N

N

The ideal Bose gas in open harmonic trap systems and
its condensation revisited.
Baptiste Savoie, Mathieu Beau

» To cite this version:

Baptiste Savoie, Mathieu Beau. The ideal Bose gas in open harmonic trap systems and its condensation
revisited.. 2013. hal-00834558

HAL Id: hal-00834558
https://hal.science/hal-00834558

Preprint submitted on 16 Jun 2013

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00834558
https://hal.archives-ouvertes.fr

The ideal Bose gas in open harmonic trap systems
and its condensation revisited.
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Abstract

We rigorously revisit a textbook model used to figure out the Bose-Einstein condensation
(BEC) phenomenon created by dilute cold alkali atoms gases in a magnetic-optical trap. It
consists of a d-dimensional (d = 1, 2, 3) ideal non-relativistic spin-0 Bose gas confined in a box
and trapped in an isotropic harmonic potential. Throughout we review and clarify a series of
methods involved in the derivation of the thermodynamics in the grand-canonical situation.
To make the derivation consistent with the usual rules of the statistical mechanics, we assign
through our open-trap limit approach the role of canonical parameter to a rescaled number
of particles (instead of an effective density involving the pulsation of the trap). Within this
approach, we formulate an Einstein-like and Penrose-Onsager-like criterion of BEC and show
their equivalence. Afterwards, we focus on the spatial localization of the condensate/thermal
gas. When dealing with the reduced density matrix, our method is similar to the loop path
approach.
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1 Introduction & A brief overview.
e Bose-Einstein condensation (BEC) in dilute cold alkali atoms gases.

BEC was for the first time observed in 1995 in a series of experiments on dilute cold alkali
atoms gases, such as Rubidium 87Rb [18], Sodium ?3Na [23] and Lithium "Li [21]. Although the
first theoretical predictions go back to the 1920s [20, 25] and were made for the ideal Bose gas in
isotropic cubic boxes [25], these recent experiments were realized in a magnetic-optical trap.

Let us give the two key principles of these experiments. The first step consists in pre-cooling
the atoms by the laser cooling method. The dilute atoms gas is confined in a vacuum chamber
and is cooled by two lasers facing each other in each direction at a frequency slightly lower than
the resonance frequency of the atoms so that the moving atoms are slowed by Doppler effect.
A temperature of the order of 107%K can be reached. The second step consists in lowering the
temperature by the magnetic evaporative cooling method. An inhomogeneous magnetic field is
introduced to trap the atoms. After switching off the laser beams, the magnetic evaporation
allows to remove the high-energy atoms. The temperature is of the order of 107°K with about
10 — 10° atoms in the magnetic trap. The temperature of the gas can be adjusted by moving
the energy cutoff of the evaporating process, and then it can be below the predicted critical
temperature T ~ 107K at the center of the trap. Note that this critical temperature is a good
approximation for a dilute gas, see e.g. [22, 40, 41]. To observe the BEC, by an absorbing image
technics, one can measure the spatial density profile of the atomic cloud. At high temperature (or
at low density), one can observe a widely spread spatial distribution. At low temperature (or at
high density), one can observe a spatial condensation through a peak of density.

Since 1995, a very large number of experiments have been realized to study more precisely the
features of the BEC created by cold alkali atoms gases and, naturally there is a huge amount of
literature on this topic. We refer the readers to those modern references [22, 40, 41, 52].

e Figuring out BEC phenomenon - A textbook model.

To figure out at first stage the BEC phenomenon created by cold alkali atom gases in magnetic-
optical trap, the most simple widespread model in Physics literature consists in considering a
d-dimensional (d = 1,2, 3) ideal non-relativistic spin-0 Bose gas confined in a box A with Dirichlet
boundary conditions and trapped in an external isotropic harmonic potential. The system is
supposed to be at equilibrium with a thermal and particles bath. Within this textbook model,
the one-particle Hamiltonian describing the dynamics is formally given by:

_ 1 . 2 | Moo 2
Hq = 2m( ihV)* + QQ x|, Q>0. (1.1)



At finite-volume, it has to be understood that H is defined with Dirichlet boundary conditions on
the edges of A. Here Q2 stands for the pulsation of the trap, it has the dimension of frequency.
We mention that the first theoretical investigations on existence of BEC with such a model
go back long before the experimental works of Anderson et al. and Davis et al., see e.g. [27, 19].
Although the ’ideal’ assumption is obviously not realistic since the interactions between particles
play an important role in BEC phenomenon, in most of experiments involving alkali atoms the
Bose gas is diluted. Moreover, with such a model almost all predictions are analytical and quite
simple. We also emphasize that taking into account interactions via a mean-field model bring only
corrections to the critical temperature computed with this textbook model, see [41, Eq. (13.32)].

o Figuring out BEC phenomenon - Thermodynamics within the weak-harmonic limit.

A huge amount of literature deals with the thermodynamics of the harmonically trapped Bose
gas for the model that we consider here, see e.g. [19, 28, 32, 34, 22] and references therein. We
refer to [40, Chap. 2] and [41, Chap. X] in which the most basic results are collected. Based on the
principle that the presence of the quadratic potential leads to some inhomogeneity, the framework
in which the thermodynamics of the harmonically trapped Bose gas are derived differs from the
one in which the thermodynamics of the perfect Bose gas confined in "boxes’ (named homogeneous
systems) are derived. In the case of homogeneous systems, the underlying concept is the so-called
thermodynamic limit. For a box A with volume V(A), it consists in investigating the large-volume
behavior (i.e. taking the limit A T R?) of the statistical quantities defined at finite-volume while
the density of particles p is held fixed, see [30, Sec. 9.3]. This latter condition makes sense since
p is given by the ratio N(A)/V(A), where the number of particles N(A) 1 co when A T R?. But
for the harmonically trapped system, the previous method failed since N (A, ) — N(R?, Q) < oo
when A 1 R? because of the presence of the harmonic confinement. To solve this problem, the
thermodynamic limit concept is replaced with the weak-harmonic limit concept. It consists in
investigating the weak-pulsation behavior (i.e. taking the limit £ | 0) in the statistical quantities
defined at infinite-volume while a certain quantity is kept fixed. The conserved quantity is chosen
as p = Q4 x N(R4, Q) since N(R% Q) 1 oo when 2 | 0; j is seen as an effective density since §
has the dimension of a frequency. Due to an apparent similarity between these two methods, the
weak-harmonic limit is often referred as to the ’thermodynamic limit’ mistakenly, see e.g. [41].
The key idea behind is as follows: for a large-volume confining box and a weak-pulsation trap, the
‘boundary’ role played by the quadratic potential extending to the whole system overwhelms the
boundary effects of the box. This leads to assign the role of an effective inverse volume to Q9.

It is a well-known result in Physics literature that BEC occurs in the harmonically trapped
Bose gas for d > 1 (whereas for homogeneous systems, it occurs for d > 2). The usual rigorous
way to derive the features of BEC within the framework of the weak-harmonic limit concept is as
follows, see e.g. [54]. In the grand-canonical (G-C) situation, one assigns to the quantity:

ﬁﬂ(ﬁvﬂ) = QdNQ(ﬁaM)a (1'2)

the role of an effective density of particles by seeing Q¢ as an effective inverse volume. Here N
is the infinite-volume G-C average number of particles at ’inverse temperature’ 5 :=1/(kpT) >0
and chemical potential p < dhQ2/2. Within this approach, (1.2) is the counterpart of the G-C
finite-volume density of particles for the confined ideal Bose gas (homogeneous systems):

pA(B, 1) := V(M) NA(B, ). (1.3)

Switching to the canonical parameters, they are (3, N, Q4) in (1.2) whereas they are (3, N, V(A))
in (1.3). By analogy, here we see the necessity to define beforehand the statistical quantities at
infinite-volume within the weak-harmonic limit framework. The thermodynamic behavior of the
effective density of particles pq is obtained by performing the weak-harmonic limit (i.e. ] 0) as
the conventional thermodynamic limit (i.e. A 1 R? for ps (8, p)):

p(B, 1) = grfolﬁn(ﬁ,u), p < 0. (1.4)



Defining the critical density as the limit p.(5) := lim,40 p(3, 1) within the Einstein’s formulation,
it is found to be finite if d > 1. The critical temperature is obtained by solving the equation:

§ = pelBe) = C(d)(knT)" /1, (1.5)

where ( stands for the usual zeta-Riemann function.

The usual way to derive the features of BEC in Physics literature leans on a discrete-continuous
approximation (referred as to a ’semiclassical approximation’). It consists in describing the system
by a continuum of states plus the discrete ground state, see e.g. [27, 19, 28, 22]. Such a procedure
is considered to be good provided that the number of atoms is large and 5 > Rh€). Since the weak-
harmonic limit concept justifies these assumptions, it establishes itself like a natural framework.
Calculations performed with this semiclassical approximation leads to, see e.g. [41, Eq. (10.10)]:

kpT, == RQON7(C(d)~4, d=23.

Since the r.h.s. of (1.5) remains finite and constant when N 1 oo and Q | 0 while keeping fixed
N x Q% then it is considered as the ’right value’ in *thermodynamic limit’.

e Towards a rigorous derivation consistent with the rules of the statistical mechanics.

Some models dealing with the inhomogeneous Bose gas have come up in the 80s. One of them
is the so-called weak potential model. In [45, 47, 53], they considered a scaled potential which is a
positive power of one coordinate. The scaling is chosen as the inverse of the characteristic length
of the confining box so that the effect of the potential is not so great as to destroy the thermo-
dynamic behavior. The thermodynamics are then obtained in the framework of the conventional
thermodynamic limit concept. However with such a model the features of the BEC are different
from the ones derived from the model that we consider here. Later on, investigations taking into
account some weak-field interaction models generated a lot of activity, see e.g. [54, 52].

Let us turn to our approach which is different than the ones mentioned above. The starting-
point consists in introducing a rescaling of the finite-volume G-C quantities of interest. The
rescaling in question takes into account the ’opening size’ of the harmonic trap via a dimensionless
parameter and depend on the local/global nature of the quantities. Performing successively the
thermodynamic limit (to get the bulk behavior regardless of the boundary effects) and the so-
called ’open-trap’ limit (to get the leading term in the limit of large ’opening-size’ of the trap), we
recover the well-known features of BEC stated within the framework of the weak-harmonic limit
concept. This approach restores the conventional thermodynamic limit concept and dodges the
problem of having to consider an effective volume/density. Since the canonical parameters turns
out to be (B,v,V(A)) where v is a rescaled number of particles, our approach is thus consistent
with the usual rules of the quantum statistical mechanics.

Let us go further into details. For the sake of simplicity, assume that the confining box is
‘cubic’, i.e. given by A = A¢ := (—~L/2,L/2)¢, with L > 0. Define the one-particle Hamiltonian:

1
H o = 5 —(=ihVx) + %Qi|x|2, O == KQ, Qo > 0, k> 0. (1.6)

Here (), is the pulsation of the trap, and we introduced the Qy-constant to make the k-parameter
dimensionless. At finite-volume (i.e. L < 00), H, ,, is defined with Dirichlet boundary conditions
on the edges of AY. H. , denotes the Hamiltonian defined in the whole space R?. Under the G-C
situation, we define the G-C k-rescaled average number of particles at finite-volume as:

v (B, 1) = kN1 (B, 1),

which is nothing but the G-C average number of particles with a weight taking into account the
‘opening-size’ of the harmonic trap. Since k is dimensionless, the same holds for the quantity vy, .
Turning to the bulk properties (i.e. regardless of the boundary effects), the thermodynamic limit
(i.e. L 1 oo leading to A 1 R%) of the G-C rescaled average number of particles reads as:

Voo, (B ) 1= lim VLB p) = 69Noo w(By 1), 1 < dh /2.



When the rescaled number of particles is held fixed, one has:
lller{olo VLv”(ﬁ’ ﬂL,n(ﬁ’ V)) = VOOW(B) Eoo,n(ﬁ) V)) =, (17)

where 7y, ,.(B,v) is the unique solution of the equation vy, (8, 1) = v, L € (0, oq].

When the opening-size of the harmonic potential is supposed to be large, the leading term of the
bulk rescaled average number of particles is obtained by performing the ’open-trap’ limit (i.e. the
limit x | 0). The so-called G-C open-trap rescaled average number of particles reads as:

VOO,O(/Ba :u’) = l’i% VOO,K(ﬂvl’L)a 1 < 05 (18)

which is the counterpart of (1.4) in our ’open-trap’ formulation. To investigate the features of the
BEC, we define the critical rescaled average number of particles as the limit:

ve(8) = lim v o8 1) = () (105 (19)
which is finite if d > 1. The critical temperature is derived by solving the equation:

v =ve(Be) = ((d)(kpT.)" /1",
which is the result obtained in (1.5) within the weak-harmonic limit concept.

o Investigating the reduced density matriz/local density function in the open-trap limit: A
suttable sum decompositions method.

The reduced density matrix (rdm) exhibits the fundamental properties of the Bose gas, and
allows to formulate a more general concept of BEC since it can be defined for interacting Bose
gases, see [39, 26, 42| for historical references and [52, 22, 40, 41] for recent developments.

From the notations introduced in (1.6)-(1.7), when the rescaled number of particles v > 0 is
kept fixed, we define the rdm as follows (kernel representation):

(0) (0) (s) (s)
00,k X 00,k y 0, K X 00,k y
Poo,i(X, Y5 B, 1) = o ) ¥) + E - () ) (x,y) € R*. (1.10)

PEL~Toe (B1)) _ 1 BB ~Floo (B1)) _ 1’

se(N*)d e

Here {ES?K}SGNd and {1/1((,2),5}561\;@ are the set of eigenvalues and associated eigenfunctions of Ho
in (1.6), and (eB(Eéi),,;—Hm,n(Bw)) —1)~!is the expected number of particles (counting multiplicities)
in an energy state s in Bose-Einstein statistics when the rescaled number of particles is fixed.

In Physics literature, the counterpart of the sum in the r.h.s. of (1.10) is usually replaced with
an integral via the ’semiclassical approximation’ (in which the number of atoms is supposed to be
large and § > hQ)), see e.g. [22, 40, 41]. If d = 3 and T < T this term is found to be decreasing in
|x —y|. As for the counterpart of the first term in the r.h.s. of (1.10), it exhibits the off diagonal
long range order (ODLRO) since it tends to a finite positive value in the limit |x — y| 1 oc.

However, the first term in the r.h.s. of (1.10) does not converge in the open-trap limit. Indeed
when v > v.(8) if d = 2,3, it behaves like O(k~2) when & | 0 and then the ODLRO diverges. This

comes from the fact that zpég?,{ ég?ﬁ = O(k?), and when v > v.(8) if d = 2,3, Eég?,i Tl (B,V) =
O(k?) when & | 0, see Theorem 3.10 (iii). This means that the usual Penrose-Onsager criterion
of BEC is not appropriate for the inhomogeneous case. To recover the well-known features of the
rdm within our open-trap formulation, a rescaling with the s-parameter is needed. Taking into
account the local nature of the rdm, we define the rescaled rdm as follows:

d
roo,li(xvy;ﬂvy) = K’QpOO,K(Xay;/Ba V)'

When investigating the open-trap limit of the reduced rdm, we resort to a more suitable representa-
tion of the rdm than the one in (1.10) which is similar to the loop gas approach (or long permutation



cycles) in [35, 36, 29] and involved in the Path-Integral Quantum Monte-Carlo numerical method
[33]. The key-idea consists in rewriting the rdm for small values of k < 1 as:

N, e’}

poon(X,yi Biv) = Y PlenBIGD (x,y;18)+ Y e PIGD, (x,y318). (1.11)
1=1 I=Ny 41

Here N, . :=[1/k%]|,0 < e < d and Ggi?n(- ,; B) is the kernel of the Gibbs operator {e #H=.x}5_
which is given by the so-called Melher formula reading as:

d
(d) : = m—m —miy (I]‘ +’y]‘)2 tanh(LﬁQN ) _mQy (Ij 7yj)2 COth( BhQ )
Goo,n(xaya/3> H 27Thslnh (ﬁhﬂn)e 4h 2 e ah — ,

j=1

where Q. = Qgr, Qo > 0. For xk small enough, one has the following approximations:

_d _1pme2 x-+y|? 7#\x,y|2 ) .
G(()‘é),ﬁ(x,y;lﬁ)w /\B e ds e B , L ifl<k ,
(1) 2 o= 5 M o (P HY ) = o= 5720 (x) i (y), i 1> k!
(1.12)

where \g := y/2wh2(/m is the de Broglie thermal wavelength. By adjusting the value of the e-
parameter in (1.11), then for k£ < 1 small enough, one can read off from (1.12) that when v > v.(8)
if d = 2,3, the ODLRO arises from the "long loop’ part of (1.11) (i.e. the second sum in the r.h.s.).
In particular, when v > v.(8) if d = 2,3 we prove the following:

lim limre . (x,y;8,v) = Y Vell) ve(B)

>0
[x—y|too k0 75 ’

which is the analogous of the Penrose-Onsager criterion within our open-trap approach.

We emphasize that from (1.11), we can get some information about the non-condensate part
of the rdm (i.e. the sum in the r.h.s. of (1.10)) and prove that when v > v.(8) it converges only
for d = 3. Additionally, the diagonal part of (1.10) (obtained by setting x = y) is of a great
interest since it can be interpreted as the local density of particles at the point x € R?. Actually,
it turns out to be the correct notion of density of particles per unit volume since in our open-trap
approach, the fixed canonical parameter is the rescaled number of particles v. From a scaling of
the spatial variables in the diagonal part of (1.11), we state some rigorous results about the spatial
localization of the condensate gas in the open-trap limit. When v > v.(8) if d = 3, we show in
particular that the "long loop’ part of the local density function exhibits a spatial condensation in
the center of the trap (the number of particles per unit of volume is of the order of O(x~%)) with
a width of the order of \/h/(2mS),,), whereas the ’short loop’ part is spread out (the number of
particles per unit of volume is of the order of O(1)) on a large scale of the order of \/kpT/(m2).

e The content of the paper.

Sec. 2 is devoted to the rigorous derivation of the thermodynamic limits for the finite-volume
G-C quantities of interest. The method that we use is borrowed from [9, 13, 10, 11] and allows
to prove the thermodynamic limit of the G-C potential and all its derivatives w.r.t. the fugacity
uniformly on compacts w.r.t. 3, z, k, see Theorem 2.3 and Corollary 2.7. It requires a quite sharp
estimate estimate between the difference of the traces for semigroups (finite-infinite volume), see
Theorem 2.4 and Remark 2.5. The proof of this key estimate lies in Annex B. It is based on the so-
called geometric perturbation theory for semigroups, see e.g. [14, 15, 16] for further applications.

Sec. 3 is devoted to the derivation of the thermodynamics within the open-trap formulation.
In Sec. 3.1, we introduce the open-trap rescaled average number of particles and its critical value
in Definition 3.1 and 3.3 respectively. In Sec. 3.2, we focus on the concept of BEC in the open-
trap limit. To do that, we introduce an Einstein-like criterion named ’open-trap BEC criterion’
in Definition 3.9. The main result is Theorem 3.10. In Sec. 3.3, we are interested in the reduced



density matrix and its rescaling, see Definitions 3.12 and 3.16. We successively investigate their
open-trap limit, see Propositions 3.14 and 3.18. This allows to formulate a Penrose-Onsager-like
criterion in the open-trap limit criterion named ’open-trap ODLRO’, see Definition 3.19. The
main result is as follows: there is equivalence between the open-trap BEC criterion and open-trap
ODLRO criterion, see Theorem 3.20. We interpret this result in Corollary 3.21: the long range
order is due to the condensate on the ground-state. In Sec. 3.4, we focus on the spatial localization
of the condensate and the thermal gas in the open-trap limit. To do so, we introduce a scaling of
the spatial variable in the local density function and its rescaling. In the open-trap limit, we state
a barometric formula-like in Theorem 3.23. Corollary 3.25 interprets this result.

