)=1Na) }s>1 is a sequence of trace-class operators from C;(Fp(A)) monotonously
decreasing to the trace-class operator

67ﬂ(H;:AcA,A(V)*HNA) c Cl( %C(A)) :

the convergence (3.12) can be lifted to the trace-norm topology, see [Z]. The same is true for
(3.14). It then follows that the pressures also converge:

Lemma 3.2

i plH(s,0)] = plHE,A(0)] (3.16)
i [ (s, 2,0)] = LI (2,0)] (3.17)

Since the estimate (2.46) is uniform in A > Ay, > 0, we can take the limit Ay — +o0 to obtain
0 <p[HyeaW)] —p [Hy (2a0(v),v)] <O1/V) (3.18)

for all w € Q, any 8 > 0, u € R and |v| < Cy. Then, by the same line of reasoning as after
(2.46) in Theorem 2.1, we obtain the thermodynamic limit of the pressure for the hard-core
bosons:

12



Corollary 3.2 The pressure of the Infinite- Range- Hopping hard-core Bose-Hubbard model with
randomness is given by

Phe (B 1) = (3.19)
sup {—r2 + B 'E{In Tr(gney, exp(BP [(1 — &5 — D)ng + r(a; + a;)] P)}} g

r>0
cf. expression (2.19) for finite \.

Remark 3.1 To calculate the Tr over %% note that the boson creation and annihilation op-

erators are quite different from operators : ¢, := PaiP, c, := Pa,P restricted to dom c; =
dom ¢, = F%e, which occur in (8.19). The major difference consists in their commutation
relations:

(o, ] =0, (x#£y), (@)=(L)?=0, cd+de=1I. (3.20)

Taking the XY representation of relations (3.20) :

/00 A
“=\10) “=\oo0)"

(3.19) gives explicitly

Phe.(B, 1) = (3.21)
sup {—r2 +E {%(u —e—1)+ 3 'In {2cosh (%ﬁ\/(u —ev —1)2+ 47*2)1 }} :

the grand-canonical pressure for the random IRH hard-core Bose-Hubbard model.

3.2 Limit of Perfect Bosons

The limit A — 0 is more delicate. For simplicity, below we assume that e,;, = 0. Then Hamil-
tonian (2.15) for perfect bosons A% = 0 is non-negative, i.e. the corresponding pressure exists
in a finite volume only for negative chemical potentials. There is an analogue of Lemma 3.1, if
we subtract from this Hamiltonian a term p/Ny with g < 0 and assume v small enough:

Lemma 3.3 Assume that ey = 0 and let A\ \, 0. Then for pn <0, for all ¢ € C: Im(¢) # 0,
and for any w € €, we have the strong resolvent convergence of Hamiltonians (2.23):

)}i{lo(HX(s, v) — Ny — )7 = (3.22)
{Th+ D (€2 — wng — VV (T + vag) — (I}, W€ Fp(A)
TEA

forv e C, if [v|? < |u|. The same is true for approzimating Hamiltonians (2.24):

/\li%O(HZ’appr(s, z,v) — uNy — CI) ' = (3.23)
(V21> = VV (Zao + 245) + Y (2 + 1 — p)ng — V'V (Tég + vag) — (1},

zEA

forany z€ C, (€ C:Im(C) #0 and ¥V € Fp(A).
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Proof: The bound (2.32) now yields:
H/L\u(sv v, N) = H;\u(sa V) — pNp 2 (_” - |V|2)NA -V, (324)

so that for |v|*+p < 0, the operators { H{ (s, v, i)}, are positive. As in Lemma 3.1, for these
operators we define the corresponding closed symmetric quadratic forms by {h% (v, u, A)[¥] :=
(U, HY (s, v, 1) W)z, }52,- Note that they are monotonously decreasing and bounded from
below, which implies that for any w € Q, v € C and A the operators { HY(s,v, i)}, converge
in the strong resolvent sense, see e.g. [K], Ch.VIIL, to a positive self-adjoint operator HY o(v, i).
Let us define the symmetric form

R [®] = lim hZ[D], (3.25)

§—00

with domain
dom (h%,) = dom ().
s>1
It is known, [K] Ch.VIII, that if the form (3.25) is closable, then operator HY (v, i) is associated

with the closure A%, . By explicit expression of h%(v, i, A) one gets that the limit form (3.25) is
closable (and even closed), since it is associated with the self-adjoint operator HY (s = oo, v, ).
Then the operator Hy (v, ) associated with the closure he. of (3.25) simply coincides with
H{ (s = 00, v, p):

e [®] = (@, [T+ > (€5 — pne — VV (g + vag)] @)

that proves (3.22).

A similar argument applies for the approximating Hamiltonians (2.24). But, in contrast
to the case of sources |v|? < |u|, that we can choose as small as we want to apply the main
Theorem 2.1, the value of z will be defined by variational principle (2.19) with AY > 0. Now
the semi-boundedness of {Hy """ (s,z,v)},., from below follows from the estimate

v+ 22

IL—p

Y+ 1= png — VV((7+2)ag+ (v+2)a5) > = V (3.26)

TzEA

The rest of the arguments is identical to those for the operators (3.24), or equivalently for the
sequence {H{(s,v)},., , and goes through verbatim to give the proof of the limit (3.23) with
HYy ™ (s = 00, z,v) := Hy " (2,v). O

Corollary 3.3 In a full analogy with Corollary 3.1 and Lemma 3.2, the Trotter approzimation
theorem and the monotonicity of the operator families {Hf(s,v)},5, , {Hy™ (s,2,v)}
yield

s>1

Jim p[HE (s, v)] = p[HR (V)] , (3.27)
Jim p[H™ (s, 2, )] = plH™ (2,0)] - (3.28)

Notice that, similarly to the Weakly Imperfect Bose-Gas [ZB], the estimate (2.46) for p < 0 is
still uniform in X > 0. Therefore, we can take there the limit Ay — 0 to obtain

0 < p[H3o()] = p [HY" (a(v), 1)] < O(1/V) (3.29)

14



forallw € Q, any B > 0 and |V|2 < —u. Then, following the same line of reasoning as after
(2.46) in Theorem 2.1, we obtain the thermodynamic limit of the pressure for the perfect bosons:

po(B, 0 <0) = (3.30)
sup {—7’2 + B 'E{In Trzp). exp(B (1 — 5 — D)ng +r(a; + am)])}} ,
r>0

cf. expression (2.19) for finite X, where all values of u are allowed. Since we put € = 0, the
variational principle in (3.30) implies:

po(B, 1 < 0) = B E{In Trg,), exp( (0 — & — 1)ng])} = (3.31)
BE{In [l —exp{B(u—es — 1)} 7'} .

