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Proof of off-diagonal long-range order
in a mean-field trapped Bose gas

via the Feynman-Kac formula
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Abstract

We consider the non-interacting Bose gas of NV bosons in dimension d > 3 in a trap
in a mean-field setting with a vanishing factor ay in front of the kinetic energy.
The choice ay = N~?/? is the semi-classical setting and was analysed in great
detail in a special, interacting case in [DS21]. Using a version of the well-known
Feynman-Kac representation and a further representation in terms of a Poisson
point process, we derive precise asymptotics for the reduced one-particle density
matrix, implying off-diagonal long-range order (ODLRO, a well-known criterion for
Bose-Einstein condensation) for ay above a certain threshold and non-occurrence
of ODLRO for anx below that threshold. In particular, we relate the condensate and
its total mass to the amount of particles in long loops in the Feynman-Kac formula,
the order parameter that Feynman suggested in [Fe53]. For anx < N=%/ we prove
that all loops have the minimal length one, and for an > N~ we prove 100
percent condensation and identify the distribution of the long-loop lengths as the
Poisson-Dirichlet distribution.
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ODLRO in a mean-field Bose gas via the Feynman-Kac formula

1 Introduction and main results

This work is a contribution to the condensation theory of the Bose gas. Our main
objectives are the following.

e Derive new and physically relevant results on Bose condensation for a particular
mean-field version,

* rigorously give evidence for the strong relation between the condensate and the
long loops in the famous Feynman-Kac representation of the gas,

» provide new, probabilistic proofs and use the language and toolbox of probability,
in order to attract also this community to this fascinating subject.

Since the vague suggestion of Feynman [Fe53] that the number of particles in long
loops might be a relevant order parameter for describing the famous phenomenon
of Bose-Einstein condensation, the Bose gas became popular also in the probability
world as a mathematically interesting object to study. However, there are not many
probabilistic investigations yet with real physical relevance, but the tendencies often
went to creations of new probabilistic models and new questions. Here we concentrate
on physically relevant questions, yet establishing and further pushing a probabilistic
toolbox.

For the study of the condensation phase transition in the Bose gas, the most acknowl-
edged, crucial object to study is the reduced one-particle density matrix, and the most
important goal here is to prove that it shows off-diagonal long-range order (ODLRO),
which is generally acknowledged as a signal of Bose-Einstein condensation (BEC). This
is what we are going to do in this work for a particular version of the Bose gas.

In our recent work [KVZ23], we did this for the standard free (i.e., non-interacting)
Bose gas in the thermodynamic regime. The precise model that we consider here is
a mean-field model in a fixed trap with a vanishing factor ay in front of the kinetic
energy. For the particular value ay = N~2/¢, we are in the semi-classical setting, and
this model is particularly interesting since it shows a condensation phase transition at
a fixed positive temperature. This has been shown in [DS21] in a special case and is
under work in [BK25+] in more generality (but, however, without proof of ODLRO). The
present paper shows the existence and absence of ODLRO for many other choices of ay.
Furthermore, we also give a description of the condensate as the total mass of particles
in long loops in the Feynman-Kac formula, and an explicit identification of the limiting
distribution of the lengths of the long loops.

1.1 A mean-field Bose gas

We consider a canonical bosonic non-interacting system of NV particles in a confining
potential in R¢. The corresponding Hamilton operator is given as

N N
Hﬁ[ﬁf,:faZAi+Zw(xi), z1,...,on € RY, (1.1)
i=1 i=1

the N-particle operator with kinetic energy given by a € (0,00) times the standard
Laplace operator in a confining (or trapping) potential w: R% — [0,00). The quantity 1/a
is interpreted as the mass of the particles. We are under the usual assumptions that w is
bounded from below and, for simplicity, is continuous and explodes quickly enough to oo
far out. Our precise assumptions are formulated at the beginning of Section 1.3.