In Sec. 4 is collected some concluding remarks. In particular, we discuss the methods that we
used and give some perspectives related to the generalized BEC concept in the open-trap limit.

2 Some statistical quantities related to the Bose gas.

2.1 The setting.

Consider a confined d-dimensional (d = 1,2, 3) ideal non-relativistic spin-0 Bose gas confined
in a box and trapped in an external isotropic harmonic potential. The box in which the gas is
confined is given by A¢ := (—L/2,L/2)¢ with L € (0,00); hereafter |[A¢| denotes the Lebesgue-
measure of A¢. Furthermore, the Bose gas is at equilibrium with a thermal and particles bath.

Introduce the one-particle Hamiltonian. On C§°(A4), define V& > 0 the family of operators:

Hipim ~(=iV2)® + ~-2x], (2.1)
’ 2 2

where we set i, m, Qo = 1 in (1.6). It is well-know that Vx > 0, (2.1) extends to a family of self-
adjoint and bounded from below operators for any L € (0, c0), denoted again by Hy, ., with domain
D(Hp ) = HE(AL) N H2(AS) (here HF(A?) denotes the usual Sobolev space of order k). This
definition corresponds to choose Dirichlet boundary conditions on the boundary 6AdL. Moreover
Vk > 0 Hp, . has a purely discrete spectrum with an accumulation point at infinity. Due to the
property of separation of variables, the eigenvalues and eigenfunctions of the multidimensional
case (i.e. d = 2,3) are respectively related to those of the one-dimensional case by:

d d
— j — i) _ d d _ d d
Ef)n = Zf(ﬁ’ﬁ, (LSL(X) = H S,Jka (), s={s;}jo1 €N x={x;}j_; € AL.
j=1 =1
Here {6([‘51),{}561\1 denotes the set of eigenvalues counting multiplicities and in increasing order of the

one-dimensional problem, and {gb(Ls)K}seN the set of corresponding normalized eigenfunctions.
When A¢ fills the whole space (when L 1 o), define V& > 0 on C§°(R?) the family of operators:

Heor = ~(=iV)? + 2r2)x[2. (2.2)
’ 2 2

Due to [6, Thm. X.28], Vk > 0 (2.2) is essentially self-adjoint and its self-adjoint extension, denoted

again by Ho, 4, is semi-bounded. Moreover from [7, Thm. XIII.16], the spectrum of Hy, , is purely

discrete with eigenvalues increasing to infinity. From the one-dimensional problem, the eigenvalues

and eigenfunctions of the multidimensional case can be written down explicitly. The eigenvalues

of the one-dimensional problem are all non-degenerate and given by, see e.g. [2, Sec. 1.8]:

1
egf))ﬁ = H(S+§), seN. (2.3)

The corresponding eigenfunctions, which form an orthonormal basis in L?(R) read as:

Ve €R, ¢, (x):= \/% (%) ! exp(—ng)ﬂ-[s(\/Ez), seN. (2.4)



Here the functions %, s € N are the Hermite polynomials defined by:
dS

dxs

Vr € R, H(z):= (—1)° exp(a?)=— (exp(—x?)).

The eigenvalues and eigenfunctions of the multidimensional case (i.e. d = 2,3) are respectively
related to those of the one-dimensional case by:

d d
.. 1
E®) = Ze((;f,){ = HZ(S]‘ + 5), s = {s;}}_, e N, (2.5)
j=1 j=1
d
v x) = [T oh), x={a;}j_ e R (2.6)
j=1

From (2.3)-(2.5) and by the use of the min-max principle, one has for any L € (0, 00):

Ve >0, info(Hp,) > info(Hey) = BQ, =de®, >0, €0 = g

For the need of the following section, let us introduce the one-parameter semigroup generated
by Hr ., L € (0,00] and x > 0. Tt is defined by {Gr .(t) := e Tt L2(A%) — L2(A%)}i>0
with the convention Ay, :=R. {GL .(t)}:>0 is a self-adjoint and positive operator on L?(A¢). For
reader’s convenience, we collect some properties on it and its integral kernel in Appendix 1, see
Sec. 2.3. As well, we need to introduce a particular function of the semigroup generated by Hy, ..

Define Vd € {1,2,3}, VL € (0,00], V& > 0, V3 > 0 and Vu < Eg],){ the operator on L?(A¢):

fBE(B, 1 Hy ) i= (P Hrw=r) — 1)~ (2.7)

where fpp (S, ;) is nothing but the Bose-Einstein distribution function. The operator in (2.7)
is defined via the Dunford functional calculus as bounded operator on L%(A$), see e.g. [5, Sec.
VIIL.9]. In Lemma 2.13 we focus on some useful properties of this operator, see Sec. 2.3.

2.2 G-C potential and G-C (rescaled) average number of particles.

Here we introduce some of the relevant quantities associated with the harmonically trapped
Bose gas formulated within the grand-canonical (G-C) ensemble. Each quantity is beforehand
defined at finite-volume, subsequently we prove the thermodynamic limit. When dealing with
the finite-volume system, (3, z, |[A4|) stand for the fixed external parameters in the G-C ensemble.
Here 3 := (kpT)~! > 0is the ’inverse temperature’ (kg is the Boltzmann constant) and z := e’ €
(0, eﬁEéo,)ﬂ) is the fugacity (u is the chemical potential). Remind that EEOL =info(Hp ) > 0.

For reader’s convenience, the proves of intermediary results lie in Api:)endix 2, see Sec. 2.4.

2.2.1 The G-C potential.

The G-C partition function reads Vd € {1,2,3}, VL > 0, Vk > 0, V5 > 0, Vz € (0, eﬁE(LOvL) as:

Erw(B.2) = [ (1—ze )1, (2.8)
seNd
From (2.8) and under the same conditions, the G-C potential is defined by, see e.g. [30]:
1. 1
Qrx(B8,2) = 3 In(ZL x(8,2)) = ETI"L%A‘E){ln(l —2Gr.(B)}, (2.9)

and the operator inside the trace is defined via the Dunford functional calculus, see (2.45)-(2.47).
Note that (2.8)-(2.9) are well-defined since the semigroup {G, .(8)}s>0 is trace class on L?(A%),

(0)
see Lemma 2.12. Clearly, ®1, (8, -) is a C*°-function on (0, e’ﬁEL,ﬂ). Actually, one can prove more:



Lemma 2.1. Vd € {1,2,3}, VL € (0,00), V& > 0 and VB > 0, @ .(8,-) has an analytic
( .
continuation to the domain D := C\ [eBELO’)N, 00). In the following, we denote it by @, (B, -).

Denote by B(r) an open ball in C centered at the origin and having the radius » > 0. When

restricting to the domain B (eB E(og?N) C D, one gets a very convenient representation of the analytic
continuation of ®, (8, ) involving the semigroup {Gy, .(8)}s>0. In particular:

Lemma 2.2. Vd € {1,2,3}, VL € (0,00), V& > 0, V8 > 0 and Yz € B(ePF<):

12
, —B Z TTI'LQ Ad){GL ﬁ(lﬁ)} (210)
In view of (2.10) and (2.39), introduce Vd € {1,2,3}, Vk > 0, V8 > 0 and Vz € B(eﬂng):

qsoo,n(ﬂa Z) =

|~
Mg

Il
-

ZTTrLz(Rd){GOO ~(1B)}. (2.11)
l

Now let us turn to the thermodynamic limit of the G-C potential. Here is the main result:

Theorem 2.3. Vd € {1,2,3}, V0 < k1 < k2 < 00, YO < 1 < B2 < o0 and for any compact subset
K C B(eﬁlEgg?M):
ll/le (i)L,ka(ﬂv Z) = (i)oo,ka(ﬂa Z)a

uniformly in (k, 8, z) € [k1, k2] X [B1, B2] x K.

Denoting by @ (5, -) = ﬁ)oo,,.i(ﬁ, ) 1 (0, eﬁEég?ﬁ), one has the pointwise convergence:
lim @10(8.2) = Bocn(B,2). K> 0,8>0, € (0,677%0). (2.12)

The proof of Theorem 2.3 leans on the below estimate whose proof lies in Annex, see Sec. B:

Theorem 2.4. Vd € {1,2,3} there exists a constant Cq > 0 and V0 < kg < 1 there exists a
Ly, >0 s.t. VL € [Ly,, ), VK € [k, 0) and Vt > 0:

|TYL2(Rd){Goo,ﬁ(t)} - TYLQ(A%) {GL,N(t)}l

1 1 d
S Cd(l + \/E)(l + H)d(l + t)3(d+§) (m) e_ﬁ_tdnh( t) (213)
2

Remark 2.5. (i). We mention that the £ in Theorem 2.4 can be chosen uniformly in € [1, 00),
for more details see Annex B. Moreover the estimate in (2.13) is given in a suitable form for the
proof of Theorem 2.3. Actually we can prove a more general result which can be stated as follows.
Vd € {1,2,3} there exists a constant Cy > 0 and a £ > 1 s.t. VL € [£,00), V& > 0 and V¢ > 0:

Tr L2y {Goo ()} = Trraag) {Gr,x(8)}]

< Ca(+ 03 (14 VRp2( ))d + (i)dfl}e‘g%z”“h(%”- (2.14)

2 smh( Vi

5t
(ii). The factor (2sinh(%¢))~¢ in the r.h.s. of (2.13) is nothing but Trr2ri){Goo,x(t)}, see (2.39).
(iii). The powers on the factors (1 + k), (14 ¢) and the numerical constant in the exponential can
be optimized. Ditto for the estimate in (2.14).



Proof of Theorem 2.3. VL € (0,00) and V(k, 83, 2) € [k1, k2] X [B1, B2] x K, introduce:

VM eN*, 2p . m(B,2): =3 Z mLz 2 {Goo s (18)} = Trraaa {G 1 x(I8)}].
Let £ = £, s.t. VL > L, the estimate in (2.13) holds. Then VL € [£,00) and Vz € K, one has:

1 3(d+%) w L2 A M 1
D1 (B,2) < Ca(1+VE)(1 + K)d%e_ﬁ%mh(im (Z(|Z|€_BE‘(’2?”)113‘”5),
=1

. _BE©
for another constant Cq > 0. Since V(k,8) € [k1, k2] X [B1, 2] one has sup,¢x |2]e BEZ < 1,
then from the above estimate there exists another constant Cy = Cq(k1, K2, 81, B2, K) > 0 s.t.

K 2 K
lim  sup sup sup lim 2 . m(8,2) < Cqg lim e~ 3 i tanh(56) — d
LT00 je[r1,ka] BE[B1,B2) zEK MTo0 Ltoo

2.2.2 The G-C (rescaled) average number of particles.
From (2.9) and the foregoing, the G-C average number of particles at finite-volume is defined

vd € {1,2,3}, VL € (0,00), V& > 0, V3 > 0 and Vz € (0, cPPLx) by:

a(I) K ze EL,N
EEB2) =Y ———— =Trpaay{fee(B. 2 How)},  (2.15)

NL,K(/BVZ) = /3

where the operator inside the trace is defined in (2.7) via the Dunford functional calculus. Under
the conditions of (2.15), we mention that the G-C density of particles is related to Ny, . by:

pL,H(ﬁaz) = |A%|_1NL7K(6aZ)' (2'16)
For the following, it is convenient to introduce another quantity:

(
Definition 2.6. Vd € {1,2,3}, VL € (0,00), V& > 0, V3 > 0 and Vz € (O,GBELO’)N), we define the
G-C rescaled average number of particles from (2.15) by setting:
viw(B,2) = KN L (8, 2). (2.17)

Now let us turn to the thermodynamic limits. They follow from Lemma 2.1 along with Theorem
2.3. Indeed, via the Weierstrass theorem in [4, Sec. V.2] one has as corollary of Theorem 2.3:

Corollary 2.7. Vd € {1,2,3}, V& > 0 and V8 > 0, z — imﬁn(ﬁ,z) is analytic on B(ef))Eég?*@).
Moreover Y0 < k1 < kg < 00, Y0 < 1 < 2 < 00 and for any compact subset K C B(eﬁlExvﬁl ):

a(I)oom
am

e
Vm € N*, lim k27
Ltoo 8zm

(8,2) = (8,2),

uniformly in (k, B, z) € [k1, k2] X [B1, 2] X K.
Due to the definition in (2.15), the thermodynamic limit of the G-C average number of particles
generically exists. Reminding that ® (5, ) := @myn(ﬂ, <) 1 (0, eﬁE£?~), one has in particular:

a(I)oo K

Nocw(f:2) = Im Ny o(B,2) = —Bz=22"(8,2). 5> 0,5>0,2€(0,77),  (218)

and the limit L 1 oo commutes with the partial derivative w.r.t. z due to the compact convergence.
Under the same conditions, the thermodynamic limit reads from (2.11) followed by (2.43) as:

Noo.x(B,2) Zz Trrzme){Goox(IB)} = Trrzma{foe (8, 2; Heo ) }- (2.19)

=1
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Due to the definition in (2.17), one has similarly to (2.18) the pointwise convergence:
Voo (B, 2) i== ngm vEn(B,2) = kN x(8,2), £>0,8>0,z¢ (O,eBEég?“). (2.20)

Vso,r, Stands for the bulk average number of particles (regardless of the boundary effects) weighted
with the dimensionless parameter x¢ signature of the ’opening-size’ of the harmonic trap.
Hereafter we prefer to see the G-C quantities as a function of the u-variable instead of z. Next,
let us turn to the canonical conditions. In addition with the ’inverse temperature’, we assume that
the rescaled number of particles v is fixed. Working with a fixed number of particles as external
parameter (instead of the density of particles) is significant in our problem since the (rescaled)
average number of particles is finite even in the thermodynamic limit, see (2.19) along with (2.39).
Indeed, the thermodynamic limit of the G-C density of particles is identically zero, see (2.16).
Here is the last result of this section:

Lemma 2.8. Vd € {1,2,3}, VL € (0,00], V& > 0, V8 > 0 and Vv > 0, there exists a unique

I - 0 . .
AL =ML.(B,v) < E(L,;)g satisfying:

VL,n(ﬁaﬁL,n) =V (221)

Moreover:
%%I&EL,H = ﬁoo,n‘ (222)

2.3 Appendix 1 - Some results involving the one-parameter semigroup.

Here we collect most of the technical results which we use throughout the paper involving the
semigroup generated by Hy .. For reader’s convenience, all the proves are placed in Sec. 2.3.2.

2.3.1 Semigroup generated by Hy .: kernels, estimates and all these things.
For the sake of simplicity, here we use the notation A := R. From (2.1)-(2.2), remind that:

1 1
VL € (0,00], Hp, = §(fiVx)2 + §n2|x|2 in L?(A%), d € {1,2,3}. (2.23)

Below, we allow the value x = 0 in (2.23); in that case Hp, ¢ is nothing but the Dirichlet Laplacian
in A and H., o the free Laplacian on the whole space whose self-adjointness domain is H2(A4).

Let us recall some properties on the one-parameter semigroup generated by Hp, ,, in (2.23); we
refer to [17, Sec. BJ. It is defined Yk > 0 and VL € (0,00] by {Gp .(t) := etz : L2(Ad) —
L?(A%)}+>0 and is strongly continuous, i.e. lim, ., [|GL..(t)p —Gr..(t )pll2 = 0 Vo € L2(A%) and
vt > 0. Moreover {G, .(t)}+>0 is a self-adjoint and positive operator on L?(A¢) by the spectral
theorem and the functional calculus. Besides, since Vk > 0 and VL € (0,00], {Gp «(t)}i>0 is
bounded from L?(A¢) to L°°(A%), then it is an integral operator by the Dunford-Pettis theorem.

Let us turn to the integral kernel of {Gp, . (t)}+>0 denoted by G(Ld’)ﬁ. Vk > 0 and VL € (0, 00],

G(ch)n is jointly continuous in (x,y,t) € A_dL X A_dL x (0,00) and vanishes if x € IAY or y € OAY.
When L = oo, it is explicitly known. If k = 0, it is the so-called heat kernel reading for d = 1 as:

_(z—w)?
e 2t

1
T Ve Vi

In the case of k > 0, the one-dimensional kernel is given by the Mehler’s formula:

Y(z,y) € A%, Vt >0, Gg,zol)(x,y; t): (2.24)

K

—4§l(z+y)? tanh(5t)+(z—y)? coth(51)] (9 o5
27 sinh(kt) ¢ ’ ’ (2:25)

V(z,y) € A2, Wt >0, GV (z,y;t) =

11



Note that the multidimensional kernel (i.e. d = 2,3) is directly obtained from (2.24) or (2.25) by:
V>0, G@ (x,y;t H G (2, y51),  x = {a; ¥y, y o= {y; . (2.26)

When restricting to L € (0, 00), the mapping L GL Fu(x y;t) is positive and monotone increas-
ing. This leads to the following pointwise inequality which holds Vk > 0 and VL € (0, 00):

V(x,y,t) € Af x A% x (0, 00), G%{L(x,y;t)siugcﬂ(x,y;w:Ggiz(x,y;t). (2.27)
>

We mention that in the particular case of kK = 0, the kernel G(Ld)o is explicitly known and reads as:

V(x,y) € AL VE> 0, GE(x.yst HG“ (s, (2:28)
—y+2mL)? (r +y—2mL — L)?
Ll (@ yit) = Z{QXP( 2t )7eXP(7 2t ) '

In view of (2.25)-(2.26), let us introduce V& > 0 the new notation:

et
2

d
V’)/ > 0, G( ) (X y,t,’y) (m) H —% (mj+yj)2tanh( t)+(x;— y])2coth( t)] (2 29)

with the convention: Ggo (e t) = Ggfl) 'w(+,+;t,1). Here are collected all the needed estimates:

Lemma 2.9. Vd € {1,2,3}, there exists a constant Cy > 0 s.t.
(i). V& >0, ¥y > 0, V(x,y) € A%¢ and Vt > 0:

G (x,yit) < (E)%L&‘t o _ .4 (2.30)
00, K Y — T (1_6—2Ht)%’ o0, K 2) .

d
K 24 d (d _d
G (x,y;t,7) < <m> t272G§o), (x,y;71t) < 72Gooo(x yivt) < (2mt)"z,  (2.31)

VG, (x,y;t)| < Cav/k coth( )G (x,y3t,2), (2.32)
|AKGY, (x,y:t)] < C’dncoth(gt)G(d) (x,y;t,2). (2.33)

(ii). VL € (0,00), V(x,y) € A2 and Vt > 0:

1+t

V.6 x,y: )] < eS0T GD o yion), (2.34)
* v

| Ax GLO(X yit)| < Cy a +t) G<d> o(X, ¥ 28). (2.35)

We continue with the following lemma expressing the semigroup property in the kernels sense:

Lemma 2.10. Vd € {1,2,3},V§ >0, Vt > 0, V0 < u < t:
(i). V& >0, VL € (0,0] and V(x,y) € A2%:

/ dz G(Ld)ﬁ(x, z;6(t — ))G( ' (z,y;0u) = G(Ld)n(x,y; t). (2.36)
Al : :
(ii). V& >0, Vy > 0 and ¥(x,y) € A%4:

/ dz G, (x,2;0(t —u), )G, (2, y; 0u,7) = 7¥ G, (x,y;6t,7). (2.37)
Ad

12



Now we give some estimates on the operator and trace norms of the semigroup {Gr . (t)}¢>o0-
For any x > 0 and L € (0, 0], {GL,«(t)}+>0 is a contraction semigroup, see e.g. [8, Sec. 1.2]:

Lemma 2.11. Vd € {1,2,3}, Vk > 0 and Vt > 0:
(cosh(kt))"2 <1 if k>0

VLE (0.09), 1610 < Gt < { § gt

(2.38)

Restricting to k > 0, VL € (0,00] {Gp x(t) }+>0 is a Gibbs semigroup, see [8, Sec. 3.1].