The convexity of {p [HK’O(V = 0)} }A and the thermodynamic limit po([, 1) as the functions of
p < 0, together with the Griffith lemma, see e.g. [ZB], yield the convergence of derivative with
respect of i, i.e. the formula for the total particle density:

1

Remark 3.2 As usually in the case of the perfect boson gas one recovers the value of thermo-
dynamic parameters at extreme point p = 0 by continuation: p — —0:

po(B, 10 =0) := BE{In[1 — exp{B(—e¥ — 1)} 7'} | (3.33)

1
p(B,p=0):=E [W] - (3.34)

In particular by (3.534) it gets clear that the gap (= 1) in the one-particle spectrum of the perfect
boson gas Tx and enin = 0 imply that the critical density

pe(B) :=sup p(B, 1) = p(3, n = 0) (3.35)

n<0

is finite, cf. (2.12) and (2.13). This opens a room for the zero-mode Bose condensation in the
case of the random potential {€%} .

4 Phase Diagram

Here we analyse only the case, when €% is random, but the interaction couplings \Y = A > 0
are fixed.

To proceed we recall first the formulae determining the critical temperature (3.(p, A)~! for
the nonrandom case €2 = 0. To this end we define, cf (2.50),

BB, Air) = %ln Tr exp(— [hn(is, A) — r(a” +a)]) | (4.1)

where

ho(p, A) == (1 —p)n+ An(n—1) . (4.2)
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Due to [BD] it is known that the critical temperature (and the critical chemical potential
te(p, A)) are defined, as functions of the total particle density p, by two equations:

P8, N 0) =2, p= Zne_ﬁh”(M : (4.3)
5 [y A) “—
Here Bhn(iN) _ p—Bhn_1(uN)
2 o 67 n (M, — 67 n—1(H1,
B r0)=——"SN"n 4.4
PO X0 = oy 2 S e =T (44)
and

57,“7 Zeiﬁhn'u)\ :

If e¥ # 0 and A > 0, then by the main Theorem 2.1 (see (2.19), (2.54) and (4.2)) to obtain
the equations for the critical temperature and the critical chemical potential we have to replace
pin (4.3) by u — &% and to average over 2. This gives, instead of (4.3), the (gap) equation:

Ep"(8,n—e*,A0)] =2, (4.5)

and equation for density:

p=E\7 G Z”e e (4.6)
0 M—gw

The case of A = 0 is more subtle, and we begin with it the next subsection.

4.1 Perfect bosons: A\ =0

Without loss of generality, we can assume that the random £ takes values in the interval [0, €].
In that case the maximal allowed value for p (i.e. the critical value) is still u. = 0, and the
critical inverse temperature (3. := (.(p, A = 0) is given (see (3.34), (3.35)) by:

1
p=E Lﬁ(u—)_J : (4.7)

Remark that, irrespective of the distribution of £¥; the equation (4.7) implies that the
resulting 3. is lower than In <1 + %), which corresponds to the nonrandom case ¥ = 0, i.e.

disorder enhances Bose-Einstein condensation. We shall see (Sect.4.3.3) that this is no longer
true when A > 0, and even that the opposite holds, if A is small enough!
Notice that formula (4.7) is in agreement with the general expression found in [L-Z]:

p_/ecé/c\;’(f)17 (4.8)

where N(E) is the integrated density of states given by

N(E) = as.— lim %#{i . B¥ < E}. (4.9)
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Here {E¥}.., are the eigenvalues of the one-particle Hamiltonian with a random potential
{5;:)}meA: B

(hyu)(z) = (tau)(x) + Y _evu(z) , x € A, u € h(A), (4.10)

for i.r. kinetic-energy hopping, see (2.1), (2.10), and #{i : E¥ < E} counting the number of
the corresponding eigenfunctions (including the multiplicity). It is known that for any ergodic
random potential {€%}, _,, the limit (4.9) exists almost surely (a.s.) and that it is non-random,
see e.g.[PF]. A contact between formulae (4.7) and (4.8) gives the following

Lemma 4.1 The integrated density of states is equal to
NE)=P[*<E—-1]=E[0(E - (1+&*)]. (4.11)

Proof: For simplicity we consider the case of a Bernoulli random potential {€%}, _, such that
e¥ = ¢ with probability p and €% = 0 with probability 1 — p. (The proof of the general case

is similar, but slightly more complicated.) In this special case, the right-hand side of (4.11)
equals

1 if £>1+e¢,
Pe*<E—-1=¢ 1—-p if1<E<1+e¢, (4.12)
0 if £ <1.

Clearly, all eigenvalues { E¥'};>1 of the Hamiltonian (4.10) belong to the interval [1,1 + £].
Since dim(h(A)) =V, one gets N(E) =1, if E > 1 +¢. Similarly, N(E) =0, if £ < 1.

Now suppose that £/ € [1,1 4 ¢). Since {¥}, ., is the Bernoulli random field, for given
0 > 0, there exists ¢ > 0 such that with probability Pr > 1 — § the number of sites x € A with
e¥ = ¢ is in the interval (pV — ANV, pV + eV ). Given a configuration for which this is the

T

case, let A, C A be the set where €¥ = . Consider the states ¢ € h(A) such that ¢(z) = 0, if
¢ A and Y, é(x) =0. Then

1V
(h3)(@) = 7 3 _(6(x) — &) +e26(x) = (e + Dé() , = € A..
y=1
The space of such eigenfunctions ¢ has dimension |A.| — 1, so that
#HEY > E} > (JA] - 1).
Since (#{Ey < E})+ (#{EY > E}) =V, for V — oo we get
N(E)<1-p.