We are interested in bosons and introduce a symmetrisation, i.e., we project on the set
of symmetric, i.e., permutation invariant, wave functions. Furthermore, we consider the
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particle system at positive temperature 1/8 € (0,00). That is, we consider the following
trace:

Zn (B, a,w) :’IYJF(e_ﬂHS{Q) :ZN(ﬁchl,éw), (1.2)
where the index + denotes the symmetrisation, i.e., the application of the projection
operator on the set of all permutation invariant functions. The quantity Zx (8, a, w) is
called the partition function of the system. In this paper, we study a mean-field regime,
where we do not introduce any N-dependence in w. Instead, we pick the parameter
a = ay depending on N. Indeed, we will assume that (ay)nyen converges, and
d/2
N

x = lim Nay~ € [0, 00] exists. (1.3)
N —o0

We will investigate the limiting free energy,

1 1
JMr(B,x) = 3 A}E)noc N log Zn (B, an,w), (1.4)

and the one-particle reduced density matrix v\ : R? x R? — [0, 00) of the state

1 (N)
F(a) _ e_ﬂH“’“’,
N ZN(/87aN7w)
that is,
’yj(\‘})(:z:,y):N F%)(I,I’Q,...,IN7y,I2,...71'N)dl’2"'dI'N, z,y € RY, (1.5)

(RA)N -1

where we used the symbol 'y for both the operator and its kernel.
The principal L?(R¢)-eigenvalue of I'}y is defined as

oy = sup (f. 9w f)- (1.6)
fELZ(RY): || fll2=1
We say that the Bose gas exhibits off-diagonal long-range order (ODLRO) if o4} is of
order N as N — oo. The occurrence of ODLRO is generally acknowledged (see [LSSY05])
as a criterion for the occurrence of Bose-Einstein condensation (BEC).

The case a = N~2/4 is particularly interesting and is called the semi-classical limit
setting, see [DS21] and [BK25+]. On this scale, the famous condensation phase transition
is observed at a critical value . € (0,00) of 8. This has been first explored in [DS21]
and has been explicitly worked out in the special case d = 3, w(z) = w|z|? and under
the assumption that the Hessian matrix of the additional interaction potential satisfies
a particular upper bound that depends on w. In this case, the condensation effect was
proved to hold both on the level of a non-analyticity of the limiting free energy and in
terms of ODLRO at a particular value of 5. [DS21] followed an approach that is very
common in mathematical physics, via an energy-entropy description and a transition
to the Fourier world, while [BK25+], like the present paper, applies the Feynman-Kac
formula, a Poisson-point process description and large-deviations techniques, to express
and analyse a variational expression for the limiting free energy.

The goal of the present paper is two-fold: (1) we handle also the two cases of sub-
and super-semiclassical regime (that is, ay < N~2/% and ay > N~2?/4, respectively) and
prove that ODLRO does not hold, respectively does hold, and (2) we follow a probabilistic
route that relies on the well-known Feynman-Kac formula and a representation in terms
of a Poisson point process, like in our recent paper [KVZ23]. However, in this paper we
handle only the non-interacting case and leave the general case to future work.

Let us remark that the special case ay = 1 has been considered already in [AK08],
where the Feynman-Kac formula and a combinatorial large-deviations principle was
applied to find a variational formula for the limiting free energy; they also provide
evidence on 100 percent condensation, but this was not anymore deepened.
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1.2 Representation via a Poisson point process

It is the starting point of this paper that the partition function and density matrix can
be written in terms of a crucial Poisson point process (PPP). This process was introduced
to the study of the Bose gas in [ACK11], but was already used for the study of other
phenomena in statistical mechanics (e.g., conformal invariance in dimension two) in
[LWO04] under the name Brownian loop soup. Here we rely on the recent adaptation in
[KVZ23] and refer proofs to Appendix A there.

The canonical Brownian bridge measure from z € R? to y € R with time horizon
B € (0,0) is defined by

P,(B € A; Bg € dy)

®(A) = ” , A C C3 measurable, (1.7)

where Cp denotes the set of all continuous functions [0, 5] — R?, equipped with the
topology introduced by the supremum-norm. We use the measure-theoretic notation
y — E[X1{Y € dy}]/dy for the Lebesgue density of the measure C' — E[X1¢(Y)] for
random variables Y and X, the latter of which is assumed nonnegative and integrable.
The total mass of {{’) is equal to gs(w,y), where gs(-, ) is the standard Brownian heat-
kernel. Here, B = (B;)c[o,5) is a Brownian motion in R? with generator A, starting from
2 under P,. We introduce an integrated and weighted version on loops of Cg,

0 (df) = o= I W) ds /

dr&0,(df) (1.8)
]Rd

Now we introduce the Poisson process called the Brownian loop soup, the natural
reference measure for the Feynman-Kac representation of the Bose gas. We write P;}NL
for the probability measure of a Poisson point process (PPP) n = Zf dr with intensity

measure

N

Vi) =3 s g, fe | o =G (1.9)
k=1 keN

If f € Cyp is an element of 1, we say it is a loop of length ¢(f) = k. Then X, = #{f €

n: £(f) = k} is the number of loops with length k. Then (Xg)ie[n] is a collection of

independent Poisson-distributed random variables X} with parameter %5 B (Cay). (We

write [N] for {1,..., N}.) We write 0(n) = >_ ¢, £(f) = > jen) kX for the number of all

particles in the process 7.