Lemma 2.12. Vd € {1,2,3}, V& > 0 and VL € (0,00], {Gpr «(t)}+>0 is a trace class operator on
L%(A4). Moreover, for any L € (0,00):

_E©)

1 d e o,k (0)
Trpaaa {GLw(®)} < Trrzne ){Gook(t)} = (7)) = 01— Eg.=d

2sinh(5t (2.39)

| =X

Finally, we end this paragraph by giving some properties on the operator defined in (2.7):

Lemma 2.13. Vd € {1,2,3}, VL € (0,00], V& > 0, V3 > 0:
(). Yu < Eg,)f)w fE(B, 1; HL ) is a trace class operator on L*(A%).

(ii). Yu < Eé‘.??,g, fBE (B, 1 HL ) has a jointly continuous integral kernel on A%d reading as:

V(x,y) € AF,  (fe(B, 1 Hr ) Zem“G(d) (x,y;18). (2.40)

2.3.2 Proof of Lemmas 2.9-2.13.

Proof of Lemma 2.9. (2.30) follows from (2.25)-(2.26). From the lower bounds in (A.2)-(A.4),
(2.24) is an upper bound for (2.25) what leads to (2.31). (2.32)-(2.33) are obtained by direct
calculations. Here we used the key estimate in (A.12). (2.34)-(2.35) follow from [13, Prop. 2]. O

Proof of Lemma 2.10. (i) follows from the semigroup property which reads as: Gp () =
Gr.kx(t —u)Gpr x(u) YO < u < t. The proof of (ii) is based on the following explicit calculation:

Ya,b,c,d > 0, / dz e~ 8+ +h(e—2) ) g lelau) +d(:—)?)
]Rl

V(@£ b+ e+ d)-Bem MR e" - MR 2 MR ey (9.41)
Then set ag := tanh(§du), by := coth(5du), co := tanh(§(t—w)) and dg := coth(§0(t—u)). From
the identities in (A.7)-(A.8) and (A.5): ag+bo+co+do = 2sinh(kdt){sinh(xdu) sinh(k§(t—u))} L.
The rest of the proof consists in using some identities involving hyperbolic functions to simplify
each one of the factor in the exponentials of the r.h.s. of (2.41). It is (quite) easy to get:

(bo(co + do) + ao(do + co) + 4agbo)(ag + bo + co + do) ™" = 2 coth(kdt) = coth(g&) + tanh(gét),
(bo(do — co) + ao(co — do))(ao + bo + co + do) ™ = tanh(gét) - coth(gét). 0

Proof of Lemma 2.11. The first inequality follows from the fact that the semigroup {Gr, «(t)}i>0
is increasing in L in the sense of [12, Eq. (2.39)]. The Shur-Holmgren criterion provides the esti-
mate on the operator norms. When « > 0, we used (2.41) (with ¢ = 0 = d) along with (A.6). O

Proof of Lemma 2.12. Let (J2(L2(A9)), |l - ||3,) and (31 (L2(A)), || - ||5,), L € (0,00] be the
Banach space of Hilbert-Schmidt and trace class operators on LQ(Ad) respectively. We start with
d=1. Let £ > 0 and ¢ > 0 be fixed. In view of (2.25), from (2.41) (with ¢ =0 = d):

1
|G (D2, = /dx/ Y|G4 ()P = —L <o

sinh(kt)

13



Therefore Goo () is a trace class operator on L*(AL,) since ||Goo x(t)l|3, < [[Goo,r(t/2)]13, < o0
Since Gg‘iil)c ,+;1) is jointly continuous on A2, from [13, Prop. 9] it follows that:
1 1

_ @=D(p pip) = =~ 2.42
[Goes Ol = [ e GV 2:0) = § oty .

where we used the identity (A.5). By positivity of Goo x(t), |Goox(t)ll5, = Trrz(ar ){Goo.n(t)}-
The rest of the proof leans on the estimate (2.27) which leads to [|GL«(t)[|3, < |Goox(t)]3, -
Thus VL € (0,00) Gp, .(t) is also a trace class operator on L*(A}), and by mimicking the above
arguments, its trace norm obeys [|GLx(t)ll5, = Trr2a){GLa(t)} < [[Goo,u(t)]l3,- The case of
d =1 is done. The generalization to d = 2, 3 is straightforward due to (2.26). O

Proof of Lemma 2.13. (i). Since fpg(8, 1; Hr ) is positive, then VL € (0, 00] and Vi < E(O)
its trace-norm obeys: ||fpe(8, 13 Hr )|z, < eP#(1 —e®#- By, )y~ 1TI'L2(Ad {GLx(B)} < 0.
(ii). Let p < B9, ) . Expanding z +— (1 —z)7!, |z| < 1 in power series, then (2.7) reads as:

VL € (0’ OO]’ fBE(Ba 5 HL,H) = ZelﬁuGL,n(lﬁ), (243)
=1

and (2.43) holds in trace class operators sense due to (2.39). Since G, ,(t) is bounded from L?(A4)
to L>®(A%) whose norm obeys |GL «(t)]|2.00 < [|Goor(t)||2,00 < £ (27 sinh(2kt))~§ < (4nt)~ %,
then VL € (0,00] fpr(B, u; H ) is an integral operator. Next, Vo € C5°(A¢) one has:

(Fpm(8, s Hi o )p)(x) = / dyzel%(d’ (x,y:18)p(y) for aa. x € Af, (2.44)

L

where we used (2.27) followed by (2.30). Since (2.44) can be extended Vi € L%(A$), this leads to
(2.40). The joint continuity follows from the one of G(Ldlu( ,-5t) on A2 and (2.27)-(2.30). O

2.4 Appendix 2 - Proof of Lemmas 2.1, 2.2 and 2.8.
Throughout this section, by In we understand the principal value of the natural logarithm.

Proof of Lemma 2.1. Let L € (0,00), k > 0 and 8 > 0 kept fixed. Let Ky C D s.t. KoNR
contains a nonempty open interval. For any z € Ky, introduce the following operator:

i -
Lia()im g [ A€ - O(CLA) - (2.45)
™ Crq
where ¢, is a positively oriented simple closed contour defined as follows. If sup, g, |2] < ePPL i S
Gry = {rics€®, 0.€[0,21)}, Ty = (14 sup |zle PEEx) /2. (2.46)
z€Ko

Otherwise, €k, consists of an arc of a circle of radius rg,, defined as above, which we close in a
such way that @k, encloses all the eigenvalues of the family of operator {zGr .(8), z € Ko} while
avoiding the cut [1,00) in the complex plane. Since €k, is strictly included in the holomorphic
domain C \ [1,00) of the map & + In(1 — £), then the operator in (2.45) is bounded on L2(A%) by
the Dunford functional calculus. Moreover, for any z € K, one has the identification:

Lrx(B,2) =In(l — 2Gp .(B)). (2.47)

Next, let us rewrite the above operator in a more convenient way. To do that, note that:

(2:GLw(B) =)™ =~ [1 = (2GLk(B) =) T'2CGLa(B)], €€ o(2GL.u(B)).
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Since the map & — In(1 — £)/¢ is holomorphic on the domain C \ [1,00) (we use its extension by
continuity), then from (2.47) along with (2.45), one has Vz € Ky the following identiy:

(1 = 261n(9) = L5, (GGn(). Avats.) = = [ a6, 0,

which holds in the bounded operators sense. Here we used the Cauchy-Goursat theorem. From
this representation, it is easy to see that {In(1 — 2Gr .(8)),z € Ko} is a family of trace class
operators, and moreover, Ko 3 z — In(1 — 2G ,,(8)) is analytic in the trace-norm sense. Hence:

Kooz &0(8,2) = %m2(m{1n(1 G (B) (2.48)

is analytic. It remains to extend this property of analyticity on the whole of D. To do that,
consider an increasing sequence of compact subsets {K;};, with Ky as above, and in a such way
that U;K; = D. Note that the analytic continuations of ®p, .(5,-) defined as in (2.48) which
correspond respectively to the compact subsets K;, and K , with K;, C K, coincide on K,. [

Proof of Lemma 2.2. Let L € (0,00), K > 0 and 8 > 0 kept fixed. Pick z € B(eﬂEig?ﬂ) and let
K C B(eﬁEgg?*v) be a compact subset s.t. z € K. From the proof of Lemma 2.1, one has:

(1 — 2G1(8)) (g | B8 (e6u) - s)l)zGL,nw), (2.49)

with €k as in (2.46). Since V€ € €k, |£] < 1 then for such £’s we can expand & — In(1 — &) in
power series. Thus the operator between brackets can be successively rewritten as:

— 1 -1 1)\ _ — (2GL.(B) !
§7<% [«fx de &M (2GLk(B) = ©) )Zf’ (2.50)

=1

where we used in the r.h.s. of (2.50) the Dunford functional calculus. Since p < Eég?,i, then the
series in (2.50) is absolutely convergent in the trace class operators sense due to (2.39). It remains
to use the semigroup property (Gz.(8))! = G1..(13) to conclude. O

Proof of Lemma 2.8. Since VL € (0,00, V& > 0 and V3 > 0, the map p — Np (3, 1) is
continuous and strictly increasing on the interval (—oo, E(LOL), the first part of the lemma follows.
Actually, under the same conditions p — N, (8, 1) defines a C>°-diffeomorphism of (—oc, EEOL)
into (0,00). Let us now prove (2.22). To achieve that, we show:

Toor SEM, < <7, with 72 :=lminff, , and 7} :=limsupf, .. (2.51)
: ; ; : ; Lree ML, , Lo :

Let us prove the first inequality in (2.51). Suppose the contrary, i.e. ﬁé‘é{n < T~ Then there
exists 7 > 0 and a divergent sequence {Ly}n>1 s.t. limptoo fig, . = ﬁ;‘;{n and fiy, . <M, — 7

Vn > 1. Now by using that the map p— Ny, (83, 1) is increasing on (—oo, Eég?,g), then:

V:VLnﬁﬁ(ﬂvﬁLn,n) SyLnyl‘é(ﬂvﬁoo,nin) Vnz L.

Afterwards, since {vr, (8, )} n>1 converges uniformly on compacts w.r.t. p to veo x(5,) as a

result of Corollary 2.7, then by using that p — veo (83, i) is strictly increasing on (—oo, Eég?,g):

V= VOOJ‘&(ﬂaﬁic;])f,n) S VOO,K(ﬂvﬁoo,ka - 77) < Vooﬁﬁ(ﬂvﬁoo,ka) =r.

—inf

This contradiction yields 7, ,, < fin, .- The last inequality in (2.51) can be proved similarly. [
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3 The Bose-Einstein condensation in the open-trap limat.

In Sec. 2, we proved that the G-C rescaled average number of particles admits the thermody-
namic limit which is a bulk quantity, i.e. independent of the boundary effects. Its introduction
allowed to assign to v the role of canonical parameter in good agreement with the rules of the sta-
tistical mechanics. In accordance with the experiments which demonstrate the condensate when
the harmonic trap is sufficiently ’open’, see e.g. [18, 23, 21, 22], the thermodynamical quantities
describing the features of BEC should be approximated at first order by the first-order asymptotic
of the corresponding bulk rescaled quantities in the limit x | 0, named open-trap limit.

The aim of this section is to figure out what we mean by BEC in the open-trap limit. After
formulating the concept, we prove that there exists a so-called open-trap BEC for d > 1 and give
the explicit formulas for the critical rescaled average number of particles and rescaled number of
particles in the ground-state. Afterwards, we investigate the reduced density matrix to formulate
the counterpart of the Penrose-Onsager criterion of BEC in the open-trap limit. Finally, we give
a series of results concerning the spatial localization of the condensate/thermal gas. Notice that
we often give some comments to relate our results to the well-known results in Physics literature.

3.1 The (critical) open-trap rescaled average number of particles.

Remind that the thermodynamic limit of the G-C rescaled average number of particles is given
in (2.20). Seeing Ve as a function of the p-variable, then from (2.19) it can be rewritten as:

Hd

Vi > 0,8 > 0,VYu € (=00, EQ) ), oo n(B, p) = —
ﬁ :U/ ( oo,n) 5 (ﬁ M) Z eB(Eéi),n—u) _ 1

seNd

, B =dr/2. (3.1)

We start by defining the G-C open-trap rescaled average number of particles as follows:

Definition 3.1. Provided that the limit exists in RT, Vd € {1,2,3}, V8 > 0 and Yu € (—00,0)
we define the G-C open-trap rescaled average number of particles as follows:

Voo,O(BvM) = 151?01 Z/OO,H(/B) :U/)

For any real 6 > 0 introduce:

0< ¢ <1, ifo<f<1

59(5)::25—9 VEEC st. { 0<|¢]<1,6#1, iff=1, , (3.2)
i 0< e <1, if 0> 1

which is the analytic continuation of the polylogarithm initially defined on the open ball B(0,1).
From Definition 3.1, we prove:

Proposition 3.2. Vd € {1,2,3}, V8 > 0 and Vu < 0, one has:

1 & ed—1 ga(ePm)
VOO,O(/BMU‘) = m/o de 65(67#) 1 = ,Bd . (33)

Proof. Let d € {1,2,3}, 8> 0 and p < 0 kept fixed. From (3.1), one has:

) K4 e o 1
12?3 Z eﬁ<n(51+---+Sd>+nd/2u>1/o delm/o dedef’<fl+"'+6d*#>f1’ (34)

815,54 €N

where the integrals over €;, j = 1,...,d are obtained by taking the limit x | 0 of the Darboux-
Riemann sum in the Lh.s of (3.4). Therefore lim, o Voo (3, 1) exists, and by simple calculations:

S Y P 3.5
Veo,0(B, 1) = m/o Gm- (3.5)
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Afterwards, by expanding 1/(e® (e=m) — 1) in power series and by using the Fubini’s theorem:

e 1 00 X elBu gd(eﬂ“)
Voo,0(Bs 1) = elfn / deedte=lhe = — = . 0
B =25 ), 2 mi =

By analogy with the perfect Bose gas confined in boxes, let us introduce:

Definition 3.3. Vd € {1,2,3} and VB8 > 0, we define the critical open-trap rescaled number of
particles for the confined d-dimensional harmonically trapped Bose gas in the G-C ensemble as:

ve(B) = lim veo (B, 1) = sup veo (3, 1) € RT. (3.6)
w10 n<0

From Proposition 3.2 along with (3.2), one straightforwardly gets:
Proposition 3.4. Vd € {1,2,3} and V3 > 0:

+00, ifd=1; (3.72)
ve(B) = ﬂdﬁ(dl) <oo, ifd=2,3. (3.7b)

Subsequently to Proposition 3.4, one has from Proposition 3.2:
Lemma 3.5. Vd € {1,2,3}, V8 > 0 and Y0 < v < v.(8) defined in (3.7), there exists a unique
solution T, o = floo,o(B, V) € (—00,0) of the equation v = veo (B, 1).

Lemma 3.5 follows by the same arguments than the ones used to prove Lemma 2.8.

Remark 3.6. In the case of d =1, VS > 0 and Vv > 0 the 7z, o can be written down explicitly:

BL
_ g1 (e"H=0) _ 1 gy
VOOD(ﬂ?H’oo,O) = =V <~ :LLOO,O = = hl(l — € B )7

B B

since g; !, the inverse function of g, reads as: g; '(z) =1 — e~ on R*.

We end this paragraph by giving some definitions to prepare the next section.
Definition 3.7. Vd € {1,2,3}, V& > 0, V3 > 0, Vv > 0 and Vs € N%, we define the G-C rescaled
average number of particles in the s-state as:

P

Voo, (ByV;8) = Voo,w(B, Boo 13 8) i= - , 3.8
WUB.58) = V(B T 8) = e (3.8)

where T, . = Moo (B, V) satisfies (2.21).
From Definition 3.7, we introduce similarly to Definition 3.1:

Definition 3.8. Provided that the limit exists in R*, Vd € {1,2,3}, V8 > 0, Vv > 0 and Vs € N,
we define the G-C open-trap rescaled average number of particles in the s-state as:

Voo,O(B; v S) = 1’578 VOO,K(B) v S) = Efol Voo,n(ﬁaﬁoo,m; S)' (39)

3.2 The open-trap Bose-Einstein condensation.

We start by giving a definition for the so-called open-trap BEC which is analogous to the BEC
concept (within the Einstein’s formulation) for Bose gas confined in boxes, see e.g. [49]:

Definition 3.9. Consider a confined d-dimensional harmonically trapped Bose gas, d € {1,2,3}
in the G-C ensemble. We say that there exists an open-trap BEC provided that V(3 > 0 the critical
open-trap rescaled number of particles is finite: v.(f) < oo, and moreover Vv > v.(8) the open-trap
G-C rescaled average number of particles in the ground state is positive: Voo o(83,v;0) > 0.
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The main result of this paragraph states that the confined d-dimensional harmonically trapped
Bose gas manifests an open-trap BEC if d > 1:

Theorem 3.10. Consider a confined d-dimensional harmonically trapped Bose gas, d € {1,2,3}
in the G-C ensemble. Then V3 >0 and Vv > 0:

(i). For d =1, there is no open-trap BEC. Moreover we have Vs € N, v o(8,v;s) = 0.

(ii). For d = 2,3, there exists an open-trap BEC, and the open-trap rescaled number of particles
on the ground state satisfies:

0, when v < v.(B); (3.10a)

Voo,0(3,v;0) = { v —ve(B), when v > v.(f). (3.10Db)

Here v.(B) is defined in (3.6) and satisfies (3.7). Moreover Vs € (N*)?, vy o(8,v;8) = 0.
(iii). The fiy o = Tioo (B, V) satisfying (2.21) admits the asymptotics in the limit x | 0:

EQ, + i+ o(1), when v < ve(B) ifd=1,2,3;  (3.11a)

o= EQ) +o0(1), when v =v.(B) if d = 2,3; (3.11b)
0,k T d

Eég)ﬁ—ni—i—o k%), when v > v.(B) if d = 2, 3. 3.11c

= Bo—w@) T 7 (-11e)

Here Ty, o = T 0(B,v) is defined in Lemma 3.5.