Similarly, considering the eigenfunctions with supports concentrated on AS = A\ A. we obtain

N(E)>1-p.

Together with (4.12) these estimates give the proof of (4.11). O
The relations (4.11) show that the formulae (4.7) and (4.8) are equivalent. For details of a
general statement see e.g. [PF] Ch.IL5 .
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4.2 Discrete random potential and A > 0

We now consider the case with interaction A > 0, and first assume that the probability distri-
bution of ¥ is discrete.

A particularly simple case corresponds to the hard-core boson limit A\ = +o00, see Section
3. Then by (3.21) the equations for the critical value of the inverse temperature f. := 5.(p) =
Be(p, A = +00) for a given density p, reduce to the system:

E [tanhﬁ(u—a‘”—l)/Q] 1 (4.13)
p—ecv—1
and
p= % 4 %JE {tanh %ﬁ(ﬂ _ev 1)} | (4.14)

The last equation (4.14) implies that for the hard-core interaction the total particle density has
the estimate: p < 1.

4.2.1 Bernoulli random potential in the hard-core limit \ = +oco.

A special case of a discrete distribution is the Bernoulli distribution, where €¥ = ¢ with proba-
bility p and €% = 0 with probability 1 — p. We first consider the case A = +00. The equations
(4.13) and (4.14) then read,

tanh 15, (u —e — 1)
p—e—1

tanh 1 5. (u — 1)
w—1

+(1—p)

Fpe(B=Bep) =p =1 (4.15)

and

Gyo(B = Bospt) i= = + = | ptanh %mu e~ 1)+ (1 —p)tanh %@(u )| =p (w16)

1
272

Here a new phenomenon occurs for density p = 1 — p. To see this, we consider first a
particular case of p = 1/2. Then p = 1/2, and by (4.16) we obtain, that the only possible
solution for the corresponding chemical potential is u(p = 1/2) := pu(p = 1/2,\ = +o0) =
1 + ¢/2. Inserting this value of p into (4.15) we get for the critical temperature:

Bee 1

tanh =—c.
an4 26

This equation obviously has no solution for ¢ > 2. Therefore, there is no Bose-Einstein con-
densation for Bernoulli random potential, if p = p = 1/2, and ¢ is greater than some critical
value: g, = 2.

One can check that the same phenomenon occurs for p # 1/2 and for densities p = 1 — p, if
¢ is large enough, but now the reasoning is more delicate. First of all, by (4.15) and tanhu < u
we see that in any case there is a lower bound on the inverse critical temperature:

Be > 2. (4.17)

Now assume that p < 1/2, i.e. p > 1/2. From (4.16) it then follows that for any ¢ one has
1
0<u—1—§&?. (4.18)
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Indeed, if we suppose that 0 < p — 1 < ¢/2, then tanh %ﬁc(u — 1) < tanh %ﬁc(l +¢e—p) and
hence, by (4.16), we get

1 1
2p -1 = ptanh Eﬁc(:u —&= 1) + (1 _p> tanh Eﬁc(:u’ - 1)
1
< (1—2p)tanh§ﬂc(e+1—u)<1—2p,

contradicting our assumption p = 1 — p, if 3. exists and is finite.
Now notice that (4.16) with p = 1 — p is equivalent to

l—tanh3B.(e+1—p) 1-p
l1—tanhiB.(u—1)  p

The left-hand side of (4.19) can be estimated from below as

(4.19)

L—tanhgfi(e +1—p) _ ePUTm 4 em0e

1—tanh18.(u—1) e Oelm1-2/2) 4 o=Pec/2

Together with (4.17) this yield an upper bound for (4.18):

1 1. 1—-p 1 1—p 1-—-2p
O<p—1—=e<—1In < < :
2 B p 2 p 2p

But (4.20) implies that (4.15) has no solution f,, since for large € we obtain

tanh 28.(u — e — 1) tanh 28.(u — 1)
p—"> +(1-p)— <
pw—e—1 w—1

p 1—p - p +1—p
e+l—p p—1 e/2—(1-2p)/2p €/2

We assumed that p < 1/2. Therefore by (4.21), our conclusion is true, in fact, for

(4.20)

(4.21)

< 1.

e>1/p>2=¢c, . (4.22)

The same result follows in the case p > 1/2, if we interchange p and 1 —p and p—1 and 1+e—p
in the above argument.

Next we show that for any other p € (0,1), i.e. for any p # 1 — p, the critical 5.(p) < +oo0,
i.e. for these densities one always has the Bose-Einstein condensation at low temperatures.

To this end suppose that there is p* € (0,1) such that p* # 1 —p, but lim,_, - 5.(p) = +o0.
Then the left-hand side of (4.15) converges to

. p l-p
lim F,.(8, 1) = My(u, ) :

= + . 4.23
= p—e=1 a1l 29

The number of solutions of equation (4.15) in the limit lim,,,« 5.(p) = 400 depends on the
value of € > 0, but two singular points ¢ = 1 and g = 1 4 ¢ of the function (4.23) ensure
(for nontrivial values of the probability: p # 0 and p # 1) that there are always at least two
solutions: py(e) < 1 and pa(e) > 1+ ¢ of equation

M,(p,e) =1 (4.24)
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If lim, ., ,« B.(p) = +00, then for these two cases the equation (4.16) implies:

pr=lim Gpe(Be(p)spa(e) =0,
P* = lim Gp,s(ﬁc(ﬂ)uMQ(g) =1.

p—p*

This contradicts our assumptions on p* and makes impossible the hypothesis lim, .« B.(p) =
~+00.

Notice that the function M,(x,€) has a minimum fi(e) € (1,1 +¢). If My(fi(e),e) < 1
(which is equivalent to € > ¢, := 1421/p(1 — p)), then equation (4.24) has two complementary

solutions = (e):
A@(é):g—gg—pﬂF\/(g;l) —p(1=p), (4.25)

such that
L<p_(e)<p(e) <pi(e) <l4+e.