The following is a variant of [KVZ23, Lem. 1.2 and Cor. 1.4].

Lemma 1.1 (PPP-representation of the reduced density matrix). For any a, 8 € (0,00)
and N € N and for all z,y € R¢,

P (M=N-—r)

N
(a) _ ar,w/a ﬂavw/a
’YN (.T,y) - ;gfcljy / )(Cﬁar) P/(B]\;)w/a(m — N) . (110)

We refer to [KVZ23, Appendix A] for the proof of Lemma 1.1. Indeed, the proof
consists of a series of reformulations of the symmetrized trace: first in terms of N
Brownian bridges with time-interval [0, 5] and a symmetrization, then (using the Markov
property, respectively the Chapman-Kolmogorov equations) in terms of a collection of
Brownian bridges with various lengths with total sum equal to N and equal initial and
terminal sites, and finally a translation into the language of Poisson point processes. The
first two reformulations are due to [G70], the last one to [ACK11].

The representation is the starting point of our analysis. It also gives a frame for the
description of the mean-field Bose gas that is explicitly built on an ensemble of loops,
which we will be using as order parameters.
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1.3 Our main results: Long loops and ODLRO in the mean-field Bose gas

Let us formulate our precise assumption on the trap potential w. For our purposes,
it will be important to control the behaviour of w at its minimum. We write {w = 0} for
{z € R%: w(z) = 0}; similarly for {w < o~} and other sets like that.

Heuristically, we want to include w(z) = |z|* for a € (0, 00), as well as the degenerate
case that o — oo in the neighborhood of zero, i.e. w(x) = col[_y qje.

Assumption (W). We assume that w: R — [0, 00] is continuous in {w < oo}, and
there is a parameter « € (0, 00] together with a function W: R? — [0, oc], such that

1. W is continuous in {W < oo} and satisfies inf W = 0;
2. W has a unique minimum at x = 0 if o < 00;
3. W =0 in a neighborhood of x = 0 if &« = o0;

and such that, if we define

d .
. x € R% e € (0,1];

W, () e %w(xe) in the case a < oo,
xTr) =
: e ‘w(z) in the case a = o,

4. for any f € L*(R),
(We, f) = W, f)  asel0;

5. [gae Pinfee0nWel®) dg < oo for any 3 € (0,00).

In particular, under Assumption (W), w > 0 and w(z) = Wi (x) > inf.¢(o,1) We(7) and
lim| 4|, w(z) = 0o so fast that all negative moments [, e tw(@) dz are finite for ¢ > 0.
Hence the L? operator —A + w has a discrete spectrum with spectral gap, i.e. it has an
L?-orthonormal basis (gb;“’))iem of eigenfunctions with associated eigenvalues

and we take the sign of ¢{*’ such that it is positive everywhere in {w < ~}. See

[BHL11, Theorem 4.72, Theorem 4.125] for details. Same property holds for —A + W
and —A + W..

We remark that o = oo implies W € {0, co}. One possible choice is w = W = ool e for
a centered box (@ in the case a = co or the harmonic trap potential w(z) = W (z) = |z|?
in the case a = 2. Furthermore, in the case o < oo, we have W(z) = |z|” W () for
x € R% this includes the case W(z) = c|z|”, in particular the case of a harmonic trap.
Certainly, lots of generalisations of Assumption (W) will admit our results, but would
require more technical efforts and do not substantially increase the list of interesting
potentials. In particular, f e Aivdy is decreasing in j € N and finite.

We fix 5 € (0,00) for the rest of the paper and do not everywhere reflect its de-
pendence in the following. For a realization n of the PPP with distribution Pgi )_’w Jar WE
consider the sequence L(n) = (L;)i;en, defined as the sequence of all the lengths £(f)
with f € 7, ordered according to their size, and counted with multiplicity. That is, L; is
the number of particles in the ¢-th longest loop in the configuration.