Proof. Let 8, > 0 kept fixed. We start with the case of d = 1. From Definition 3.9 along with
(3.7a), then there is no open-trap BEC. Besides, i, o = Tl o(8, v) satisfies v = 71 g (eFFis.0)
from Lemma 3.5. As a result, i, , = fioo (5, V) from Lemma 2.8 has to obey the asymptotic in
(3.11a) since by a similar calculus than the one performed in the proof of Proposition 3.2:

B
. L K G
1}{11132 Voo,n(ﬂa Moo,k 5) = Eﬁ} eB(ns—ﬁw’U-i-o(l)) _1 - 3 = .
seN seEN

Moreover, the definition in (3.8) and the asymptotic in (3.11a) lead to vee,0(8,v;s) = 0 Vs € N.
Let us turn to the cases of d = 2,3. When v < v.(8) and v = v.(8), the fi, . = Too .(5,V)
has to obey the asymptotic in (3.11a) and (3.11b) respectively by the same arguments than the
ones used for the case d = 1. Hence (3.8) and (3.11a)-(3.11b) together lead to veo,0(8,v;s) = 0
Vs € N%. When v > v,.(53), one has to investigate the open-trap G-C rescaled average number of
particles in the ground state to conclude the existence of an open-trap BEC, see Definition 3.9.
For such v, assume that the 7i, ,, = i, (3, v) has the following asymptotic in the limit « J. 0:

floo, = B, — Ci? +o(s?), C>0. (3.12)
Set floo,x = oo s — Eég?,i. We first decompose Vo  into two contributions:

Vi >0, v =voon(BiTloo ) = Voors(Bi oo i 0) + D Voorr(Bi Tl x3S): (3.13)
s€(N*)d
By mimicking the arguments leading to (3.4)-(3.5), the second term of the r.h.s. of (3.13) satisfies:

d d—1

) K 1 o € g4(1)
lim — = / de —— = = v.(B). (3.14)
o seNd:Zz;’;l 5;>0 eflrTim i) 1 T(d) Jo efe—1 pe

This means that the first term in the r.h.s. of (3.13) satisfies, see the definition in (3.9):

Voo,0(B,7;0) := E%Voo,n(ﬁaﬂoo,mo) =v—v.(8) > 0. (3.15)
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Finally, from (3.12) one has for s = 0:

P

Voo,n(ﬂaﬁoo,n;o) = eB(Crito(rd) _ 1 = ﬁ_C

+0(1) when k| 0. (3.16)

By gathering (3.16), (3.15) and (3.12) together, we get the asymptotic announced in (3.11c). We
stress the point that the asymptotic form that we chose in (3.12) can not be otherwise since it is
determined by the limits x | 0 in (3.14) and (3.15). Finally from the foregoing, (3.10b) is proved.
This together with Definition 3.9 lead to the existence of an open-trap BEC for d = 2, 3. O

Remark 3.11. We emphasize that the results of Theorem 3.10 are based on the ’'Finstein formu-
lation’ of the condensation. However, we mention that there exists another kind of condensation
named generalized Bose-Einstein condensation (g-BEC). The g-BEC concept was initially intro-
duced in [49] for perfect Bose gas in ’Dirichlet boxes’; for a review of definitions and classifications
of g-BEC, see [43]. To our best knowledge, there is no ’rigorous’ formulation of the g-BEC in
Physics literature for the system we consider here. Based on our concept of open-trap limit and by
analogy with the van den Berg-Lewis-Pulé formulation of the g-BEC, we can suggest the following
definition: we say that the grand-canonical harmonically trapped Bose gas manifests the g-BEC if:
1?{1011’3% Z Voo,k (B Tl 1i38) > 0. (3.17)
seN? O<Z]¢:1 s;<e/k
Getting back to the proof of Theorem 3.10, the open-trap limit of the sum in the r.h.s. of (3.13) has
to be performed slightly differently from (3.14). Indeed, when dealing with the case of v > v.(8)
if d = 2,3, the method consists in decomposing the sum into two contributions:

VO < € S 1) Z VOO,K(ﬁ?ﬁoo,ﬁ; S) + Z VOO,K(/B)E()O’H; S)?

SGNd:O<E]¢:1 s;<e/k SEN“Z:E;L1 s;>€/k

and then in investigating successively the limits x | 0 and € | 0. One can easily prove that:

lim lirg > Voo, (B oo 3 8) = 0. (3.18)
seNd: O<Ei:1 s;<e/k
It has been shown in [44] that for a specific model of cigar shape harmonic Bose gas, the counterpart
of the quantity in (3.18) can be non-zero for v > v.(8). Some references in Physics literature deal
with an analogous phenomenon for the highly elongated trapped Bose gas, see e.g. [31] and also
[38] for a discussion on the relationship between the concepts of g-BEC and quasi-condensation.

3.3 The open-trap reduced density matrix and ODLRO.

The reduced density matrix concept was initially introduced by Penrose and Onsager in [39] for
investigations on BEC. Involved in their general criterion of BEC, it allows to treat the interacting
Bose gases (whereas the Einstein criterion was originally formulated for the free Bose gas). There
is a huge amount of Physics literature dealing with this criterion for the gas in a box, but to our
best knowledge there is no formulation of such a criterion of BEC for the system we consider here.
In this section, we rigorously formulate the analogous of Penrose-Onsager criterion for BEC in the
open-trap limit and show that it is equivalent to the open-trap BEC criterion in Definition 3.9.

We start by defining the so-called reduced density matrix as well as the local density of particles.
Remind that Vd € {1,2,3},Vk > 0,V8 > 0 and Vi < Eég,),.i, the operator fgg (8, ft; Hoo,r ) is defined
in (2.7), and Lemma 2.13 deals with some properties of its integral kernel.

Definition 3.12. Vd € {1,2,3}, V& > 0, V8 > 0 and Vv > 0, we define the reduced density matriz
as the integral kernel of the operator fBe(B; s 3 Hoor):

v( R2d : — ——— _ )P ()
X,y) €R™, o n(x,¥:8,0) 1= (FBE(B i i Hoo)) (X, y) = Y —m , (3.19)
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where T, . = T (B, V) is defined in Lemma 2.8. The diagonal part of (3.19) (obtained by setting
y = x) is usually named the local density of particles at the point x € R,

Remark 3.13. (i). The sum in the r.h.s. of (3.19) comes from the spectral theorem. Without
involving directly the eigenfunctions of He x, one has also from Lemma 2.13 (ii) the representation:

V(x,y) ER*, poow(x,yiBiv) = Y PG (x,y;18). (3.20)
=1

(ii). The reduced density matrix in (3.19) has the dimension of a density of particles since by (2.6)
the product of two wave functions has the dimension of the inverse of a volume. Then the local
density of particles at x € R? is interpreted as the number of particles at x € R? per unit volume.
(iii). From (3.19), (2.6) and (2.4), the reduced density matrix can be rewritten as:

VoY) ERY e yi B,0) = kY2 3 e (BTl s IO (V)0 (yv/R). (3:21)

seNd

The following result shows that the factor kS appearing in (3.21) is too large to ensure the
convergence of the reduced density matrix in the open-trap limit x | 0 when v > v.(5):

Proposition 3.14. Consider a confined d-dimensional harmonically trapped Bose gas, d € {1,2,3}
in the G-C ensemble. Then V3 > 0, Vv > 0 and V(x,y) € R??, the limit:

poo,O(Xay;Ba V) = E%poo,ﬁ(xay;ﬁay)a

exists in RT. We name it the open-trap reduced density matriz. Moreover, one has on R2?:

2 el peyp2
———e 25 when v < v.(B) ifd=1,2,3;  (3.22a)
& (2mip)?
poo,O(Xay;BaV): - .
~+00, when v =v.(B) if d =2; (3.22b)
+o00, when v > v.(B) if d = 2,3. (3.22¢)

Here v.(B) is defined in (3.6) and satisfies (3.7), and Ji, o < 0 is defined in Lemma 3.5.

Proof. Let 8,v > 0 be fixed. We start with the case of v < v.(f) if d = 1,2, 3. Consider the
representation in (3.20). From (3.11a), there exists a ko > 0 s.t. Y0 < k < Ko, oo < Floo,0/2 < 0.
This along with the upper bound in the second inequality of (2.31) lead to:

d
2

Y0 < k < Ko, elﬂﬁxv~Gg?K(x,y;lﬁ) < ewuo;;’oGg? (x,y;18) < BT (2ﬂ'lﬁ)_

uniformly in (x,y) € R??. It follows by standard arguments:

li 1Bl va(d) -1 lim e!BFoo.x G(d) l Blros UG 18).

i > G v = Dl 1) = LG 1)
We continue with the case of v = v.(8) if d = 2. The strategy is to find a lower bound of the sum
in (3.20) whose the limit « | 0 diverges. Let us notice that from (3.11b) 7z, ,, > 0 for £ > 0 small
enough. Then from (2.25)-(2.26), one has VI € N*, V(x,y) € R* and for x > 0 sufficiently small:

elBFoo, nG(d 2) l R Exty P i (k) Iy 3.93
(. y316) 2 27rsmh(nlﬂ)e ’ © ’ ( )

where we used the upper bounds in (A.3)-(A.4). Then under the conditions of (3.23), one has:

Poo,r(X,y5 B V) > *Lefﬂxﬂ'lze_i(m_%)‘x_ylz ln(tanh(%

57 )} (3.24)
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and the above lower bound diverges in the limit  J. 0. To get (3.24) we used an integral comparison
to minorize the sum, and then performed explicitly the integral. Let us turn to the case of v > v.(8)
if d =2,3. If d =2, it is enough to use a similar reasoning than the one leading to (3.24). If
d = 3, from (2.25)-(2.26), one has VI € N*, V(x,y) € RS and for x > 0 sufficiently small:

3

R elB(ioe = BL) o= §Ixty1% o= (n+ H)Ix—y

e!fToon GU=3) (x,y;18) > ——

(2m)?
where we used the upper bounds in (A.2)-(A.4). Since 7, ,, —Eé‘.??,g < 0, under the same conditions:

s o BED —T. )
1 eff\x+yve—%<n+%>|x-y\2,ige(o)“—“7

(271.)%6 EOOM - Moo,ka

Poo,n(X7Y;ﬂvy> Z (325)

where we used again an integral comparison, and then performed explicitly the integral. From the
asymptotic in (3.11c), the lower bound in (3.25) diverges in the limit « | 0. O

Remark 3.15. When v > v.(8) if d = 2, the divergence comes from logarithmic behavior of the
lower bound in (3.24). Hence the asymptotic of the chemical potential can be disregarded. At the
contrary, when v > v.(8) if d = 3 the divergence only arises from the asymptotic of the chemical
potential in (3.11c). Since the asymptotic form plays an important role when d = 3, the case of
v = v () can not be treated without knowing a more refined asymptotic than the one in (3.11b).

In view of (3.22¢), a s-rescaling of the reduced density matrix is needed to make it finite in
the open-trap limit when v > v.() while taking into account its local nature. To that purpose:

Definition 3.16. Vd € {1,2,3}, Vx> 0, V3 > 0, Vv > 0 and V(x,y) € R?? we define the rescaled
reduced density matriz from (3.19) by setting:

roo,n(xay;ﬁay) ::H%poo,ﬁ(xay;ﬁay) (326)
=) Veorn (B oo s VS (x/R)VE) (v V), (3.27)
seNd

where Voo (B, Tloo 3 8) i the G-C rescaled average number of particles in the s-state in (3.9). Also
we define the rescaled local density of particles at x € R? from (3.26) by setting y = x.

We continue by defining the open-trap rescaled reduced density matrix and local density:

Definition 3.17. Provided that the limit exists in RY, Vd € {1,2,3}, V8 > 0 and Yv > 0 we
define the open-trap rescaled reduced density matriz as:

V(x,y) € R roo(x,y;8,v) = liigroo,n(x,y;ﬂ,l/)- (3.28)

The open-trap rescaled local density of particles at x € R? is defined from (3.28) by setting y = x.
From Definition 3.17, the open-trap rescaled reduced density matrix satisfies:

Proposition 3.18. Consider a confined d-dimensional harmonically trapped Bose gas, d € {1,2,3}
in the G-C ensemble. Then VB3 > 0 and Yv > 0, one has uniformly in (x,y) € R??:

0, when v < v, ifd=1,2,3; (3.29a

reoo(x,y; Byv) = L0B0) (B) if (3.292)

’ g —_— when v > v.(B) if d=2,3. (3.29b)
T2

Here vc(B) is defined in (3.6) and satisfies (3.7).
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Proof. Let 8,v > 0 be fixed. We start with the case of v < v.(8) if d = 1,2, 3. From (3.26) with
(3.20), then (3.22a) leads to lim,|o 7eo (X, ¥; 3,7) = 0 uniformly on R??. (3.29a) is proved. Let
us turn to the case of v > v.(B) if d = 2,3. The key idea consists in decomposing the quantity
defined in (3.26) V0 < k < 1 into two contributions:

Nrc,z oo
Poo (X, y: B,v) = K2 Y " G (x,y118) + 677 Y =Gl (x,y318),  (3.30)
=1 I=N, +1

where N, . := |1/k%] with 0 < ¢ < d for the moment (a limitation will appear when v = v.(5)).
Here |- | denotes the floor function. Below we prove that the contribution in (3.29b) when v >
ve(B) only arises from the second quantity in the r.h.s. of (3.30). Let us investigate the first term
in the r.h.s. of (3.30). From (2.30) followed by the lower bound in (A.10), one has V(x,y) € R?¢:

olBHo —EQ),)

IBlco, r (7(d=2) . R 1B(F . —EL,)
e Gor (x%,y;18) < 7Te LT (3.31)
1 1
3 L4+ (2= + 523 ) (3.32a)
el GUED (x, y318) < Tel P P Q% m@) 1
7 ™ 1 (3.32b
+ (,/—215,{ N (215,1)%) (3.32b)

In (3.32a) and (3.32b) we used that Va > 0 (1+1/a)? < (14+1/a)? and (1+1/a)? < (1+1/y/a)?

(0)

respectively. Since i, ,, — Esc/x < 0, one has for £ < 1 sufficiently small the upper bounds:

Ni,e l,@(E(D) T ) 2H5_m_6(1_m)7 ifm e {Oa %}
—m e— S efﬂ(Eég?niﬁoo,n) X HZ —1 ln(lfs ), lf m = 1 . (333)

=t k2, if m € {2,2}

M\R

K

By virtue of the squeeze theorem, when v > v,(3) if d = 2,3 one has uniformly in (x,y) € R29:

Y0 < e < d, hm/w Z Pl n G (x,y:16) = 0. (3.34)

(0)

Subsequently let us turn to the second quantity in the r.h.s. of (3.30). Since Too s — Eoolr <0,

then one has Vd € {2,3}, V0 < € < d, ¥(x,y) € R?? and for x < 1 sufficiently small:

3 ¢ N BBD, T )
d i K m 2 kig_ |2 B_1 e ke oo,k Moo,k
K2 Z Pl n G (x, y1B) > e i Xty e i Ix—y T eoth(5 2 -
7 H 8D, i)
I=N, .+1 2 PED T ) 1

(3.35)
Here we used the upper bounds in (A.2)-(A.3) together with a formula to express the remainder of
the geometric series. We now distinguish the case of v > v.(8) from the one of v = v.(8). When
v > v.(B), we get from the asymptotic in (3.11c) the existence of a Kg > 0 s.t.

VO <k < Kg, 367> 28 — ve(B){EL, — flae,} = 14> 0. (3.36)

By the upper bound in (3.36), one has V0 < ¢ < d, ¥(x,y) € R? and VY0 < k < min{1, Kz}:

oo
— d—e

e Z elﬁuoongi)n(X,Y;lﬂ) > Me*%‘ﬂwe_%‘xﬂ"zc“h( ) e Ty

’ T

[SIEW

I=N, .+1
(3.37)
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Let us find an upper bound for the Lh.s. of (3.37). If d = 2, from the upper bound in (3.31) then
V0 < e <2, V¥(x,y) € R and for k < min{1, Kz} sufficiently small:

[e.°] 2 o0

Bloon U4=2) (x v BN BB ) 4 © _g
K Z g'PHeo, Goo,ka (X,y, lﬁ) S . Ze sn oo, + 2WﬂFO(ﬁNn,E(Eoo,n Moo,n))
I=Ny +1 =1
Voo (B,110) | KA 1)
<=4 T (7), 3.38
- ™ + 213 ° 2(v —ve(B)) (3.38)
where I'g(-) is the incomplete Gamma function [1] (below v stands for the Euler constant):

V>0, To(z):= /OO A= In(z) — i(—nk i (3.39)

oW -7 k(K ‘

k=1

If d = 3, from the bound in (3.32a) then V0 < € < 3, V(x,y) € R% and for x < 1 small enough:

ki) e G (x, y5 1)
I=Ny, c+1
|y VO) I<J2 1 K
< enlBi0) |, (BD), P )+ g s (300
< 3 Bt 0(BNk.e (B! Foo,rc) (25)27r% Ny ( )

where we used some integral comparisons. Since the r.h.s. of (3.37) and (3.38)-(3.40) converge
V0 < ¢ < d and uniformly in (x,y) € R?? to the same value when & | 0, then lim, o 70 (X, ¥; 3, V)
exists by the squeeze theorem and is equal to (3.29b). Note that the result strongly relies on the
asymptotic form of the chemical potential in (3.11c). When v = v.(), we use a similar method
but the upper bounds in (3.38) and (3.40) have to be replaced with some independent of the
difference Eé‘.??,g — Tl - Indeed, our asymptotic in (3.11b) does not allow us to conclude from the
bounds in (3.38) and (3.40) due to the presence of the In in (3.39). In the case of d = 2, from
(3.35) and (3.31), then one has V0 < ¢ < 2, V(x,y) € R* and for x < 1 sufficiently small:

v, v;0 2 _nlw_ 2 8 _1 8
o0, (B V3 )e—%|x+y| o= Xy I? coth( 4 Jo—§

Re—1 =E

™
S I3 = Voo, B,v;0 1 1
<K Z oo GU=2) (x,y318) < %{1 + SN } (3.41)
=Ny +1 K,E

To get the upper bound, we minorized the [ in the denominator of the second term in the r.h.s.
of (3.31) before extending the sum up to ! = 1. In order to apply the squeeze theorem (remind
that limy |0 Voo, (8, ve(B8); 0) = 0, see (3.10b)), we require the limiting condition d > & > 1. From
(3.32) and by using similar arguments, the same limitation is required if d = 3. O

Now define the open-trap ODLRO criterion analogous to the one of Penrose-Onsager in [39]:

Definition 3.19. Consider a confined d-dimensional harmonically trapped Bose gas, d € {1,2,3}
in the G-C ensemble. For any B > 0 and v > 0, we say that there exists an open-trap ODLRO if:

Too0(B,V) = lin|ﬂ Too,0(X,y; B,v) > 0. (3.42)

[x—y|too
Subsequently to Definition 3.19 together with Proposition 3.18, we straightforwardly get:

Theorem 3.20. Consider a confined d-dimensional harmonically trapped Bose gas, d € {1,2, 3}
in the G-C ensemble. Then V3 > 0 and Vv > 0, there is no open-trap-ODLRO if d = 1, otherwise
if d = 2,3 there is an open-trap OLDRO if and only if v > v.(B).
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As a consequence of Theorem 3.20, there is equivalence between both Definitions 3.9 and 3.19,
i.e. there is an open-trap BEC if and only if there is an open-trap ODLRO.
The following Corollary interprets the last results:

Corollary 3.21. Consider a confined d-dimensional harmonically trapped Bose gas, d € {1,2,3}
in the G-C ensemble. Then Y3 >0, Vv > 0 and V(x,y) € R??:

(i). For the open-trap rescaled reduced density matriz, one has:

oe0 (%, Y3 B, 7) = 1 voe (8, 15 02 (xv/R)U L, (V). (3.43)
11). For the open-trap density matrix without the ground-state, one has:
ii). For th denst iz with h d h
O elPliso x—y?
Z —e~ 28 when v < v.(B) if d > 1(3.44a)
Wobeoly) | P
lim > o007 — oo, when v > v (8) if d = 2(3.44D)
#40 se(N*)d eﬁ(va" ““7“) —1 oS 1 5
Z S ‘x;l%‘ , when v > v.(B) if d = 3(3.44c¢)
Py (QWZB)E

Here is the meaning: the long range order is due to the condensate on the ground state, and
the finite part of the reduced density matrix is due to the thermal gas (=non-condensate gas).