If lim,_ ,» B.(p) = 400, then for these two solutions equation (4.16) implies:

p* = lim Gp,a(ﬁc(p)qui(s)) =1-p,

p—p*

This again contradicts our assumption about p*, and thus proves the assertion: [.(p) < 400
for any p #£ 1 — p.

Notice that by (4.25) the equation M,(fi(¢),e) = 1 has a unique solution € = ¢, < e, = 2,
and one obtains M,(fi(¢),e) > 1 for all € < ¢, which excludes complementary solutions p(e).
On the other hand, if

E> Eop = IIl;lX Ep = Ep=1/2 5 (4.26)

there are always complementary solutions (4.25). This may restrict the values of p, for which
we have bounded critical 8.(p), to a certain domain of densities.

To this end we consider first the p-independent equation (4.15). Notice that F, (5, 1) is a
monotonously increasing function of 3, so there is a unique solution Bc(,u) of equation (4.15)
for a given p, if there is one.

Since (tanhu)/u < 1, then the left-hand side of (4.15) is less than 1, for § < 2. On the
other hand, as  — oo, the left-hand side of (4.15) converges to M,(u,e). Since the function
(4.23) is singular at g = 1 and g = 14 ¢, a solution 2 < 3.(u) < 400 for a certain y always
exists, and the set of those p is defined by the condition:

Spe = {n €R": ﬁhjilo Fpe(B, 1) = My(p,€) = 1} (4.27)

By (4.23) the set (4.27) for e > 0 is a compact in R} . If there are no complementary solutions
p (), this compact is connected, but if

€ > Eop - (4.28)

it contains two domains separated by a gap:

[(5,]3) = (M*(E% ,u+<5))>
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see (4.25). The gap I(e,p) C (1,14 ¢). There is no solutions () for yu € I(e, p) and for

< (e+1)/2= /(e —1)/27 —=(1—p),

or for

i (e +3)/2+ /(e +1)/2) —=(1 - p) .

Hence, for large ¢ (4.28) the set S, . is a union of two (separated by the gap I(e,p)) bounded
domains, which are vicinities of singular points 4 =1 and 4 =1+ ¢ . is in fact not the

To understand, how the gap in the chemical potential for solution Bc(u) modify the behav-
iour of B.(p), we have to consider the p-dependent equation (4.16). Notice that from (4.16)
one obtains BC(,LL, p) as a function of two variables. Therefore, .(p) is a solution of equation:

Be(1) = Belp, p) , (4.29)

which in fact connects p and p: 7i(p), ie. Be(p) = Ba(fi(p)) = Be(iilp), p).
Clearly, the left-hand side G, -(, i) is increasing in p and it tends to 0 as yt — —oo and to

1 as pp — 4o00. Excluding p = 0 or 1, there is therefore a unique solution u(3, p) of (4.16) for
each value of 8. As  — 0, G, .(5, ) tends to 1/2 at constant p. Therefore, if p # 1/2

lim (8, p) = £o0,
depending on whether p > 1/2 or p < 1/2.

On the other hand, in the limit 5 — oo, we have that G, (5, ): (a) tends to 0, if p < 1;
(b)to(1—p)/2,if u=1;(c)tol —p,if l <p<l4e(d)tol—p/2,if p=1+¢,and (e) to
Lifpu>1+e.

The (a) — (e) give relation between p and p for large 5 : if 0 < p < 1 — p, we must have
w(B,p) — Land, if 1 —p < p < 1, we obtain u(3,p) — 1+¢, for § — c0. At p=1—p, we
have to use the representation (4.19), that yields

uB,p=1—p)=1+ 18 L In +o(B7h), (4.30)

P
2728 1—p
if § is large. In particular, this justifies the remark (4.22) above about e, = 2, since 1 4 ¢/2
lies in the gap I(e,p) only if € > 2 = £, see (4.25).

Hence, it follows that for p # 1 — p two functions of p corresponding to solutions (4.29)
of equations (4.15), (4.16) must intersect. On the other hand, (4.22) proves that they can not
intersect for p =1 —p, if € > .. In fact, we can derive upper bounds for G.(p) in the case
p#1—pand |p—1+p| small

To this end we first consider the case p > 1 —p. Let us assume p < 1/2. (The case p > 1/2
can be studied similarly.) Writing p = 1 — p + 0/2 we present the equation (4.16) in the form

ptanh %ﬂc(s +1—p)=(1-p)tanh %ﬁc(u —1)+2p—1-9. (4.31)
Identity (4.31) implies that p > 1 + /2, since otherwise we get a contradiction:

1—-2p+ 6 = —ptanh %ﬁc(s +1—p)+ (1 —p)tanh %ﬁc(,u -1 <

—ptanh %ﬂc(ef +1—p)+ (1 —p)tanh %ﬁc(a +1—p)<1-2p.
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On the other hand, for € > 1, one gets the upper limit < € + 1. Indeed, if we suppose the
opposite: u > e+ 1, then (4.16) and the general fact that 5. > 2 (see (4.17)) yield

1 1
1—-2p+0 = ptanh éﬁc(u —&e—1)+4 (1 —p) tanh 5@(# —1)
1
2 (1 —p)tanh 55.(u — 1) 2 (1 —p) tanhe.

But this is impossible for (large) e verifying:

1. 2—3p+6
>—In——— . 4.32
o> 5L (432)

Therefore, we obtain for p the lower and upper bounds:
l+e/2<pu<l+e. (4.33)

Now identity (4.31), together with the bounds (4.33), inequality tanh(u) > 1 — 2¢72* and
Be > 2 (see (4.17)), yields the estimates:

b 2 1 d
l———-e*<tanh—-f.(e+1—p)<1l—-. (4.34)

p p 2 p

p—0—2e ¢ 1—2e7%  Bp—0—2e°)
1>———— 1-—
~ e+1—p Fd-p) p—1 ~ In(2p/6)
and hence,
1
—— In(2p/9). 4.