Let us recall that the Poisson-Dirichlet distribution with parameters 0 and 1 (denoted
PD,) is given as the joint distribution of the random variables (Y, Hz;ll (1 = Yi))nen,
where (Y},)nen is an i.i.d. sequence uniformly distributed over [0, 1]. Note that the sum
of the elements of a PD;-distributed sequence is equal to one, i.e., this distribution is
in fact a random partition. It is well-known in asymptotics for random permutations,
as the joint distribution of the lengths of all the cycles of a uniformly picked random
permutation of 1,..., N, ordered according to their sizes and normalized by a factor 1/N,
converges weakly to PD;.
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An important quantity is (IN = {1,2,...})

W

_ _ o —Bjw(x
pw(ﬁ)—pw —ZW S (0,00], Where Wj = o dl’e J ( ) (112)
JjeEN
Furthermore, we need to introduce the pressure
ebui W,
p(u) = Z — u € (—00,0]. (1.13)

Nd/2°
AN CLEER))
Then p is analytic in (—o0,0) and diverges in (0, co) with p’(0) = 8p,,, where p/(0) is the
left-derivative at 0. For x € (0,00), define u, € (—o0,0) by p'(uy) = x8 if x < p, and
uy = 0 for x > p,,. Then we define the sequence

Buxj )
ePtx w.

60 — (0 o _ J
a®™ = (a;)jen, a™ =

— i € IN. 1.14
5T TN Gy 7S (14

/
Then, in the limit x | 0; we have u,, — —oo; more precisely, u, = 1+g(1) log( (4”1/@);1 2)()
and hence o — §;,. We extend the definition by taking o = (1,0,0,...), > = 0.

Theorem 1.2 (Asymptotics of reduced density matrix and loop length distribution).
Suppose that the trap potential w satisfies Assumption (W) and that p,, < oo. Pick a
sequence (ay)nen in (0,00) that converges in [0,00), and recall x = limy_,0 Noz‘]i\,/2 €
[0,00] as in (1.3).

1. Supercritical case: x > p,,. The following hold in the limit as N — oo:
(a) In weak L?-sense,
() = N (1= 22 )00 @)oY () (1 +o(1), oy R (115)
(b) The distribution of the loop lengths +

1
(1—pw/x)
N) converges to PD;.
(c) The distribution of the sequence + (iX;);cn under P}’ (-| M= N) con-

(Li)iEIN under pyy ( | N =

Ban,w/an

Ban,w/a
verges in product topology on {>° towards a®. A
(d) The free energy defined in (1.4) is identified as
0 .
ftur (8, x) = _pﬂ(x) + A (W)(1 - %) lmpy o0 an.

2. Subcritical case: x < p.,. The following holds in the limit as N — co:

(a) There is a c € (0,00) such that
YN (z,y) = O (a;vd/ze—dz—y‘a;]l/Q) . xz,y€RL (1.16)

(b) Under Py (- | M = N), the sequence +(iX;)iew converges weakly in ('-
norm to o,
(c) The free energy defined in (1.4) is identified as

p(uy) :
— + Uy, ifx >0,

fur (8, x) = hx o
—00 ifx=0.
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The proofs of Theorem 1.2 (1)(a)—(c) and (2)(a)-(b) are in Section 3 and 4 respectively,
and the identification of the free energy is in Section 5. Our main proof methods are
spectral-theoretic (as it concerns the term 5;5;"’“’/ * in (1.10)), combinatorial (for handling
the two probability terms in (1.10)); their base is probabilistic, since we will be relying
on the useful independence properties of the PPP.

Let us draw consequences about the Bose-Einstein phase transition from Theorem 1.2.
From (1.15) it quickly follows that +o " — 1 — p,,/x > 0 (i.e., ODLRO holds), and from
(1.16) it easily follows that oy’ < O(1) (i.e., ODLRO does not hold):

Corollary 1.3 (Consequences for (non-)occurrence of ODLRO). Equation (1.15) implies
ODLRO while Equation (1.16) implies its absence.

Proof. (1) In (1.6) we use ¢{“/* for f and obtain

<a> > ("), <aN>¢<1w/a>> >N (1 _ ) H¢<w/a> - N (1 _ pw> ) (1.17)
X

(2) To prove absence of ODLRO, we use Young’s convolution inequality to estimate

g‘(a) _ sup <f (a)f> < O( d/2) He_cl,|a;1/2 1 _ O( ;Vd/Q d/2) _ O(l)(llg)

FEL2(R): || fll2=1

O

Note that for £ < oo, the free energy fur (S5, x) becomes constant, as we transition
from sub- to supercritical behavior. However, BEC can not be inferred from this transition
alone.