Proof. Let 8,v > 0 be fixed. From (2.6)-(2.4) along with (3.10), one directly gets:

e 5 (x> +lyI?)
lim v (8, 13 0)6 Ch (ev/m)UL (7 V) = Tim voe (B, v 0)— = Vee0lV)
k0 ’ T /2

d
T2

From Proposition 3.18, the r.h.s. is nothing but r (X, y; 3, ) which is independent of x, y € R?<.
We continue with (ii). Let us mention that the reduced density matrix can be rewritten as:

© ©) 49 (y)
x (oo (y) P (YEn(y) (3.45)

(0) — (s)
eB(Eoow l"‘oc,m) —1

v(x, GRQda 00,k \ X, Y5 P, V) =
(x,y) Poo,r (X, ¥ B,V) D) 1

s€(N*)d

When v < v.(8) if d = 1,2,3, the first quantity in the r.h.s. of (3.45) vanishes in the limit x ] 0.
Then (3.44a) follows from (3.22a). We turn to the cases of v > v.(8) if d =2, v > v.(f) if d = 3.
Similarly to (3.30), we decompose V0 < x < 1 the reduced density matrix into two contributions:

Ng e [e%s)
poo(X,y; Byv) = Y PG (x,y;18)+ Y PGl (x,y:18), (3.46)
=1 I=N, +1

where N, . = |1/k°] with 0 < & < d for the moment. When v > v.(8) if d = 2, the strategy
consists in finding a lower bound for the Lh.s. of (3.44) involving the first quantity in the r.h.s.
of (3.46). V(x,y) € R*, V0 < ¢ < 2 and for x < 1 sufficiently small, one has from (3.19)-(3.20):

Ny

Z oo GU=2) (%, y; 16) = Z > e ELp), ()0 (y)

=1 I=1 seN2

_ o= BN (BER, B ) (s) (s)

< kKl-e ey (MCNNE ) 4 oo (X)thoex (¥) (3.47)
© € o) ) :

™ eﬁ(EOOyﬂiiu’oo,m) —1 B(Eser Moo, k) 1

SE(N*)2 €
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where we separated the case s = 0 from the sum over s before extending to co the sum over [ in
the second term of (3.47). Under the same conditions and since 7, ,, > 0 for £ < 1 small enough:

(S) (S) N _ _BNN E(Eég?rc_ﬁoo,n)
16 (X) Yoo (¥) Zel,@pw,G(d -2) (%, y318) — Kl-—e

=1

1 5 2 1 2 2 K E—1 2 2
s xtyl? o~ L (4 2) [y opgaloca—5(x1+
2ﬁw<e by le By 1n(1+/3ﬁl—a) 28k ~ce 5 (X *+1y] >>7

(3.48)

o= 5 (x+1y[?)

Y

éz)yN_ﬁoc,n) —1 ™ eB(Eoo A /"‘00 N) —1

Y

and the above lower bound diverges when x | 0 V0 < ¢ < 1 and V(x,y) € R*. In the Lh.s. of
the second inequality, we majorized the second term by the lower and upper bound in (A.11) and
(A.10) respectively, then we minorized the sum by an integral (as we did in (3.24) from (3.23))
and used (A.4). Now we treat the case of v > v.(8) if d = 3. The strategy consists in showing
that the limit & | 0 of the Lh.s. of (3.44) equals the one of the first quantity in the r.h.s. of (3.46)
for some suitable e. V(x,y) € R®, V0 < ¢ < 3 and V0 < k < min{1, Kz} (see (3.36)), one has:

o0 ©) (1,0 oy
Y G (x,y;18) — Yooik (X) Yook (¥)

WBEL T ) _

I=Ny 41
3 _E(|x|2 2
K2 e 5( |,+\Y| )(e 4[coth(ﬁ 1— Sy —1]|x— ylz —,GN <(EQ 0) _H(X”) _1) (349)
SED~T) _q Tt
1 Voo (B, v;0) e~ 5 (X +1y 1) —Bk" e
5 _Lvs, (ﬁs,u, ) e i (H e __x—y[?+3—" ),
5 3 1 QpE (v —ve(B))

and the above lower bound vanishes when x | 0 V1 < ¢ < % and V(x,y) € RS. To get the r.h.s.
of the second inequality from the Lh.s. we used the lower bound in (A.11). Here the exponential
decay in k!¢ arises from the difference coth(8x'7¢/2)—1. Under the same conditions than (3.49):

00 ( (0) 3 _E(|1x|? 2
S e G (x5 1) — LMY i SRR
co,k K Y5 5EO 7 ) = S EY. 3
l:Nm,5+1 e oo,k T Hoo K 71 e oo,k "Mook 71 T2
X (e%(Ptanh(%ﬁnl’s))liryIZ - 1) T K i (L 41 )efszéS?,rﬁm,N) (3.50)
T KIS (21BK)? ’

=Ny +1

where we used (3.32a). Afterwards, by using the upper bound in (A.11) and the argument leading
to the estimate in (3.40), under the conditions of (3.49) the r.h.s. of (3.50) is less than:

< 2 2 l1—e
. —5(IxI*+lyl*) —Br -
Voo,s(B,1;0) e 5 (I e g me—BrlTE 2
5 =[x+ y|Tez® Ity

K
K2 7'['% 214’67&{
3 - _1 1 e—1
f (S )y S
T2 2(v —v:(B)) (28)272 1 —K°

(3.51)

where the exponential decay in !~ arises from the difference 1 — tanh(8x'~¢/2) — 1. Since (3.51)
vanishes when x | 0 V1 < ¢ < 3 and V(x,y) € R®, we conclude from (3.49) by the squeeze theorem:

Vi<e<d V(x,y) € R®, i ( i W1 n GU=3) (x, y: 18) L) (y) _o
e 2’ X,y ’ Hlil’Ql € ’ 00,K X,Y; eB(Ef,g?,c—ﬁww) B 1) =

l:Nn,s"Fl
In view of (3.45), (3.46) and the foregoing, to prove (3.44c) it remains to show:

N oo

3 2
Vl<e< 2 V(x,y) € R, hm Z Pl U= 3) (x,y;18) = Z 2 lﬂ —e o (3.52)
= (27lB)>
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On the one hand, V(x,y) € R, V0 < ¢ < 3 and V0 < k < min{1, Kz} (see (3.36)), one has:

Ny N, \x;a;\z
IBloe NG(d 3)( 18) > —flxty oy ? =35 f,c(m z (3.53)
e X,Yy; e e .
zz; Z (2mpl)E”

where we used the upper bounds in (A.10) and the ones in (A.3)-(A.4). On the other hand, from
(3.32b) together with (3.33), one has under the same conditions than (3.53):

N ES y\2 i
i GLO=) PR CEE) . 3
e'PHoon Xy,lﬁ ) < -~ +2 S4 kT2 \/_ln(
lz; ; 27rlﬂ w3 V26
(3.54)
Along with (3.53), the squeeze theorem leads to (3.52). O

Remark 3.22. We showed in (3.48) that V8 > 0 and Vv > 0, the open-trap limit of the non-
condensate part of the reduced density matrix diverges when v > v.(f8) if d = 2. Actually, by
using more refined arguments one can prove that the growth is logarithmic in s~ when « | 0
uniformly in (x,y) € R*. Indeed, one has for k < 1 small enough the following lower bound:

Qe )v 2 (y)

WBEL T ) _

D e G (x, y;18) —

=1

> S LIB(E® —m_ ) e Elx 4y’ =g coth(Sr)lx—y|* _ 1 e~ 2618
- ;e ’ ' 1 — o—2riB =TT
’ © © 1 & e MBEQ
O RS I SRE PR L
=1 =1
Voo K(ﬁ,l/;O) 2 K2 2 ﬁ / — Bkt / e 3rAt
> Yool i 0) P x —yPcoth(Z ate Pty [ @
= o XY oyl eoth(Gr) L e +27rﬂ ) ¢

To get the first inequality, we bounded the term e~ 2 5 (1x*+ly1*) coming from 1/)(0) (x)1s0 (0) «(y) by 1.
To derive the second inequality, we used that 1 —e™ < 1 Va > 0 for the first term between the
parenthesis in the first inequality, followed by the upper bound in (A.10) to minorize its numerator.
The two last terms in the third inequality come from an integral comparison. On the other hand:

- © (0T
3 e G2 x, y: 1) — L (Y)

o —
— eB(Efx,?n—uao,m) -1

1—tanh(2 xl 2 —2xl
< B 5P 4yl )Z BB, i ) (TGO — 1 7
- — 1— e—QHlB 1— e—QHlB
and from the arguments leading to (3.50), the above r.h.s. is less than:
—18(E® Koe 2 5 Ity 268 1
_Z BEL) c—Foo 7| | e2 1+e—rpl +e” KB 1+ —
21+ e rhl 2kl
oo
< VOO#(Ba v;0) |X +y|2e%|x+y|2 + k |X +y|2e%‘x+y‘2/ dte "Bt 4
- 2w A3 0

A 1 I
v dt —2Kk0t —2kf / dt
* T /0 ¢ + 27Tﬂe * 278 Jy t

From the lower and upper bounds derived above together with the identity in (3.39), then when
v > v.(B) if d = 2 the squeeze theorem provides us with:

(s) O

00,k \X)Woo K 1 1 ] )
eﬁ(Eéi)(N);p )(Y)l 278 In(— ) when x | 0 uniformly in (x,y) € R*.
)2 ’ o0, K —

se(N*
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3.4 Localization of the condensate/thermal gas in the open-trap limit.

Here we focus on the diagonal part of the (rescaled) reduced density matrix, interpreted as the
(rescaled) local density of particles, in the open-trap limit. By introducing a scaling of the spacial
variable, initially introduced by van den Berg et al. in [49] in the so-called barometric formula,
we state some results in regards to the spatial localization of the condensate/thermal gas in the
open-trap limit. We can relate our statements with some well-known results in Physics literature
concerning the shape of the condensate/thermal gas in the space. This will be discuss in Sec. 4.

Theorem 3.23. Consider a confined d-dimensional harmonically trapped Bose gas, d € {1,2,3}
in the G-C ensemble. Let v.() be the critical density of particles in (3.6) satisfying (3.7). Then
vd € {1,2,3}, VB >0, Vv > 0, Vx € (R*)? and Y0 < § < 1 the two following limits exist in R :

)

P06 B,v) = lim poc s (x5 8, 0), )
’ K

063 8,) 5= lim o (k™7 k53 5, 0).

With go, 0 > 0 defined in (3.2) and Jio, o = fioo,o(B,V) in Lemma 3.5, one has more precisely:
(). ¥d € {1,2,3} and Vv < v.(B):

ga(eF=0)

, if0<d6<1; 3.55a
(278)% ! o)
©) (g _
Poo0(%i B,) = (eB 0= 311
d 00,0 2
73 _ ' s (3.55b)
(2mp)2
ro(x; B,v) =0, if6>0. (3.56)
(ii). Vd € {2,3} and Yv > v.(B):
400, if 0<6<1; (3.57a)
fd=2, pQyx:B.v) =4 gi(e 38 ‘
+00, if 0<6< 3 andv#ve(B); (3.58a)
5 (1
) 73 )3 , if $<8<1; (3.58b)
Ifd=3, peox:p,v)=q (278)2
5 (e~ 381x1%)
s s (3.58¢)
(27B)=
v=vel8) ifo<s<i; (3.59a)
T2
§
réozo(x; B,v) = v—v.(8) e_‘x‘2, if 6= %}. (3.59h)
T2
0, ifi<d<1. (3.59¢)

Remark 3.24. In Theorem 3.23, we restrict to x € (R*)? since the case of x = 0 is covered by
Proposition 3.14 and Theorem 3.20.

Proof. Let 8,v > 0 be fixed.
e Case of v < v.(B) if d =1,2,3 - Proof of (3.55)-(3.56)

At first, let us notice that from (3.11a) and (2.25)-(2.26), one has VI € N* and ¥x € R%:

_ [Blios 0 1 if1>6>0
lim /oo GO (x50, xk7% 1) = ° g X{ ERVPINE a1 ’
k10 ’ (27lB) % ez , ifd=1

(3.60)

27



where Ti, o = Tl (3, ¥) < 0 is defined in Lemma 3.5. Here we used the following:

)

d
K 2 1 K 0 ifl1-26>-1
VIeEN', lim(—" ) = lms P tann(Zig) = 7
e (27rsinh(nlﬂ)) erp)E e (518) Bif1-25=-1

Subsequently, from (3.11a) there exists a ko > 0 s.t. Y0 < Kk < Ko, flog ,x < floo,0/2 < 0. Then by
using the rough upper bound in (2.31), one has Y0 < § < 1 and uniformly on R¢:

d
2

VO < k < ko, e G (xk70, xk7%;1B) < E (2m18)8 .

By standard arguments, it follows:
Ii 1Bl o =Gl (d) =0 k%18 = lim e/PFoe.» (D) —6 Y
im) e o (xK70,xKkT051B) Z ;?ole o (XK, xKT % 1),

0
m0

what proves (3.55) by virtue of (3.60). From (3.26), (3.56) results directly from (3.55).
e Case of v > v.(B) if d = 2,3 - Proof of (3.57)-(3.58).

Let us start with (3.57a)-(3.58a). We look for a lower bound of the sum in (3.20) whose the limit
k } 0 diverges. If d = 2, from (2.25)-(2.26), then VI € N*, Vx € R? and for £ > 0 small enough:

- - 1 kLB 1,2-28),2 11 2-25
e (2(d=2) 01 KB sy 1L s —dkeeoixp
¢ o (xR~ Az 155, sinh(klB) =97 18°

In the first inequality we used (A.4) and 7, ,, > 0 for £ > 0 small enough, see (3.11b)-(3.11c). In
the second one, we used the expansion in power series of the sinh which yields:

A WB o (KB R
sinh(klB) Y, (g@ﬁ;l = (m:O m) > (cosh(klB))™" > e "7, (3.61)

Then we have for x > 0 sufficiently small and ¥x € R2:

_B(n+1m2 28 1x| )t 1 o 951 19
LR = I = To(B(s + 552 |x]%)

where T'g is the incomplete Gamma function in (3.39). In the limit « | 0, the above lower bound
diverges V0 < § < 1if x = 0, V0 < § < 1 otherwise. If d = 3, from (2.25)-(2.26) and by mimicking
the arguments leading to (3.25), then VI € N*, ¥x € R? and for x > 0 small enough:

wleo

_ _ 1 1282 K
Poo,n(XH 6aXH SQB,V)Z 3 € " I —o -
(27-()25 Eoo,ka - ,Uoo,,.i

o BELD T )

Due to (3.11c), the above lower bound diverges in the limit £ | 0V0 < §<1ifx=0,V0< 4§ < %
otherwise. Next, let us prove (3.57b) and (3.58b)-(3.58¢). To do so, let us firstly give a lower
bound of the quantity peo . (xx~%,xk7%; 8,v) when § = 1 if d = 2 and when % <d<1lifd=3.
If d =2 and § = 1, for any x € (R*)? and for £ > 0 small enough:

—IB[(EQ , ~Tns, )+ 317 %(Eéi’?m—ﬁxm)%\xﬁ)

- - 1 Ee ﬂl(e
1 1, > = .62
poo,n(xn VXK, V) = 2nB ;:1 I 278 ) (3 6 )

where we used (3.61). Ifd=3and 1 >¢ > %, Vx € (R*)3 and for k > 0 small enough:
—BUBL) oo )+ X777

i (e :
(27B)>

poo,n(x~0 xK 7% Bv) >

(3.63)
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In the limit & | 0, the lower bounds in (3.62) and (3.63) converge to (3.57b) and (3.58b) (3. 580) re-
spectively following the values of §. Secondly, let us give an upper bound of peo . (xk =%, xK7%; 3, v/)
when § = 1 if d = 2 and when % < § <1if d= 3 whose the limit k£ | 0 reduced to the announced
results. Under these conditions, introduce V0 < £ < 1 and Vx € (R*)¢ the decomposition:

Poow (XK 7%, XK 7% B, ) {Zelﬂ”w+ Z Wm}Géﬁk(xm—é,m—é;w>, (3.64)

I=Ni,+1

where N, . := |1/k%] with 0 < € < d for the moment. Let us give an upper bound for the second
sum in the r.h.s. of (3.64). From (3.31)-(3.32a) and by mimicking the arguments leading to (3.38)
and (3.40), one has Vd € {2,3}, ¥x € (R*)%, V0 < € < d and for x < 1 sufficiently small:

[e.°]
2 x2—20—¢

, _1
Z elﬁ“w’ﬁGg%(xn*&,xm*ﬁlﬂ) <e 2B =

I=Ni,+1
1 Lo BEQ Ti,)  i-1 d—2 1
2 N,.B(EQ. —& —7} .
X ﬁﬂ'% {,{2 qug)n Tl + 23—d 0[ 755( 00,k Moo,n)] + 4ﬁ \/ENK,E ’ (3 65)

where we used that VI > N, .+ 1, tanh(“21) > tanh(2x'~¢) followed by the upper bound in (A.4).
Note that from (3.11c), the upper bound in (3.65) vanishes in the limit x | 0 V2 — 20 < ¢ < d
if d = 2,3 and ¥x € (R*)?. Let us give an upper bound for the first sum in the r.h.s. of (3.64).
From (3.31), (3.32b) and (3.33), Vd € {2,3}, Vx € (R*)%, V0 < ¢ < d and for x < 1 small enough:

NH,E
Z emﬁwwGﬁ(fé?H(xmf‘s, xk%: 1)
=1

oo o 0o _ 0) _4 Ix|? k2728
<Zeflﬁ(Eég?,c*Hm,,@) _%ZB|X|21i2;12ia B Z e BB e —Foo, )+ 59— 1+B,<1 3 N
= d d
=1 (2wlp)2 I=Nyc+1 (27ip)>
~BEL) ~Tioc )
e PEL ) /4 3(d—2) ;. 3(d—2) e
5 _(Za Sl S C ) 1—). 3.66
R Y T VeiGe) (B8

From the asymptotic in (3.11c), the last term in the r.h.s. of (3.66) vanishes in the limit x | 0
V0 < e < % if d = 2,3. By an integral comparison, one can prove that the second term vanishes
in the limit x | 0 V2 — 26 < ¢ < d if d = 2,3 and Vx € (R*)?. Finally by standard arguments, one
hasV0 <e <1ifd=2,V0 <e < dif d =3 and Vx € (R*)%

N2—25

e (3.67)

>, o BES o) 12 w228 O BB T k)
lim 2 I — lim—mno

w0 (2mlf)t Lowo (2mIp)3

—118lx|?