B < s In(2p/5) (4.35)

The upper bound (4.35) holds for example, if § < p/2 and € > In(4/p).
Now we consider the case p < 1 —p and suppose p < 1/2, since p > 1/2 can be studied
similarly. Then we write: p =1 —p — /2. Equation (4.16) now reads as

1 1
(1 — p) tanh 5@(# — 1) = ptanh Eﬁc(l +e—pu)+1—-2p—9. (4.36)
An argument similar to the case p > 1 — p shows that
l<p<l+e, (4.37)

if £ is large enough and § < 1 — p. Indeed, if we suppose the opposite: © > 1+ ¢, then
1
1= 2p— 6> (1-p)tanh o A.(u — 1) = (1 - p) tanhe

which is impossible for

Similarly, if we suppose that p < 1, then (4.36) implies

1
O>ptanh§ﬁc(1+g—,u)+1—2p—5>ptanhg + (1-=2p—9),
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which is impossible if § <1 —2p ,orif 1 —2p < 4§ <1 — p and

1. 3p—149
Sl W
R e

Now, (4.36) and (4.37) imply that

1 4]

In the case > 1+ %5 this yields immediately the upper bound :

2(1 —p)
.

On the other hand, if 1 < u <1+ ¢/2, then by (4.36) and 3. > 2 we obtain

2
fo<Zln (4.39)
1 1
(1 — p) tanh éﬁc(u — 1) > ptanh Zﬂcg +1—-2p—06>
1
ptanh§5—|—1—2p—5>p(1—26_€)+1—2p—5: 1l—p—06—2pe~. (4.40)

Taking into account equation (4.15) and estimates (4.38), (4.40), we get

1—p—0—2pe* 1—p—0—2pe=
1> > f3. )
i1 n(2(1— p)/0)
that gives the upper bound:
1 2(1 - p)
; 1 . 441
B<1—p—5—2pe—€n ) ( )

4.2.2 Bernoulli random potential for the case \ < +o0.

We assume in this subsection that A > ¢ + 1. If the repulsion is very large (A > ¢ + 1), the
analysis for p < 1 is then almost the same as above for A = +00, whereas for p > 1, which is
possible only for finite A\, one needs some more arguments.

Here we start with the estimate the first-order correction in A™! to the value of e, (\ =
+00) = 2. With this accuracy the equations (4.5) and (4.6) can be approximated correspond-

ingly by

) tanh 8(p — e — 1) N 1 e~ All+e—n)/2 (4.42)
p—e—1 2 +e+1—pcoshif(1+e— p) '
tanh $8(u — 1 1 Alu—1)/2
+(1—p)< Pu=D “ ):1,
p—1 2A+1—p cosh 58(p — 1)

and by (4.16) as above.

To see this, note that if p < 1, the dominant contribution in (4.6) must come from the
n =1 term, i.e. we must have hy < hg, so u < 1+ 2X + . The other terms in (4.6) are then
exponentially small and can be neglected, which leads again to (4.16).
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Now, because of the presence of e™#" in the n = 2 term of (4.4), it cannot be neglected in
(4.5) and we obtain:

2p 67B(1+€7M) — 1 efﬂ(lJ”E*'u’)
2
1+@—ﬁ(1+s—u){ pw—1—c¢ * 1+2)\+5—u}
2(1 — —Bl=p) _ 1 —B(l=p)
( p) e + 2 €
1+ e B01-n) p—1 142\ —p

Y

which is the same as (4.42).
Similar to (4.23) the gap equation for 1 < g < 1 4 ¢ can be obtained from (4.42) in the

limit g — oo:
P 1 2
— 4+ (1 — =1 4.43

€+1—,LL+( p)(,u—1+2)\+1—p) ( )

If p = 1 — p, then by (4.16) and (4.30) we again obtain the limit: p — 1+ & for 3 — oo.
Inserting this limit into (4.43) we obtain

-+ ——7>-=1. 4.44
: (141
Hence, by the reasoning similar to those after (4.30), we obtain the critical value of the Bernoulli
random potential £.,(\) the expression:

Eer(N) =242(1—p)/A+..., (4.45)

ST
which takes into account that X is large but finite.

Another observation, which is related to the finiteness of A, concerns the value S.(p = 1).
For hard-core bosons the arguments in the Sect.4.2.1 show that this value is infinite and the
corresponding values of the chemical potential must be greater than 1+ ¢, see (4.6). Now for
finite A and p > 1 + ¢ the limit of (4.42), when 8 — oo, reads as:

1 2 1 2
1 ~1. 4.46
p(u—5—1+2/\+1+6—u>+( p>(u—1+2)\+1—u) (4.46)

If p > 1, then we need to reconsider the density equation (4.6), which has the form:

0 o—Bhn(u—eN) 00 o—Bha(uN)
> ne ine
P=p B ey TP % ST
D g € Phnln=e, > g€ Phnlk

n=

(4.47)

Notice that if 5 — 400, then by (4.2) and (4.47) one obtains the following limits: p — 1,
when € (14+¢,14+2\), p — 2—p, when p € (1 4+ 2\, 1+ 2\ +¢), and p — 2, when
pe (14+22+¢,14+4N).

Therefore, at p = 1 for large § we can ignore in (4.47) the terms higher than hs, see (4.2),
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and write in this limit:

e—ﬁ(l-i-a—u) + 26—25(1+/\+5—u)
p { 1 4+ e B0+e—p) 4 o—28(1+A+e—p) }

+(1 o p) { 1+ e B0—p) 4 e—28(1+A—p)
14 267,8(1+ 22 +e—p)
- p { 1 4+ e Blu—1-e) 4 e—BA+2A+e—p) }
1 + 2eAU+2A=n)
+(1—p) — — —
1+e B(u—1) +e B(I+2A—p)
~ 1+p (e—ﬁ(1+2>\+€—#) _ e—ﬂ(u—l—s))

+(1—p) (e—ﬂ(1+2k—u) _ e—ﬁ(u—l)) .

e_ﬁ(l_u) _|_ 26_26(1"")\_.“‘) }

(4.48)

This yields
2P oy o2B(1+A) l-p+ peﬁf‘? ~ P e2f6(1+>\+%5)
l—p+pe P 1—p
The chemical potential defined by equation (4.47) therefore tends (for p = 1) to 1+ A + 3¢ as
8 — 4o00.
Therefore, inserting this into (4.46) we obtain the estimate for the value of repulsion A.;
that ensures that §.(p = 1) = 400 in the presence of the random Bernoulli potential:

1
)\071(6) = —

5 (4.49)

1
3+\/9+25(1—2p+§5)

Remark 4.1 In the absence of disorder, i.e. if € = 0, the critical value of lambda is A\.1 = 3
as opposed to Ay = %(3 + \/§) as suggested in [BD]. The reason is the same as above for e,
namely, the graph of u(B,p) at p =1 tends to 1 + X as f — 400 and this lies in the gap only
if A > 3. Similarly, the next critical values are given by

Aesl(e = 0) = 2k + 1. (4.50)

Remark 4.2 [n Sect.4.2.1 we notice a new phenomenon specific for the random case: diver-
gence of B, at p = 1 — p for hard-core bosons, cf. Figure 1 for p = 1/2. Instead of fizing A,
fizing € > 2 it follows from (4.44) that there is a critical value of the repulsion A\.1_,(¢) (instead
of € as in (4.45)) so that B.(p = 1 —p) diverges for X > A.1_,(¢) in the presence of the random
Bernoulli potential:
1—
Aerp(e) = Z + %. (4.51)

This critical value is not evident from Figure 1 as e = 2.

Remark 4.3 In Sect.4.1 we remarked that the critical temperature for free bosons increases
due to disorder. We also remarked that for the interacting case this is a more subtle matter,
since it depends on the value of repulsion. For large repulsions close to e.g. A\.1(e = 0) = 3,

we get by (4.49) that

Belp=1A=3,e>0)<fB(p=1A=3,6=0) =+00 . (4.52)
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This lowering of B.(p = 1) can be explained intuitively as follows. At density p = 1, there is
one particle per site. If € = 0 there is a penalty for a particle to jump to an already occupied
site, so the preferred state is where the particles are at fized sites, which is almost an eigenstate
of the number operators n, for each site. This prevents Bose condensation. (This argument
was presented also in [BD].) However, if ¢ > 0, then the lattice splits into two parts with
energies 0 and €, and a particle jumping from a site with energy € to a site with energy 0 loses
an energy €, which counteracts the gain of A\. This creates more freedom of movement and
therefore promotes Bose condensation. On the other hand, for a fractional value of the p in the
netghbourhood of p =1 — p, the critical temperature decreases with increasing € as can be seen
from Figure 1.

Now consider the case p > 1. From equation (4.47) we see that at fixed p € (1,2 — p),
p—1+2 and forp e (2—p,2), p — 14+2\+¢ as § — oo.

For the case p = 2 — p, we have to expand (4.47), as above for p = 1, see (4.48), but to take
into account that € (142X, 1+ 2\ +¢):

14+ 2 —B(1+ 2X+e—p)
p i _ (4.53)
1 4 e Blu—1-¢) 4 =B(1+2A+e—p)

1 H22—4) 4 9
+< N p> 1+ eB1+22—p) 4 e—28(n—1-X)

2—p+p (e—ﬂ(1+€+2k—u) _ e—ﬂ(u—l—s)) _
(1- p)e—ﬁ(u—l—%) —2(1 - p)e—%(u—l—/\).

B
l

Q

This yields that e #1720 ~ e=A+et2A=my /(1 — p) for large B, ie. p — 1+ 2X + Le, if
p=2—pand [ — .

For 11 &~ 1+ 2\ + 3¢, one has hy(pu — &, A) < hao(p — €, A). So that the p-terms in (4.42)
are unchanged, but hy(u, A) > ha(p, A) < hs(p, A), if A > €/4, which corresponds to our initial
hypothesis about the value of repulsion: A > 1+¢. Hence, the (1 — p)-terms are now dominated
for large # by n = 2 and (4.42) read as

D e Blte—p) _ 1 e~ B4e—p)
1+e—6(1+a—u){ w—1—¢ +21+2/\—|—5—u}
1—p e~ 28(1—p+A) _ o=B(1—p) e 28(1=p+A)
+e—,8(1—p) £ e—268(1—ptA) { w—1—=2\ 3 1+4X—p } &

In the limit § — oo we obtain from this relation the gap equation

1 2
4.54
p(u—1—8+1+8+2)\—,u)+ (4:54)

2 3
1— =1.
( p)(u—1—2)\+1+4/\—ﬂ>

Inserting p = 14 2X + e into (4.54) leads to

1
552 —(2A =1+ 2p)e +8)1 = 0. (4.55)

Solutions of (4.55) are:
fas® = (2 — 14 2p) £ /(2X — 1 + 2p)2 — 16\ . (4.56)
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Hence, there is a solution that for large A has the form:

1-2
e@) =41+ —L)+ (4.57)
2\
or other way around, for a given ¢ we have:
22p—1)
Acp=2-p(€) = 1) (4.58)

Clearly, this critical value only applies if ¢ > 4 and p > 1/2. The top graph of Figure 1
illustrates this behaviour at p = 1.5 for ¢ = 4.5 and \ = 10.

The critical 5.(p) for the Bernoulli distribution with p = 1/2 and & = 2 is shown in Figure
1 for a number of values of A. Notice in particular that ¢ < e..()), see (4.45), for all finite A,
so that G.(p =1/2) < +oc.

Also, for A = 3.3, one obtains B.(p = 1) < 400 because 3.3 < \.1(c = 2) = (3 +/13)/2,
see (4.49).

Figure 1: . as a function of the density p in the case of aver-
aging over two energies: 0 and € = 2 with equal probabilities,
for various values of A\: A = 3,3.3,4,6,10 and +oco. The top
graph corresponds to the case € = 4.5 and A\ = 10.

4.2.3 Trinomial distribution: \ = +oo.

We also briefly consider the trinomial distribution, taking for simplicity equal probabilities, i.e.