By adding the r.h.s. of (3.65) and (3.66), we found an upper bound for the Lh.s. of (3.64) which
converges when § = 1 to (3.57b)-(3.58¢) if d = 2,3 V0 < & < £, when 3 < § < 1 to (3.58b) if d =3
V1 <e < 3. Along with (3.62)-(3.63), the squeeze theorem lead to (3.57b) and (3.58b)-(3.58c¢).

e Case of v > 1.(8) if d = 2,3 - Proof of (3.59)

Similarly to (3.30), the starting-point is a decomposition of the quantity defined in (3.20) V0 <
d <1,Vd € {2,3} and V0 < k < 1 into two contributions:

Toon (X670, xK7%; B, 1) = nd/Q{ Z elPlocn 4 Z elPhoc.x } d) (xk70 xk7%1B),  (3.68)

I=Ni,+1
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where N, . := |1/k°] with 0 < ¢ < d for the moment (a limitation will appear if 6 = 3 when
v > v.(B) or when v = v.(8)). From (3.31)-(3.33), one has Y0 < § < 1, Vd € {2,3} and Vx € R%:
Ny
Y0 < e < d, hm/w Zelf’ﬂmcf” (xk~%,xk7%;18) = 0.
=1
Let us investigate the second term in the r.h.s. of (3.68). We distinguish the case of v > v.(8)

from the one of v = v.(8). When v > v.(8), by using the same arguments leading to (3.37) and
(3.38)-(3.40), one has V0 < § < 1, Vd € {2,3}, ¥x € (R*)%, V0 < e < d and V0 < k < min{1, Kz}:

o0
__3rd7e d — _ _
e 2v—ve(A) < K2 E elﬁ#vaGg@K(xn % XK 5;15)
=N, o+1

n1*25|x|2tanh(g 5171) % r.h.s. of (3.38), ifd=2
r.hs. of (3.40), ifd=3

Voo, ﬂ, Vi 0) eiﬁ1725|x|2

ol

™

<e

The above Lh.s. and r.h.s. tend to (3.59a) if 0 <6 < 2 V0 <e < d, (3.59b) if 6 = 1 VI <& < d,
and 0 if 3 <8 <1V0 < & < d. Then the squeeze theorem leads to (3.59). The case of v = vc(3)
can be treated by using the same arguments than the ones used at the end of the proof of Theorem
3.20, see e.g. (3.41). By requiring the limiting condition d > ¢ > 1, (3.59) follows. O

Corollary 3.25. Consider a confined d-dimensional harmonically trapped Bose gas, d € {1,2,3}
in the G-C ensemble. Then V3 >0, Vv > 0 and ¥x € (R*)%:

(i). For the open-trap rescaled local density of particles, one has:
V0 <8< 1, 0o B,0) =l veo (B, O[S (esVR)P,ifd=1,2,3. (3.69)

(ii). For the open-trap local density of particles, one has:

. W (x>
Eig jg: (E(ﬂ o -

e S |

s€(N*)d e
poo O(X B,v), when v < v.(B) if0<d <1 andd=1,2,3; (3.70a)
poo O(X B,v), when v > v.(B) if0<6 <1 and d=2; (3.70b)
43 (eﬁ#oo,o)
= when v > ve(B) if 0 <6 < 5 and d = 3; (3.70c¢)
(27mB)%
pQox;B,v),  whenv>v(B) if § <5 <1 andd=3. (3.70d)

Remark 3.26. We restricted to x € (R*)? since the case of x = 0 is covered by Corollary 3.21.

Proof. Let 8,v > 0 be fixed. In view of (3.56) and (3.59), (3.69) follows by direct calculations
from (3.10) and (2.6)-(2.4). Let us turn to (ii). By setting x = y in (3.45) after dilating the spacial
variables by £7°, then from (2.6)-(2.4) the first term of the r.h.s. can be rewritten as:

2,.1-25
i G| VE

, 3.71
BELD T ) 1 BELDT) 1 T (3.71)
(0) —0)|2 —|x|2k1720
vd € {25 S}a Vx € (R*)da |w00 K(XH | = Voo,n(ﬁ; v; 0)7(1 (372)
eﬁ( oc rHoo, w) 1 (H}ﬂ')5

From (3.11a), the r.h.s. of (3.71) vanishes in the limit x | 0 VO < § < 1. From (3.10), the r.h.s. of
(3.72) vanishes in the limit £ | 0 V4 < § < 1 and Vd € {2,3}. This proves (3.70d) in particular.
Let us now turn to the case of 0 < § < l if d = 2,3. To do that, it is enough to mimic the
arguments used in the proof of Corollary 3. 21 By setting x =y in (3. 45) and (3.46) after dilating
the spacial variable by x~°, then since 1 — 26 > 0 V0 < § < %, the conclusions obtained from

(3.47)-(3.48) and from (3.49)-(3.51) still hold true ¥x € (R*)? and Vx € (R*)3 respectively. O
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4 Concluding remarks and perspectives.

4.1 Conclusions & discussions.
(D1) Homogeneous versus inhomogeneous systems.

We stress the point that our results obtained in the open-trap limit for the harmonically trapped
Bose gas differ from the ones stated in [51, 48] for the perfect Bose gas confined in ’Dirichlet boxes’
(commonly referred to as "homogeneous systems’), and from the ones in [45, 47, 53] stated for the
free Bose gas in a weak harmonic trap model. The main difference concerns the critical density.
From a rescaling of the average number of particles (see Definition 2.6), we find that the critical
rescaled number of particles in the open-trap limit for the harmonically trapped Bose gas is finite
if d = 2,3 and proportional to g4(1), see Proposition 3.4. This result contrasts with the case
of homogeneous systems for which the bulk critical density of particles (by bulk we mean in the
thermodynamic limit) is finite if d = 3 and proportional to g4/2(1), and also with the case of the

weak harmonic trap model for which it is finite if d = 2,3 and proportional to fol dugd/g(e_ﬂ% ).

However, let us notice that our expressions for the non-condensate part of the open-trap reduced
density matrix for the harmonically trapped Bose gas (see Corollary 3.21) are exactly the same
than the ones for the non-condensate part of the bulk reduced density matrix for homogeneous
systems in any dimension, and so it diverges if d = 2 and converges if d = 3. Even at the scales
0 < § < 1, the non-condensate part of the open-trap scaled local density (see Corollary 3.25)
remains equal to the non-condensate part of the bulk local density for homogeneous systems. This
means that the non-condensate bosons do not feel the trap for those scales and behave like free
particles in the whole space R%. But at the scale § = 1 and when v > v.(8) if d = 2,3, the
open-trap scaled local density has a gaussian decay whereas the bulk scaled local density (with
the scaling u := x/L, u € [~1,1]%) for homogeneous systems is constant on (—1,1)? and vanishes
on the boundaries, see e.g. [50]. Concerning the condensate part of the open-trap rescaled density
function for the harmonically trapped Bose gas, it is constant at the scales 0 < § < 1/2 and has
a gaussian decay at the scale 6 = 1/2 when v > v.(8) if d = 2,3 (see Corollary 3.25), whereas the
condensate part of the bulk scaled density function for homogenous systems oscillates on [—1,1]¢.

(D2) Localization of the non-condensate versus condensate gas.

From (3.57)-(3.58) and (3.59), the localization range of the condensate is not the same than
the localization range of the thermal gas (i.e. non-condensate gas). This means that they do not
coexist at the same scale of spatial distances as it is stated in [41, Eq. (10.28), pp. 153]. To
understand more properly, let us define Vd € {2,3}, V3 > 0 and Vv > 0 the large scale (i.e. 6 = 1)
average square radius in the j-th direction of the open-trap reduced local density function as:

/Rd dx x? p((}ifol)(x; B,v)

/ dx p0=0 (x: B, )
]Rd

Similarly, let us define under the same conditions the medium scale (i.e. § = 1/2) average square
radius in the j-th direction of the open-trap rescaled reduced local density function as:

(5=4)
") /Rd dxx? T50.0 (x;8,v) .
(zj>m70(ﬂ,y) = , j=1,---.,d (4.2)
dxr
/

() (B v) = =1, (4.1)

o=41
O (x:8,v)

Let us mention that from (3.57b)-(3.58¢) and (3.59b) the quantities in (4.1)-(4.2) are well-defined.
By a direct calculus, we get Vd € {2,3}, V5 > 0 and Vv > 0 the following ratio:

(@)Sh(B,v) _ 2¢(d+1)
@0 (B,v) B

J

j=1,---.d, (4.3)
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where ((«) := go(1) Va > 1. The r.h.s. of (4.3) is j-independent since the trap is homogeneous.
Note that (4.3) is the open-trap counterpart of [41, Eq. (10.28)] for d = 3 (here 8 has to be
replaced with 87€). (4.3) can be interpreted as follows: the density profile of the thermal gas is
much more spread out than the rescaled density profile of the condensate (large vs medium scale).

Nevertheless, the local density of particles in the condensate is of the order of K~3/2 for d = 3
and so is infinite in the open-trap limit (see (3.22c)), whereas the local density of particles in the
thermal gas is finite in the open-trap limit (see (3.44c)). Hence, one can talk about a spatial Bose-
Einstein condensation since a very large number of particles is localized in a small region of the
space compared with the region where the thermal gas is spread. Note that the first experimental
demonstrations of the condensate is based on this latter feature since it is enough to ’take pictures’
of the gas to bring out the spatial density of the particles distribution, see e.g. [18, 23].

(D3) A ’semiclassical formula’ for the local density.

Another remark relates to the expression of the open-trap local density in (3.57b) and (3.58¢c).
By reintroducing all the physical constants: m, k and Qg (see (1.6)), then Vd € {2,3}, V3 > 0,
Vv > v.(B) and ¥x € (R*)? the open-trap local density at the scale § = 1 can be rewritten as:

—Bu(x)
(5=1) ga(e ) / dp 1
oo (x:B,v) = = sl ’ e
Poco ) )\g re (2h) B(EE+u(x) _ 1 4y

2m

where A\g = /273h2/m stands for the de Broglie thermal wave length, and v(x) := mQZ|x|?/2.

In Physics literature, (4.4) is often referred to as the ’semi-classical formula’ for the local
density, see e.g. [41, Egs. (10.25)-(10.27), pp. 152-153] and also [40, Eqgs. (2.45)-(2.50), pp. 28].
To make a link with the semiclassics, let us introduce the unitary transformation on L?(R%):

UK)P)(X) = Kk 2 p(x/K), r>0, e 2R,
Under the above transformation, the operator in (1.6) is unitary equivalent to:

- - h?
UR)Hoo o (8) = Hoo o, Hoo o i= — 5 £ Ax +v(x) with h, = Ak. (4.5)
m

From the definition in (2.7), (4.5) implies in the kernels sense on R??:
VK > 0’ (fBE(ﬂ7 ﬁoo,f-i; Hooﬁﬁ))(xnila yK’il) = Kd(fBE(ﬂv ﬁoo,n; HOOJ‘G))(X’ y)’

Then it follows from the definition in (3.19) together with (4.4):

- dp 1
BE(B, oo i3 Hoo ) (X, Y N/ when & | 0.
(FBE(B, fis, DICSY) i @h)? BB et ]
Hence (4.4) coincides with the leading term of the asymptotic expansion of the local density in the
semiclassical limit when the dynamics of the system is determined by the Hamiltonian in (4.5).

4.2 Conclusions & perspectives.
(P1) Generalized BEC (¢-BEC).

In Remark 3.11, we showed that the g-BEC term in the sense of (3.17) vanishes, see (3.18).
However, for some model of anisotropic harmonic traps recently studied in [44, 38], and analogously
to the anisotropic boxes [48, 46, 49, 50], it has been shown that the g-BEC term is non-zero. For
instance, if one chooses Q; = £;Qo, j = 1,2,3 with x1 = kexp(—k3/k?) and k2 = k = k3 (here
ko > 0 is a given constant), one gets that the g-BEC term in the sense of (3.17) is positive when
v > v.(f). But the usual condensate on the ground state is non-zero only when (see e.g. [44, 38]):

)

BB

v > U (B, ko) = ve(B) +

32



Giving a rigorous proof of these results and investigating the local effects of g-BEC (from the
reduced density matrix and scale local density function) are two perspectives. In other words,
does g-BEC give some additional contributions to the non-condensate part of the reduced density
matrix in (3.44), and does it change the scale of the localization of the condensate in (3.70)?

(P2) Local generalized BEC (local g-BEC) and loop path approach.

In this paper, our approach essentially leans on the representation (3.20) of the reduced density
matrix by the kernel of the Bose-Einstein function of the operator Hu , in (2.7), see Lemma 2.13.
From such a representation, investigating the behavior in the open-trap limit of the (rescaled)
reduced density matrix/local density function requires some sharp estimates on the integral kernel
of the semigroup generated by H , for small values of x. Since this kernel is explicitly known
(see (2.25)-(2.26)), then our approach turns out to be more robust than the one based on the
representation in (3.19) involving directly the eigenfunctions of He, . Indeed, the control of the
sum in (3.19) for small values of x is made difficult by the behavior of the Hermite polynomials
which oscillate especially as the s-index summation gets larger. As reviewed in Introduction, our
approach is well-known in Physics literature (it was introduced by R. Feynman in [26]), and it is
used in numerical methods like the Path-Integral Quantum Monte Carlo, see e.g. [33, 35].

Along this approach, the key idea involved in the proof of Proposition 3.18, Corollary 3.21 and
Theorem 3.23 consists in decomposing the sum in (3.20) into two contributions:

Ny, e [e%s)
DGRy I8+ Y e G (x,yi1B),
=1 =Ny c+1

where N . := |1/k%], with some well-chosen 0 < € < d. Actually, what is hidden behind such a
decomposition is the short/long cycles concept involved in the description of g-BEC, see e.g. [43].
We already noticed in Remark 3.11 that the grand-canonical harmonically trapped Bose gas does
not manifest the g-BEC in the sense of the definition given in (3.17) (in a way, this is a global
formulation). But some well-chosen decomposition of the sum in (3.20) allow us to investigate
the possible existence of local g-BEC (even though the global g-BEC is absent) in the sense given
below. For instance, one can decompose the local density into three distinct contributions:

Ng.e N 00
pron(xi ) = { D+ D PG (xxilf) + Y G (x,x:18). (4.6)
I=1 =N, .+1 I=Ny,+1

Here the first sum stands for the sum over the ’short loops’, the second one for the sum over the
'mesoscopic loops’ and the third one for the sum over the 'macroscopic loops’. For some 0 < €, 7
well-chosen, performing the open-trap limit in (4.6) can provide some information on the local
g-BEC (it is present if the open-trap limit of the sum over the 'mesoscopic loops’ is positive). For
instance, in the case of d = 3 when v > v.(f8), we showed in the proof of Corollary 3.21 that for
l<e<n< %, the sum over the ‘macroscopic loops’ (i.e. I > Ny ;) gives the density on the
ground state while the sum over the ‘mesoscopic loops’ (i.e. Nep 21> Ny ) vanishes.

(P3) G-BEC in two-dimensions and in anisotropic three-dimensional traps.

We showed in Remark 3.22 that, when v > v.(8) if d = 2, the non-condensate part of the
reduced density matrix growths logarithmically in 1/ in a neighborhood of xk = 0. We mention
that a similar behavior has been pointed out in [34]. However, it is possible to regularize this two-
dimensional log-divergence for a three-dimensional anisotropic harmonic trap model mimicking
the two-dimensional properties for certain values of v > v.(8). To do so, it is enough to consider
that in each direction we have the pulsation Q; = x;Q0, j = 1,2,3 with k1 = kexp(—kro/K) = ko
and k3 = & (here ko > 0 is a given constant). This means that for small values of k the character-
istic length \/f/(mf;) along the z;-direction, j = 1,2 is very large compared to the one along the
x3-direction. This anisotropic model is inspired by a model introduced in [45] for homogeneous
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systems, and was recently studied in [44, 38]. We emphasize that the problem of BEC in very
anisotropic harmonic traps is a crucial problem encountered in cold atom Physics, see e.g. [29].
Hence the exponential anisotropic harmonic model is given as a perspective. We think that a
decomposition of type (4.6) allows to show the existence of local g-BEC following similar technics
developed in [43] for the perfect Bose gas in Casimir boxes with periodic boundary conditions
(it has been proved that there exist two equivalent classifications: g-BEC of type LILIII versus
macroscopic/mesoscopic loops). An additional motivation to tackle the anisotropic harmonic trap
problem is to investigate the shape of the local density in the regime v = v.(8) if d = 3.

Finally, we mention that the possibility of existence of g-BEC for the two-dimensional inter-
acting Bose gas has been considered in Physics literature in the last decade, see e.g. [37] and also
[38]. Finding a model of homogeneous/inhomogeneous interactions for the two-dimensional Bose
gas which can exhibit simultaneously the presence of g-BEC (in a sense to define) along with the
absence of condensation in the ground-state, remains a challenging problem.
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A Annex - Some useful identities/inequalities.

Here we collect some miscellaneous inequalities/identities involving the hyperbolic functions
that we used in this paper. Most of them can be found in [1, Sec. 4.5]. For any real a > 0:

1 < cosh(a) < €%, (A1)
a < sinh(a) < %eo‘, (A.2)
0 < tanh(a) <1, (A.3)

1 1 1+«
- < coth(a) := tanh(a) < — a> 0. (A4)

For any reals a >0 and t > s > O:

sinh(at) = 2 sinh(%t) cosh(%t), (A.5)
coth(at) = % coth(%t) + %tanh(%t), (A.6)
coth(as) + coth(a(t — s)) = sinh(ass)i;l;ll(hozg(t 5’ (A.7)
tanh(as) + tanh(a(t — s)) = cosh(ass)iz(l)ls(l?(tci(t =5 (A.8)
tanh(as) + tanh(a(t — s)) = tanh(at){1 + tanh(as) tanh(a(t — s))} > tanh(at). (A.9)
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For any reals x > 0 and p,v > 0:
T

1+x<1—efx<x, (A.10)
x<e’—1<xe”, (A.11)
o
ate " < (2_,u> e 27, (A.12)
ev

B Annex — Proof of Theorem 2.4.
B.1 The beginning.

The starting-point consists in rewriting the difference between the two traces involving the dif-
ference between the semigroup kernels. Since VL € (0, o] and Vk > 0 the semigroup {Gp, «(t) }+>0
is a trace class operator with a jointly continuous integral kernel (see Appendix 2.3) then:

d d
T2ty {Goo ()} — Trpzaa) {GL(t)} = 20 (1) + 210(1)
with Vd € {1,2,3}, VL € (0,00), V& > 0 and V¢ > 0:

2D (t) = / dx {GY, (x,x;t) — G\ (x,x;1)}, (B.1)
9 Ai K 9

Z D (t) = / dx G9 (x,x;1). (B.2)
: s ;

We firstly establish:
Lemma B.1. Vd € {1,2,3}, VL € (0,00), V& > 0 and Vt > 0:

1 d*kaL—Zani
200 < ( ())ed4tMM. (B.3)

2 sinh(£
Proof of Lemma B.1. Let 8 > 0 and k > 0 be fixed. By virtue of (2.26), it is enough to treat
only the case of d = 1. From (2.25) and by setting 2 = y, one has by direct computations:

(d=1) 1 L
VL € (0,00), ¥t > 0, 2=V (1) = N )erfc(,/manh(Q )2)

where erfc denotes the complementary error function defined in [1, Eq. (7.1.2)]. From the Chernoff

inequality reading as: Yo > 0, erfe(e) < e~ along with the identity (A.5):

_ 1 L2 5
I ’ (d=1) Ne< — — 71{—tanh(ft). O
VL € (0,00), ¥t >0, 2,77 (t) < osih(50)

In view of (B.1), we need an expression for the difference between the two semigroup kernels:

Lemma B.2. VL € (0,00), V& > 0 and ¥t > 0:

Y(z,y) € A2, G(l) (T, yt) — G(Lly)n(z, y;t) =

1 L L L
Q/dﬂ@”( G (it 5) — G, )G (5wt~ )}, (BA)
0
and in the case of d = 2,3:
Vixy) €AY, G Goyit) — GELGoyit) =
f—/\h/ do(2) GD), (x,2: )l - VoG (z it — 5)], (B.5)
ond ’

where do(z) is the measure on A and n, is the outer normal to ONY at z.
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The proof of the above Lemma in the case of d = 3 can be found in [10, Lem. 4.2]. Since the
generalization to d = 1,2 can be easily obtained by the same arguments, we do not give a proof.

In view of (B.1) together with the expressions in Lemma B.2, the actual problem boils down
to establishing a sufficiently sharp estimate on the gradient of the finite-volume semigroup kernel
(remind that the kernel Gg),,.i is explicitly known) allowing to bring out an exponential decay in
L? for the quantity in (B.1). To achieve that, we need to establish a quite sharp approximation
of the semigroup Gy, .(t), L € (0,00) from G (t). This is the aim of the following section.

B.2 Approximation via a geometric perturbation theory (GPT).

The key idea consists in isolating in A9 the region close to the boundary from the bulk where the
semigroup Geo «(t) will act. The underlying difficulty is to keep a good control of the remainder
terms arising from this approximation. This will be achieved by the use of well-chosen cutoff
functions. We mention that our method is borrowed from [14]; see also [15, 16].