0 Pr=1/3
ev=1¢ 1 Pr=1/3 (4.59)
e Pr=1/3.

For hard-core bosons, A = +00, equation (4.13) for the critical value of (.(p) takes the form:

1 [tanh i —1 tanh 1 —1-1¢ tanh 1 —1—¢
1 34 —1) | tanhgf(p - ) tanh 55(u ) _1 (4.60)
3 pw—1 p—1-—3e w—1—¢
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The density equation (4.14) now reads as
1 1 1 1 1 1
p==+=(tanh=F(p—1)+tanh =F(p— 1 — =¢) +tanh =B(u— 1 —¢) | . (4.61)
2 6 2 2 2 2
Then by the same analysis as in Sect.4.2.1 one gets from (4.61):

(0 it p<l1

1/6 if p=1

1/3 if 1<pu<l+4¢/2
lim p(G,u) =< 1/2 if p=1+4¢/2
froe 2/3 if 14+e/2<p<l+e

5/6 if p=1+¢
1 if u>14¢ .

\

Other way around this can be also expressed as:

(1 if 0<p<1/3;
1+e/4 if p=1/3;

lim u(B,p) =< 1+4+¢/2 if 1/3<p<2/3;
e 1+3e/4 if p=2/3;
1+e it p>2/3.

\

Again, similar to the reasoning in Sect.4.2.1, the inserting of =1+ ¢/4 or p =1+ 3¢/4 into
the limiting equation (4.60) for § — +oo yields the critical value of the random potential:
28
=5
Therefore, (similar to the Bernoulli case for p = 1/2) the condensation of hard-core bosons is
absent at densities p = 1/3 and p = 2/3, if ¢ > ¢.,. This phenomenon of course persists for

A < 400 and there are similar suppressions of Bose condensation at p = 4/3,5/3, etc., if ¢ is
large enough.

Eor (4.62)

4.2.4 Trinomial distribution: \ < +oo.

For A < 400 there is a similar enhancement of Bose condensation at p = 1 as for the Bernoulli
distribution, but the effect is stronger. This can be seen in Figure 2. The explanation is similar
to that in Remark 4.3, except now the lattice splits into 3 equal parts with energies 0, £/2 and
. Particles can jump from a singly-occupied site with energy ¢ to a singly-occupied site with
energy 0 or £/2, thus compensating for the energy penalty of A due to double occupation.

By equation (4.14) for (4.59) we obtain that at p = 1, u(8,p) = 1+ A +¢/2 as § — +o0.
The gap equation (4.60) then reduces to

LS S SR
A—¢e/2 A A+eg/2
We can solve it for € provided A > 3:

A—3
=2/ ——. 4.
Ecr(A) = 2A 1 (4.63)
Thus, Bose condensation is absent, if A > 3 and € < g.,()).
Figure 2 shows f3.(p) for a fixed e = 10 and for values of A > 3. Then € > e, (A = 3,4,6),

but € < e (A = 8) = 13.52, which excludes condensation at p = 1 in the latter case.
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Figure 2: . as a function of the density p in the case of a
trinomial distribution with width e = 10 for A = 3,4,6 and 8.

4.2.5 General discrete distribution.

The same phenomena persist for higher numbers of random potential energy values, but the
critical value e.(\) becomes rapidly very large. Figure 3 shows the case of a distribution with
equals probabilities Pr = 1/10 at 10 equidistant values of ¢¥ (with maximal value ¢ = 10)
for A = 8. Clearly, condensation is suppressed at p = 1/10,...,9/10 and p = 1,2 but not at
corresponding fractional values above 1, cf. Figure 2.

Figure 3: 3. as a function of the density p in the case of
averaging over 10 energy values with width € = 10 for A = 8.
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4.3 Continuous distribution
4.3.1 The case )\ = +o0.

Consider a random potential with homogeneous distribution between 0 and . In case A = +00
the equations (4.13) and (4.14) become

“tanh08(p—1—
1/ anh 5 5(x ) g =1 (4.64)
€ Jo pw—1—x
and e .
—/ tanh —f(p—1—2x)de =2p—1. (4.65)
e Jo 2

The latter has sense only for 0 < p < 1 and can be solved exactly for p:

2 eBu=1/2 4 o=Bu=1)/2
—In =2p—1,
ﬁg eﬂ(#*1*5)/2 —+ e*ﬁ(ﬂ*lfg)/z
and hence hig
1 1 sinh 53pe
w(B,p) =1+ -+ —=In— 2 : (4.66)
2° B sinh3B(1—p)e
As  — 400, the expression (4.66) takes the form
lim p(8,p) :=H(p)=1+ep, 0<p<1, (4.67)

B0

whereas fi(p = 0) € (—o0, 1] and fi(p = 1) € [1 + ¢, +00) for extreme values of density, i.e., the
inverse function is

0 n<1
pp)=¢ (pn—1)/e 1<pu<l+e (4.68)
1 1+e<<p .

Then by (4.64) and (4.68) we obtain for p = 1 in the limit 8 — +o0:

1 [ 1
Y _——
eJo p—1—z

or we get explicitly the value of the chemical potential

ap=1)=1 > 1
Alp=1)=1+1—=>1+e,

and similarly

ap=0)=1- <1.

Hence, for hard-core bosons the critical 5.(p) is infinite at extreme densities p = 0,1 for any
value € > 0 of the uniform continuous distribution.

If 0 < p < 1, then solution of the equation (4.65) in the limit 5 — +o0 is (4.67), whereas the
integral in (4.64) diverges. Therefore, if the critical £.(0 < p < 1) exist, it must be bounded.
Moreover, since (tanhu)/u < 1, by (4.64)we get for it a bound from below: 2 < 3.(0 < p < 1).

To prove the existence and uniqueness of 5.(0 < p < 1) consider first (4.65) for p < 3. Then
by virtue of (4.66) for any finite 8 the solution u(f3, p) increases from —oo to 1 + /2 when p
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changes from 0 to 1/2. For this variation of chemical potential the integral in the left-hand side
of (4.64) increases monotonously from 0 to its mazimal value given by

1 [ tanh6(z —¢/2)
d
/0 v

(4.69)

Indeed,

1 /tanhiB(u—1) tanhip(p—1-¢)

0,18, 1) = = > E— >0
€ pw—1 pw—1—c¢

for 4 < 1+ ¢/2. The integral in (4.69) is obviously an increasing function of 5. So, there exist

Bo > 2 such that the maximal value of integral I(fy,n = 1+ ¢/2) > 1. Hence, for any § >

there is a unique density 0 < p(3) < 1/2 such that

I(B,u(B,0(8) =1 (4.70)

Notice that by (4.66) u(3, p) is increasing of the both arguments: § and 0 < p < 1/2. Hence,
to satisfy (4.70) 5(3) must be decreasing function of 3, i.e., the inverse function 5. = (.(p) is
also a decreasing with lim, g G.(p) = +00 and lim,_1 /2 B:(p) > Bo.

Similar arguments are valid for 1/2 < p < 1. Whereas (S, p) is still increasing function of
p, the integral I(3, u) now decreases with p from its maximal value (4.69) to 0. Therefore, 5. =
Be(p) is a monotonously increasing function of p with lim,_.1,2 B:(p) > fo and lim, ., B.(p) =
+00 , i.e. with a minimum at p = 1/2 as we have seen for discrete distributions and hard-core
bosons.

4.3.2 The case of large \ < +oc.

By virtue of equations (4.5) and (4.6), for A < 400, the Bose condensate is still suppressed at
p=k.

The analysis is very similar to the case ¢ = 0. In the limit 5 — 400 by (4.6) the density
tends to (k=0,1,...)

0 it p<l1
p(, ) = k+L(n—1—2kN)if 14+2kA <p<1+42kA+e¢
k41 f1+2kA+e<p<l4+2(k+1)A

(To see this note that if 1 + 2kA < u < 1+ 2kX + ¢ then the term e #"+1 dominates for
o < p—1—2k\ and the term e~?" dominates for z > p— 1 —2k\.) Clearly, if 0 < p < 1 then
for solution of (4.6) one gets as above: (3, p) — 1+ pe when § — +o00. If p =1, we need to
approximate (4.6) more carefully:

dzx

1 /a eﬂ(ﬂ_l—l‘) + 262,3(;1—1—90—)\)
0

b e 1 + eBlu—1-2) 4 e28(p—1-2-X)

1 / ) [1 4 e B0+242m) _ g=-1-0)] g
€ Jo

Q

Working out the integral, we find that u(8,p=1) = 1+ A+ %5 as  — +o0o. More generally,
if p=k, w(B,p="k) — 1+ (2k — 1)A + 1. For large 3, the gap equation (4.5) becomes

1/8 i + E+1 de =1
eo lp—1=2k—1N) —2x 14+2kX+z2+2\—pu o
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Inserting =1+ (2k — 1)\ + %5 we obtain that

1 [ k k+1
- T + T dr = 1.
eJo (A +3e—x A—gze+uw

This gives for the critical values of repulsion:

1 es/(2k+1) 41
Ac,k(g) = 55 65/(2k+—1)—1 (471)

It is easy to see that this is larger than for non-random case A.x(0) = 2k + 1 and agrees with
the value mentioned above at € = 0, see Sect.4.2.2 .

Figure 3 shows the phase diagram for A = 10 with € = 3, taking an average over a uniform
distribution corresponding to 10 equidistant random values of ¥ in the interval [0, 3]. It shows
that this already approximates the continuous case quite well.

14

12

10

~_

0 T T T T
0 0.5 1 1.5 2 25

Figure 4: (. as a function of the density p in the case of a
near-continuous distribution: averaging over 10 energy values
with width ¢ = 3 for A = 10. The lower graph is the case
without randomness.

4.3.3 The case of small )\ > 0.

We finally consider the case of small A\. Figure 4 shows that, in contradistinction to the case
A =0, for small A the critical B.(\,e) > G.(A =0,e = 0), i.e. it is larger than that at ¢ = 0!

This can be understood as follows. Whereas in the free case A = 0, we must have p < 0,
when A > 0, this is no longer so. In the limit A — 0, we can replace e=(% in the expression
(4.4) for p"(83, i, X; 0) occurring in the gap equation (4.5) by e~ . Replacing also h,_; — hy,
(see (4.2)) by u — 1 the series (4.4) can be summed and we obtain for (4.5):

1 [f 1
e
eJo 14+x—p

If ¢ = 0 this leads to the free gas critical value p = 0, but for € > 0 we obtain

e —1—¢
= . 4.72
J =71 >0 (4.72)
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Figure 5: (. as a function of the densily p in the case of
averaging over two energies and width € = 2 for small A =
0.1. For comparison, the lower graph shows the case without
randomness.

Similarly, the density equation (4.6) now reads as

1 [° 1
By (4.72) we can approximate for small € u by p & €/2 and inserting it in (4.73) we find
1 [° 1
5/0 A=</ 1d$ =p. (4.74)

By convexity of the function (e%1+*) — 1)~ we conclude for solution of the equation (4.74)that

Be(p,€) > Be(p,0) = In (1 + %) ,

Notice that this argument also applies in the case of a discrete distribution, see Figure 5.

5 Conclusion

We conclude by few remarks concerning our results and open problems. Summarizing the most
striking observations about the model considered in this paper, we have seen that at large values
of the on-site repulsion with a discrete distribution of the random single-site particle potential,
the disorder causes a suppression of Bose-Einstein condensation at fractional values of the
density. On the other hand, the suppression of Bose-Einstein condensation at integer values of
the density observed in the absence of disorder is lifted. For continuous distributions we found
that the critical temperature decreases with increasing disorder for non-integer densities.

We have have concentrated here on the case of uniformly distributed random external po-
tential. Nonuniform distributions as well as a random on-site interaction may also be of interest
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and give rise to new phenomena. Of course, all our results concern the infinite-range-hopping
model. It would be of considerable interest to extend our results to the short-range hopping
model.
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