For any 0 <n < 1,0 <4 <1000, d € {1,2,3} and L € (0,00) define:

Op.,(9) := {x € A : dist(x, 0A%) < IL"}. (B.6)

For L sufficiently large, ©7,, () models a ’thin’ compact subset of A4 near the boundary with
Lebesgue-measure |O71, ,(¢)| of order O(L4=Y+m). For any 0 < < 1, let Lo = Lo(n) > 1 s.t.

O1,,,(1000) C A, Lo—L{ > Lo/V?2, (B.7)

and Lg large enough. Let us now introduce some well-chosen family of smooth cutoff functions.
Let fr, and ff ,, L € [Lo(n),00) be a partition of the unity of A4 satisfying:

fin+fi,=1 onAf;

1 1
SupD(f1,0) € (AF\ Ory(36))s frn =1 when x € (Af\ Op,p(3)), 0 frp < 1
1 1
Supp(ffm) - G)Lm(g)a fi,=1whenxe€ ®L’"(1_6)'

Moreover there exists a constant C' > 0 s.t.

VL > Lo(n), D% fryllee <CLTIM, Vo] <2, || =01+ +0u.

Also let fr, and fr,,, L € [Lo(n), o0) satisfying:

. 1 N 1 s
Supp(fz.,5) C (AL \ OrLn(gy)), fra=1whenxe (AT \ OLn(zz)), 0= fram <1
2 1 2 1 A
Supp(fz,n) € Orw(3), frm=1whenx€Or,(7), 0<fry<1.

Moreover there exists another constant C' > 0 s.t.
VL > Lo(n), max{|D° fLyllec, D" frmllec} < CLTITM, Vo] < 2.

With these properties, one straightforwardly gets:

frofrm = from; (B.8)
dist(Supp(D” f1.), Supp(D” f1.)) > CL", V1< |o| <2,Y0 < |7| <2; (B.9)
Fronffy=fi (B.10)
dist(Supp(D"fL,,]),Supp(DTffm) >CL", V1<|o|<2,V0< 7] <2, (B.11)
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for some L-independent constants C' > 0.

Afterwards, let us define VO < n < 1, VL € [Lo(n),0) (see (B.7)) and Vx > 0 on C§°(A$):
1
2

1 2 i i
P = 5 (=) + 5K2Vig(%),  Vi(x) ;{ x| if x € Supp(frn) - (B.12)

1(L—LM?  otherwise

By standard arguments, (B.12) extends to a family of self-adjoint and semi-bounded operators
for any L € [Lo(n),oc), denoted again by hr, ., with domain D(hr .,) = HE(AL) N H2(AS).
V0 < n < 1, VL € [Lo(n),00) and V& > 0, let {gr () := e thewn o L2(A2) — L2(A%)}i>0 be
the strongly-continuous one-parameter semigroup generated by hr . ,. It is an integral operator
with an integral kernel jointly continuous in (x,y,t) € A x A4 x (0,00). We denote it by g(LdyLm.

Next, introduce V0 < 7 < 1, VL € [Lo(n),00) and V& > 0 the following operators on L?(A%):

vt > 0, gL,n,n(t) = fL,nGOO,K(t)fL,n + fL,ngL,n,n(t)fz,na (B.13)

W wn(t) - = —{ %(Aﬁ,n) + (V) - (—iV)}Goo(t) Sy

1 R R (B.14)
— {5 ASLw) + iV Lm) - (V)L ()L -
Sometimes we will use the notations:
V>0, G (1) = fruGoon® frm G k() = fLngrwa®Ff . (B.15)

Below we establish a Duhamel-like formula involving the operators defined in (B.13)-(B.14):

Proposition B.3. Vd € {1,2,3}, V0 < n < 1, VL € [Lo(n),o0) and Yk > 0, it takes place in the
bounded operators sense on L?(A4):

t
VE>0, Gra(t)=Gp,nt) — / ds G e(t — $)Wp (). (B.16)
0

This result leans on [13, Prop. 3] that we reproduce here for reader’s convenience:

Proposition B.4. Let 57 be a separable Hilbert space and H be a self-adjoint and positive operator
having the domain D C . Fix to > 0. Assume that there exists an application (0,t9] 2 t —
S(t) € B(H) (the algebra of bounded operators on ) with the following properties:

(A): stpp iz, |S()] < e1 < o0

(B). It is strongly differentiable, Ran(S(t)) C D and s — limyo S(t) = 1;

(C). There exists an application (0,tg] > t — R(t) € B(IH) continuous in the operator-norm
sense s.t. ||R(t)|| < cot™ where 0 < a < 1, and:

a8
E(t)aﬁ + HS(t)p = R(t)¢.

Then the following two statements are true:
(). The sequence of bounded operators (n > [1/t]):

To(t) = / " ds exp|—(t — s)H]R(s),

n

converges in norm; let T(t) be its limit;
(ii). The following equality takes place on B(H): exp(—tH) = S(t) — T'(t).

Before giving the proof of Proposition B.3, we need a series of estimates related with the kernel
of the semigroup generated by the operator defined in (B.12). The proof of the below Lemma can
be found in the appendix of this section, see Sec. B.5.
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Lemma B.5. Vd € {1,2,3} there exists a constant Cq > 0 s.t. VO < n < 1, VL € [Lo(n), o),
Vi >0, V(x,y) € A2 and Vt > 0:

N2 2
g (x,yit) < Cae™ TG (x,y3 ), (B.17)
T+t)4 e2r2
Vg (%, 3 ) SCd( \J;E) e TG (%, y;20), (B.18)
14+1)2d .22
|Axgi®)  (x,y31)] < cd%e*ﬁ%@gi?o(x,y;zt» (B.19)

Here Ggi),o(' ,-;t) denotes the heat kernel which is defined in (2.24)-(2.26).

Remark B.6. One can derive the following upper bounds on the operator norms. Vd € {1,2, 3}
there exist two constants Cy,c¢ > 0 s.t. VO < n < 1, VL € [Ly(n), ), V& > 0 and Vt > 0:

1GL @) < G (Ol + 1G5 (]| < (cosh(t)) ™% + Cye T L7, (B.20)
1 w2 L2
Wi en(®)]] < Cav/TF 7Y f 1+ (14 )0 dem 1y, (B.21)

(B.20) comes from (2.38) and (B.17). The rough estimate in (B.21) is derived from Lemmas B.5
and 2.9 together with the properties (B.9)-(B.11).

Proof of Proposition B.3. The only thing we have to do is verify the assumptions of Proposition
B.4 in which Gy . ,(t) plays the role of S(¢). Let 0 <n <1, L € [Lo(n),o0) and x > 0 kept fixed.
(A) From (B.20), G, x,5(t) is uniformly bounded in ¢ by some constant Cy > 0. (B) By using that
s —limy o Goo,k(t) =1 and s — limy |0 g1, (t) = 1 in the kernels sense, then:

90 € L3ANE), U Grnd = (it + Frndt o =i+ 15,}0 = 6

where we used (B.8) and (B.10). Next, let us investigate the strong differentiability. From (B.15):

Vo€ LML), S A(GEL,(t+509)() — (G2, (06)( )}
~ otz [ av{ [ GO w06, (a3 — GLLC v} ).

Since Goo x(t)L?(RY) — D(Hwo ), then the Stone theorem (in the kernels sense) provides:

lim — / dy / d2GD (-, 2:1)GD, (2 y: 6) fr.n (y)S(y)+
Rd Rd

5t10 Ot
—/ dyGoo,n(-,y;t)fL,n(Y)¢(y)} = _Hoo,n/ dy GO, (-, y:t) fLa(¥) ().
Rd Rd

By using similar arguments to treat the contribution coming from gé”ﬁ 77(. ), we therefore obtain:

gi% 5 {gL,in(tﬁL(;t)(b gL, ()0}

A 2 ag K
= 7fL,nHoo,nGoo,n(t)fL,n¢ - fL,nhL,ka,ngL,n,n( )fL,nd) = gt A (t)¢
(C) Let Dy :={¢ € Cl(A_%) N CQ(A%),¢|6A% =0,A¢ € L?(A9)} be the domain on which Hy, ,, is
essentially self-adjoint. In the weak sense for any ¢ € Dy, 1 € Cg°(A4) and t > 0:

0GL x
(@, V) := (HL .k, L (O)) 12(a2) = — (¢, gt m(t)qu?(Ai) + (@ WLk (D)) L2 (a9 ),
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where the operator Wy, . ,(t) is defined in (B.14). Let us mention that the second equality is
obtained by performing some integration by parts, and afterwards by using the following identities:

HL,ﬁfL,n = oo,fifL,'r] = [HOO,H) fL,n] + fL,.,]Hoo,na

as well as (remind that the potential V;, in (B.12) satisfies V1 (x) = |x|? on Supp(fLm)):

Hy, HfL,n hr mnfLm [hL,mm fL,n] + fL,nhL,mn'

Since I1,(¢p,-) is a bounded linear functional Yo € Dg then CS°(A) > ¢ ~ I1(p,1) can be
extended in a linear and bounded functional on L?(A¢) by the B.L.T. theorem. As well since
I(-,9) is a bounded linear functional Vi) € L?(A¢) then ¢ + I1(¢,9) can be extended on the
self-adjointness domain D(Hy, ). This means that V¢ > 0, Ran (G ,(t)) € D(Hp ). Hence:

agL,n,n
ot

(0, HL kGL ke m()¥) L2(aa) = — (&, V) p2ae) + (0 WLk (DY) L2 (a9

By a density argument we then deduce:

agL,n,'r}

Vi > 0, Bt

(tW’ + HL,kagL,/{,n(t)'l/) = WLJ@n(t)’l/).
Finally, from (B.21) |Wp ..,(t)]| < Ct~% Y0 < t < 1. Hence | Wy, . ,(t)] is integrable in t ~ 0. O

B.3 The crucial estimate from the GPT.

From the approximation obtained in the previous section (see Proposition B.3 along with
Remark B.6), we are in the position to give a sufficiently sharp estimate on the gradient of the
kernel of the finite-volume semigroup involved in (B.4)-(B.5). In particular, one has:

Proposition B.7. Vd € {1,2,3} there exists a constant Cy > 0 and Vi <n<1,V0< Ky <1
there exists a Ly, (1) >0 s.t. YL € [Ly, (1), 00), V& € [ko,0), V(X,y) € A2? and ¥t > 0:

IVRGS (%, y:1)| < Caf 2D, (. y5t) + R(Y) | (x,y:t)}, (B.22)
2@, (x,y5t) = (1+ VR)(1 +1)3 Coth(gt)Gg‘?,n(xvy;tﬂ); (B.23)
d—1
ti K 2 K
Kéfi,im(x,y,t) = ki1 +H)%m(1 +)E ! *ﬁ%tanhﬁt)(;g‘jfo(x,y;u). (B.24)

Here G&QKC o 36,y), k>0 and v > 0 is defined in (2.29) and G((;(?O( ,o5t) in (2.24)-(2.26).

Remark B.8. In the estimate (B.24), we artificially made appear the singularity (sinh(mﬁ))% in
the denominator for the need of the proof of Theorem 2.3. The price to pay is that for small values
of k, the estimate holds for L large enough chosen accordingly. When « > 1 the estimate holds
for L > Lo(n) large enough uniformly in . In great generality, one can prove: Vd € {1,2,3} there
exists a Cq > 0s.t. V1 <y <1,VL € [Lo(n),00), V& > 0, V(x,y) € A3? and Vt > 0:

VRGS (%, y:1)] < Caf 2D, (. y5t) + R (x,y3t)},
with Tég?,i,n defined in (B.23) and:

1 t2d+1 L2 N
KL(d,z (X yit) = (Gt i +\/)f e_gLTtanh(ft)Gg?O(x,y;élt).
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The starting-point in the proof of Proposition B.7 is the Duhamel-like formula in (B.16).
Taking its adjoint, one has Vd € {1,2,3}, V0 < n < 1, VL € [Lo(n),00) and Vk > 0 on L?(A$):

t
V> 0, GLyﬁ(t):gzM(t)f/ ds Wi, ()G Lt — 5). (B.25)
0

where the adjoint operator of Gr, . »(t) and Wy, . »(t) reads respectively as, see (B.13)-(B.14):

gi,m(f) = fL,nGoo,n(t)fL,n + fi,ngL,n,n(t)fL,na (B-26)
WE wn(t) = *fL,nGoo,n(t)%(AfALm) — i {(=iV)Goox(t) = [(—iV), Goo B}V fL) B2
T 95 (Afrn) — 175 A1) (1) — [(09), g, n (O]} (V)
where in the bounded operators sense:
(=iV), G (t)] = — /0 ds Goo (= )[(=iV), Haoor] Goon (5), (B.28)
t
(~iV), G (D) = — / Qs 91wt — $)(=3V), At )L (5): (B.29)

Writing (B.25) in the kernels sense, it follows this identity which holds V(x,y) € A2¢ and V¢ > 0:

VoG (x,y51) = V(G ) (0, it / ds / Az Vo (W)@ (%,2: )G (2, y: £ — 5).
) bl Ad b

(B.30)
Next we need the following estimates whose proves lie in the appendix, see Sec. B.5:

Lemma B.9. Vd € {1,2,3} there exist two constants ¢,Cy >0 s.t.:

(i) YO < n < 1, VL € [Lo(n),0), V& > 0, ¥(x,y) € A2? and Vt > 0:

d
V(G ) (e, 33| < Cal PD, (e, 330) + RE (x93}, (B:31)
P, (%, y3#) = (14 VR, [coth(5)GY, (x, v ,2), (B.32)

1+t)4 _e2r2
R (x,yt) = (JFT)eTLTtGg?O(x,y;Qt). (B.33)
t
(ii). V3 <n <1, VL € [Lo(n),00), V& > 0, ¥(x,y) € A3 and Vt > 0:
VWi ) D (6 ¥30)] < Calr, () + 70, (e, 3D}, (B:34)
r® % yit) == (14 VF) coth(gt)(1+t)e’c“L2n (3060 (x,y;t,8), (B.35)
d (L+8)% 22, o2 d

e (K yit) = e te—cts Xem(%)(x)G;{O(x,y;4t)X®Lm(%)(y). (B.36)

Here xe,, ,(9), ¥ > 0 denotes the indicator function associated with ©, () defined in (B.6).

Remark B.10. We restricted the 7 to (i, 1) in (ii) only to make the estimates more elegant.

Proof of Proposition B.7. In view of the second term in the r.h.s. of (B.30), (B.34) with
(B.35)-(B.36) and (2.27), we need to estimate the following two quantities:

Qe(g)m] (x,y;t / ds / dzrOO (X z;s)Géﬁ%K(z,y;t —s,1), (B.37)
Rd

(dlzn (x,y;t / ds / der (X z;s)Gg?K(z,y;tf s, 1). (B.38)
Rd
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Let d € {1,2,3} and 1 < n < 1 kept fixed. For the moment, let L > Lo(n) defined in (B.7). We
start with (B.37). From (B.35) followed by (2.37), then V& > 0, V(x,y) € A2¢ and Vt > 0:

th Lo
Q6 y5t) < CL+ VR)(1+1) COthE ;G x,y;t,8) / ds,/coth eenL?" coth(5s)
CO
(B.39)

for some constants ¢, C > 0. By using (A.12) to get rid of the coth in the integral w.r.t. s, along
with the lower bound in (A.4) in the r.h.s. of (B.39), then the upper bound (B.23) follows by
gathering the above estimate and (B.32) together. Let us turn to the quantity in (B.38). From
(B.36), one has Vk > 0, V(x,y) € A24 and Vt > 0:

w2

2
1_6LT5
e

t —css
QY (%, yit) < (146 / P / 42, G (%, 7:45)xo, . (1) (2)GD), (2, yi1—5,1).
0 \/g Rd 0

L2n

We want to make appear from the integration over R¢ an exponential decay in L? and having the
argument ¢ —s. We emphasize that the presence of the indicator function xg, o) in this integral

plays a crucial role. Indeed let us remark that on R??, for any 0 < s < t:

Em

GO, (z,yit —5,1) = (([[ e 8ot anh(s (4§ b5 (4= ) GO (3, ;1 — 5.2)

Jj=1

(H 672§(z§+y§)tanh(g(tfs)))G(()(é)ﬁ(z, yit—5,2)
1

IN
a

J

K

< e il= z|” tanh(% (t— é))G(d) (2, y;t —5,2). (B.40)

To get the second inequality, we expanded the squares and using that ab < 5 (a + b?) combined
with the fact that coth(a) — tanh(e) > 0 Voo > 0. Since Vz € ©p,(3), |z| > (L — L") (remind
that L > Lo(n), and Lo(n) satisfies (B.7)) then one has Vk > 0, V(x, y) € AH and vt > 0:

d—1 w2 L2n

2
L. _
2 e 16 4 S¢ ¢

t s K L2 5
Qéd;zn(x yit) < (1+t)2d/0 ds T \/; o &L tanh(§(t-5)) o

X / dz Ggi)o(x, z; 4S)G((;l))7n(z, vt —s,2).
Or,n(3) ’

From the upper bound in the first inequality of (2.31), then extending the integration to R¢
followed by (2.36), one gets under the same conditions:

S

k2 L2

t d—1 d dyo _KZLZg
(d) d 2d ~(d) 52 (t—s)2e2™e 18 T° _LL? i in(is)
(X yit) SO (14+1)"G xy,4t/ds e 81 2 ,
Lo % ( ) ol ) o {sinh(ks)sinh(k(t — s))}?

for another C' > 0. Here we used the lower bound in (A.4) and the upper bound in (A.1). For the
need, we artificially made appear a (sinh(xs))% under the integration w.r.t. s. The price to pay is

f62
the appearance of the term e2%% in the numerator. When > 1, we can get rid of it via e 16T s
for L > Lo(n) large enough since k < k2. When 0 < xk < 1, we have to choose L large enough

accordingly to & (i.e. L > cste/y/k). Thus, let kg > 0. Let L = £, (n) > Lo(n) s.t. VL > £, (n),

e P R < e~ 58 % . Then VL ¢ [Lio(0),00), VK € [ko,0), V(x,y) € A24 and Vt > 0:

¢ d—1 4 _s2L2,
(d) d 2d ~(d) sz (t—s)ze 32a —E L2 anh( 5 (t—s))
(X yit) SCrY(1+1)Go(x,y; 4t / ds e 8 1 2 ,
&, 777( yit) ( ) olxy34t) 0 {sinh(ks) Sinh(n(tfs))}%

(B.41)
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for some constant C' > 0. The rest of the proof leans on two estimates. The first one is:

2 2

_ELZ tonh(E(t— ,LL_t h ,ﬁL_Qt h(E&(t— ,LL_t h(&t
Se” 81 anh(5 (¢ ))Se 16 -1 tanh(3 S)e & 1 tanh(5 ( 5))§e 16 4 an(2)7 0<s<t,

e

w|x
N

~
=%

justified by the lower bound in (A.4) along with (A.9). The second one is (A.7). Gathering the
above estimates together, VL € [, (n),0), V& € [k, 0), V(x,y) € A24 and Vt > 0:

(1+t)x

_ s L2 tanh(£t) (d) .
e 164 VG o(x,y; 4t)
(sinh(kt)) of )

Qéd) (X y; ) < CVd/'fd

K,n

d 4
2 2

X /0 ds s%(t - s)% {(coth(ks))2 + (coth(k(t — s)))2 },

for some constant C; > 0. Here we used that (a + b)° < 2%(a® + b?) Va,b,§ > 0. To conclude this
estimate it remains to use that there exists another constant C' > 0 s.t. V¢t > 0 and V& > 0:

max{/ dss%(t—s)g(coth(ms))% / dss%(t—s)%(coth(m(t—s)))%}<C(1 +f) (1 t)Et%
0 0 K2
(B.42)

To get (B.24), we have to modify the upper bound in (B.33) by mimicking the same method than

the one used above to make appear the singularity (sinh(/ﬁt))% in the denominator (instead of V).
O

B.4 End of the proof.

To conclude the proof of Theorem 2.4, one establishes this last result in which we give an upper
bound for the quantity defined in (B.1):

Proposition B.11. Vd € {1,2,3} there exists a constant Cq > 0 and V% <n<1,V0<ky<1
there exists a L, (n) > 0 s.t. VL € [Li, (), 0), V& € [Kg,00) and ¥Vt > 0:

1 1 d _ .
D)) < Ca(1 + VE)(1 + K)40 +t)3(d+5)(7n) o3 I tanh(51) (B.43)
' 2sinh(41)
Remark B.12. We stress the point that the estimate in Proposition B.11 is given in a suitable
form for the proof of Theorem 2.3. Actually, in great generality one can prove: Vd € {1,2, 3} there
exists a Cg > 0s.t. V3 <n <1, VL € [Lo(n),00), V& > 0 and Vt > 0:

2] < a1+ 23 (14 Vi)? (72511111( Qﬁ(%)“}egﬁtanh(;t),

Gathering Lemma B.1 and Proposition B.11 together, then Theorem 2.4 follows by setting
n = 1/2 for instance in Proposition B.11. Let us end this annex by the proof of Proposition B.11.

Proof of Proposition B.11. Let % <n < 1and ky > 0 kept fixed. Let us start with the case of
d = 1. Let us denote ¢, = ££. In view of (B.4) and (B.22), we need to estimate VL € [L, (1), 0):

Vit > 0, @L(d,{ S) Y1) = / ds/ ded U(x,¢058,1) ég,{lz(q,:c;tfs), (B.44)
Al
@L(d;;m(t) = / ds/ dz G5 (, 6158, 1)9{L(d,€:717)(§L,x;t— s). (B.45)
" A s
Here we have commuted the two integrals, this will be justify by what follows. Let us start with the
quantity in (B.44). In view of (2.25) and (B.23), then from (2.37) VL € [L,,(n), ), V& € [ko, 00
— 1 "
Ve >0, D0 < OVE(L+VRE) 1 +1)3 o~ tanh(s t>/ ds | /coth (t—s)
o 281nh(m€)

(B.46)
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for some constant C' > 0. By using the upper bound in (A.4) along with the inequality:

1 /tanh(§ B ,/tanh(gt 1 (B.AT)

\/2 sinh(kt) \/2 sinh(kt) tanh(% ) 2sinh(§t) © =3 sinh(5¢)’

justified by (A.5), this leads VL € [£,,(n),00), VK € [ko, 00) to:

_ +t)2 r L2 .
vt >0, D) <1+ VRVI hs ( ()ﬁ 5 o= 8% tanh(51) (B.48)
2

for another L-independent constant C' > 0. Next, let us estimate the quantity in (B.45). In view
of (B.24) and (2.25), one has VL € [L.,(n),00), V& € [kg,00) and V¢ > O:

2 i
1% LT tanh(%(tfs)) %

(d=1),2 /— 7
@Lm] ()<\/_ 1+K1+t2/\/smh (t—3s))

x/ deoiil)(:c,gL;s,1)G<(;i:(f)(§L,:c;4(t—s)).
Al '
Now from (B.40) Vz € R! and Vs > 0:

G (@ycn5s,1) < @ TR b5 G (0 115, 2), (B.49)

then by using the upper bound in the first inequality of (2.31) along with (2.36), one has VL €
[Liy (1), 00), VK € [Ko,00) and Vit > 0:

1 +t)% %LT tanh(%(t*S))e*%LTtanh(Q s)
g(d D204 < Cm/lJr—fi(i/ ds ’
Torm (t) < Vi \/_ \/smh (ks) sinh(k(t — s))

for some C' > 0. It remains to use successively (A.9), (A.7), (B.42) and (B.47) which together
lead VL € [Ly,(n),0), V& € [Kg,00) and ¥Vt > 0 to:

+1)*
nh(51)

for another C' > 0. Gathering (B.48)-(B.50), we get (B.43) in the case of d = 1.

Let us turn to the case of d = 2. The quantity in (B.5) being made up of four terms (the integration
is over the boundaries), then the same holds for the quantity in (B.1). Since these terms have
exactly the same structure, it is enough to treat only one of them. In view of (B.22) and (B.23),
we need to estimate VL € [Ly,(n),00), V& € [ko,00) and Vt > 0:

D) < OVR(L+ Vg s ( e s i tanh(50) (B.50)

D (R /ds/ dx/ dz1 GYS2 (x, (21, 51); 8, DRSS (21, 61), x5t — 5),  (B.51)
Y A2 AL

Q/L(fl,;?’Q(t) = 5/ ds/ dx/ dz Gg‘if)(x, (21,9L); 8, 1)9(L( Ki)((zl,gL),x;t —s). (B.52)
0 A2 AL

Here we have commuted the two integrals, this will be justify by what follows. The strategy
consists in using the property (2.26) in order to use the results stated in the case of d = 1. Let us
start with the quantity in (B.51). In view of (2.25)-(2.26) and (B.23), then from (2.37):

/ dx / Az G2 (x, (21, 61); 5 1)GE=D (21,61), %3t — 5,8)
A7 A

SC/ dz; Gg‘iil)(xl,:cl;t,éi)/ dngg‘iil)(zg,gL;s,l)G(d (gL,xQ,t—s 8),
R! R!
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for some constant C' > 0. From (2.42), the first integral in the above r.h.s. is nothing but the
trace (multiplied by a constant). Then VL € [£,,(n),0), V& € [ko,00) and V¢ > 0 we arrive at:

A0y < 01 4 VR) )

/ds,/coth (t—29)) / dng(d zg,gL,s,l)G(d 1)(§L,:c2 t—s,8),
Rl

for another constant C' > 0. The above calculus is exactly what we did in the case of d = 1, see
(B.46). By mimicking the arguments leading to (B.48), VL € [L,,(n), 00) and V& € [kg, 00):

1+t % _r L% anh( £t
YVt > 0, D/L(dﬁ 727) 1(t) < C(l + \/E)V 1+ Hme § 4 tanh(g ), (B53>
2

for another L-independent constant C' > 0. Next let us estimate the quantity in (B.52). In view
of (2.25)-(2.26) and (B.24), then from (2.31) followed by (2.37):

/ dx/ dz G~ 2) , (z1,50); 8, l)G( )((zl,gL) x4t —3)) <C,|—— \/Ex
AZ AL smh

X / dxy Ggi;l)(xl, 21; 4t)/ dx, Gg‘iil)(xg, SL: S, 1)G$§1)(§L, xo; 4(t — 8)),
AL R

for some constant C' > 0. Note that the integrand in the first integral of the above r.h.s. is nothing
but a constant. This will make appear a factor L, but we will get rid of it at the end. Ergo, in
view of (B.24) and (2.25), one has VL € [L,,(n), ), VK € [ko,00) and V¢ > 0:

6 t _ 2 .
i3 < ot 4D gy VIZ S ot s,
i Vvt Jo  sinh(k(t — s))y/sinh(ks)

x/ daxs Ggil)(zg,q;s,I)G((i,:ol)(q,zg;él(t—s)),
Rl

for another L-independent constant C' > 0. The rest of the proof follows the strategy we used for
the case of d = 1. From (B.49), then by using the upper bound in the first inequality of (2.31)
along with (2.36), one has VL € [£,,(n), ), V& € [ko,00) and V¥t > 0:

6 rt 2
[@=2).201y < 02(1 L(l +1) / sVt—s — £ 22 tanh(§ (t—5)) o~ 5 &4 tanh(§s)
Lo () < Ok (14w) o sinh(k(t —s)) sinh(fis)e ’ e i

By using successively (A.9), (A.7) and (B.42), this together leads to:

(d=2),2 (1 t) 7—" L2 tanh(£t)
t) < 1+ L
9/L Nty ( ) - CK( ) \/_2 SlIl}l(Ht) o T

for another L-independent C' > 0. It remains to use (A.12) to get rid of the factor L:

L kL2 C 1 C tanh(£t) C 1
7 eTs3d tanh(5t) < ~ 2 < — .
2 sinh(kt) NG % 2sinh(kt)\/tanh(5t) ~ /k 2sinh(xt) tanh(5¢) ~ V(2 sinh(5t))?

Gathering the above estimates together, one has VL € [£,,(n), 00), V& € [ko,00) and Vt > 0:

7
(d=2),2 ) < (1+1) _m L2 (s
Prien” ) V(1 + )7 \/_(2 sinh(%ﬁ))Qe o o (B:54)

for another constant C' > 0. Adding (B.53) and (B.54), we then obtain (B.43) in the case of d = 2.
The case of d = 3 can be deduced by similar arguments; we do ont give further details. [
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B.5 Appendix: proof of intermediary results.

Proof of Lemma B.5. (B.17) follows from the Feynman-Kac formula in [6, Thm. X.68] together
with (2.27) and the definition of the Lo in (B.7) leading to (L — L")? > L?/2 VL € [Lo(n), o).
Next, let us turn to the proof of (B.18)-(B.19). To do that let us introduce an operator of reference.
Vd € {1,2,3},V¥0 <n < 1, VL € (0,00) and Vx > 0, define on C§°(A%):

1(—ivx)Q + %VLW(X), Vi n(x) := i(L — L") (B.55)

hLa"iJ? = 2

By standard arguments, (B.55) extends to a family of self-adjoint and semi-bounded operators
for any L € (0,00), denoted again by hp, ., with domain D(hy, .,) = HF(AL) N H2(A). This
definition corresponds to choose Dirichlet boundary conditions on 0/\%. Y0 <n<1,VL € (0,00)
and V& > 0, let {gr . n(t) := ethimn : L2(A9) — L2(A9)}4>0 be the strongly-continuous one-
parameter semigroup generated by hL xn- 1t possesses an integral kernel jointly continuous in
(x,y,t) € Ad X Ad x (0, 00). Denoting it by g(L L . 1t is explicitly known and reads as:

Vix.y) € A2 VE >0, G (xyst) = e FETEMGE (v, (B.56)

where G( 2) is the kernel of the semigroup generated by the Dirichlet Laplacian defined in A4, see
(2.28). Note that (B.56) directly follows from the Feynman-Kac formula. The starting-point of
the proof of (B.18)-(B.19) is a Duhamel-like formula to express the semigroup {gr, «,(t)}¢>0 in
terms of {§r .,n(t)}+>0 whose integral kernel is given in (B.56). Let 0 < n < 1, L € [Lo(n), o)
(see (B.7)) and x > 0 be fixed. In the bounded operators sense on L%(A¢), it holds:

t
VES 0, grnn(t) = dnmn(l) — / A5 G () — o YLt — 5), (B.57)
0

where we used the self-adjointness of the semigroups {gr. «»(¢) }+>0, {9r,5,5(t) }e>0-
Proof of (B.18). From (B.57), it follows in the kernels sense:

d ~(d 1 @
V(x,y) € AT VE> 0, Vagyh (6, yit) = Vadfi, (Y3 1) = Sa50 (%3 1), (B.58)
0t = [ as [ s 05 Vi ) — Vo))l =5). - (B39)

Remind that Vi, ,(z) — Vi, (z) = |z|> — (L — L")? on Supp( ), 0 otherwise. Let us estimate
the first kernel in the r.h.s. of (B.58). From (2.34) and (B.56), t there exists a constant Cq > 0s.t.

1 t d K2 L2
( ;Z) o= TG (%, y;21). (B.60)

Subsequently, we turn to the quantity in (B.59). From (B.60) along with (B.17), there exists
another constant Cy > 0 s.t. V(x,y) € A2¢ and Vt > 0:

V(va) GA%dv Vt>07 |vng,g77(X Y )| SCd

t

K2 12, ds
)| < Cgr2L2(1+t)de™ s —

|an77(Xy )| dr ( +) 0 \/g -

NZ 2
< Car2L (1 + )%™ TG (%, y;2)

dz Gg%o(x, z; QS)GgID)’O(Z, v;2(t—9))
s

0o Vs

where we used in the last inequality (2.36). Finally use (A.12) to get rid of the L? which leads to:

1+t _.

9\ (x,y:t)| < Cy N o F TG (x,y:2t), (B.61)

L,k,m
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for another constant Cy > 0. It remains to gather (B.60) and (B.61) together.
Proof of (B.19). Starting from the below identity which holds in the bounded operators sense:

t
W0, (=49, 31ma(0] = = [ A5t = V)t it ()
0
then by remarking that [(—iV), Az .., = —i%Q(Vf/L,,]) =0, from (B.57) we get on L?(A%):

t
vt >0, (- @V)gL mn(t) (— @V)gL mn(t) / ds gL,mn(s)(_iv){thm - th,n}gL,n,n(t —5).
0

It follows in the kernels sense:

d d d
Vi y) € AFLYES 0, Angl®) (xyit) = Aagl) (oyit) — sl Goyit),  (B.62)
with:
up (6, y3t) = w6 yi ) +uid (%, v ),
t
uf! (x,y5t) = K / ds /A ) dz Vigy') (%, 8)(V, Vi) (2)gy') (2,53t — 5),
0 L
t
a2 oyt = [ s [ da Vgl ox i) Ve a) ~ Vi ()} Va0l oyt = 5)
0 L

From (2.35) and (B.56), there exists a constant Cy > 0 s.t.

(1+t)

V(x,y) € A3Vt > 0, A (x,y5t)] < Ca——me™ T TG (x5 20),

Subsequently, by mimicking the method leading to (B.61), there exists another Cy > 0 s.t.

1 t N2 2
( ;3 T EGD, (x,y: 20).

By the same method again, but replacing the estimate (B.17) with (B.18), we have:

V(x,y) € A2, vt >0, [uil (x,yit)| < Cq

1+¢)2% .2 p2
w2 ;0] < O e g

(X .Qt)/ti
t 00,0 aya o \/g /—t*S-

Gathering the three above estimates together, then the proof of (B.19) is over. g

Proof of Lemma B.9. Let d € {1,2,3}, 0 <n <1, L € [Ly(n),o0) and k > 0 kept fixed.
(i). From (B.26) written in the kernels sense, then V(x,y) € A2? and V¢ > 0:

Vx (gz,n,n)(d) (Xa Yy t) = (vam)(x)Ggi),n(xa Yy t)fL,n (y) + fL,n(X)vagl)),n(xv y; t)fL,n(y)+
+ (V5 ) g 6yt frn(¥) + F5 () Vagi, (5,73 ) fLa()-

(B.32) is an upper bound for the two first kernels in the above r.h.s. obtained from (2.25)-(2.26)
and (2.32). (B.33) is an upper bound for the two last kernels obtained from (B.17) and (B.18).
(ii). From (B.27) written in the kernels sense, then V(x,y) € A?? and Vt > 0:

4
VaOV; o) D (x,y:t) = ZQLM x,y:t), with:
m=1



QUL 0 ¥:0) = ~(V i) )G, (i) (Afrn) () +

— (VL)) VRGD (%, 7 )(V fL,0) () + iV 1,0) () [(=iV), Goo s ()] (%, ¥)(V fL0) (¥),
(B.63)

QU2 (%, 351) 1= —fra)Vx G, (6,3 05 (M) )+
ARG (5,3 OV ) (¥) + (R Txl(—i9), Goeoe (D)5, Y (T ) (7). (B64)

QU2 (%, y3t) 1= —(VIE,)(x)0i 06, ¥ 1) 5 (A o) 1)+

— (V) OVg Dy (Vo)) + iV FE ) (=), 91 (8] (6 )V F2.0) ),
(B.65)

QUL . yit) = 11, () Vg, (.30 (AFr)3)+

— ARG i) (VFr ) () + 5Vl (=iV), 91 (0] V)V f2.0) (), (B.66)

Unlike the proof of (i), here we will use the properties (B.9) to get rid of the growth with L coming
from the commutators in (B.63)-(B.64). Let us first estimate (B.63). Clearly (B.32) is an upper
bound for the first two terms in the r.h.s. of (B.63). For the last term in (B.63), use (B.28) in the
kernels sense. Then there exists a constant Cy > 0 s.t. V(x,y) € A2 and V¢ > 0:

—/ ds/ dzGY, (x,2z;t — 5)(V,|2|) G, (2,y;5) < Ca(2L + k3NCD, (x,y;1,2). (B.67)
Rd
Here we used that |z| < |x — z| + |x]|, then (A.12) to get rid of the factor |x — z| and (2.37), and

finally the inequality coth(a) > 1 Va > 0. Now we use the property (B.11) to get rid of the factor
K in (B.67) via (A.12). Then there exist two other constants ¢, Cy > 0 s.t. on A%

[i(V f1.) ) [(—iV), Gooun (D)%, ¥)(V fr)(¥)] < Cal™1(14 LI )te™en ™ oth(BO G (x y:¢,4).

Restricting to 1 > n > i, and gathering the estimates together, then there exist two other

constants ¢, Cy > 0 s.t. VL € [Lo(n),o0) and V(x,y) € A2
W50, QU eyt < Call 4 VR)yeoth(S)(1+ Do NG, (s yir. ). (B.6)

Subsequently, let us turn to (B.64). From (2.32) and (2.33) together with the property (B.9), then
there exist two other constants ¢, Cy > 0 s.t. V(x,y) € A2¢ and Vt > 0:

1, . A
|F2 () VG, (%33 8) 5 (AfLn)(¥) + Frn(0) MG, (6, ¥ )(V fr.0) (¥)]
< Cyv/r coth(2 Yo~ R LT eoth(EO G (x it 4).

Here the property (B.9) is essential to remove a /coth(4¢) in the numerator of (2.33). For the last
term of (B.64), we use the same reasoning leading to (B.67) combined with the property (B.9).
Then there exist two other constants ¢, Cq > 0 s.t. V(x,y) € A%d and Vt > 0:

K2
2

o) [ s [ aaVuGE, (x50 = ) (ValaP) O, (039 W ) )

< Ca(l+ VR)L™M(1+ L)(1+ te™ e 0BG (x y;t,8).
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Restricting to 1 > n > i, and gathering the above estimates together, then there exist two other
constants ¢, Cy > 0 s.t. VL € [Lo(n),00), V(x,y) € A2? and V¢ > 0:

QN5 06,y < Ca(l + VR [eoth(S8)(1 + et VG, (x,yit,8).  (B.69)

Adding estimates (B.68) and (B.69) together, this leads to (B.35).
We continue with (B.65). (B.33) is an upper bound for the first two terms in the r.h.s. of (B.65).
From (B.29) in the kernels sense, then by (A.12) there exist two other constants ¢, Cy > 0 s.t.

2 t <2 12 2n
% / ds/ dz g(LdL g%zt — s)(VzVLm)(z)g(LdL ,(Z,y38) < Cye~ T T te—ct Gg)o(x, y; 2t).
0 Ad w Y '

We conclude that there exist two other constants ¢, Cy > 0 s.t. V(x,y) € A%

1 t d W2 L2 L2
vt >0, QY3 (x,y:it)| < cd%e—szte—cz"cg?,o(x,y;u). (B.70)

Concerning (B.66), one can prove that there exist two other constants ¢, Cy > 0 s.t. on A%d:

1 th W2 12 2
vt >0, QW (k)| < C(Jth) W yiat).  (BTD)

We mention that we used property (B.11) combined with (A.12) to get rid of a v/¢ in the denom-
inator of (B.19). Adding estimates (B.70) and (B.71) together, this leads to (B.36). O
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