Remark 1.4 (Total mass in micro- and macroscopic loops). Theorem 1.2 implies that the
total mass of particles in microscopically long loops is ~ N[min{1, p,,/x}], while the total
mass in macroscopically long loops is ~ N(1 — p,,/x)+- This shows a phase transition in
x at x = p,, between occurrence and non-occurrence of particles in macroscopic loops.
This is the famous Bose-Einstein condensation phase transition. In terms of the inverse
temperature [, the transition is between occurrence of BEC for 5 > . and absence for
B8 < B. with

Bcipw ( ) [0700] (119)

The boundary cases f.(c0) = 0 and 3.(0) = +oc, respectively, are interpreted as occur-
rence of BEC for all 5 > 0, respectively for no 5 > 0. Note that Theorem 1.2 implies that
there is only o(N) particles in other loops, i.e., in mesoscopically long loops.
Furthermore, for xy = 0 (i.e., ay = o(N*Q/d)), we observe that only loops of length
one contribute, and the free energy is equal to —oco. For y = oo (i.e., ay > N—2/d) we
observe hundred percent condensation, more precisely, hundred percent of particles are
in macroscopic loops. This includes the special case ay = 1, where [AK08] identified the
free energy with other methods, but had no assertion about loop lengths. &

Remark 1.5 (Spatial distribution of the condensate). The spatial density of the location
of the condensate is equal to x — %fy(“m(a x). Note from Lemma 1.1 that this is the
density of the location of the initial site of the sample loop in the loop soup, weighted
with the number of particles in that loop (since the weight of a length-r loop starting
from z is equal to %g;fj;““’/ @), This clarifies the suggestion by Feynman [Fe53] about
the loop weights as an order parameter for the condensate in the loop soup. According
to Theorem 1.2(1)(a), the spatial condensate density is asymptotically distributed with
density equal to the total condensate mass times (¢{"/*)2. According to Lemma 2.1
below, this density has a spatial rescaling with scaling parameter a~/(®*+2) and rescaled
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shape equal to (¢{"”)2. Hence, the condensate shrinks together to the origin in the case

a > 0 and is distributed like the square of the principal eigenfunction of —A + ool fyy—}
in the case a = 0. <

Remark 1.6 (Finiteness of p,,). Under Assumption (W), (f e_ﬂjwdx)jem is bounded, and
hence p,, is finite at least in d > 3.

In the special case that w = oo x 1o, where @ is the centred box of volume 1/p,
then [e~%7“dz = 1/p and hence p,, = L (473)~%?((d/2), where ( denotes the Riemann
zeta function. Here, p,, is finite only in dimension d > 3, and A;(w) is equal to the
Dirichlet zero eigenvalue of the Laplace operator in () with corresponding principal
eigenfunction ¢;. This is — up to scaling - equal to the situation in the free Bose gas in
the thermodynamic regime with Dirichlet boundary condition, see [KVZ23].

However, in the case of a harmonic trap, or, more generally in the case that w(x) ~
D|z|? for x — 0 for some D > 0, then [ e #7%dx ~ (7/8jD)%?, as one sees by a standard
Gaussian approximation. In this case, p,, is finite also in d = 2. It is no problem to
construct examples of potentials w such that p,, < oo alsoin d = 1. o

1.4 Literature remarks

The study of quantum gases, in particular the Bose gas and its statistical mechanics
and condensation, is a huge fascinating subject that provides many challenging questions
and involves a lot of mathematical ansatzes and toolboxes, see [PS01, PS03] for extensive
summaries.

Interacting quantum gases in various mean-field approximations were recently stud-
ied in a series of papers; see the extensive summary [FKSS20a]. It contains a wealth of
ansatzes and formulas, references and summaries of recent results, mostly by the au-
thors. The small-a regime (in our notation) is coupled in [FKSS20a] with other rescalings
(e.g., of the interaction strength), but is also considered for fixed number of particles in
a fixed box. Throughout this series of papers, the gas is assumed to be confined to a box
with periodic boundary condition, and it is considered in the grand-canonical setting.
The main ansatz, like in many investigations in the mathematical physics community,
is via the formalism of the second quantisation, i.e., in terms of a formulation using
annihilation and creation operators on the Fock space. In that series of works, also the
description in terms of Brownian bridges (called a path-integral approach there, as usual
in the mathematical physics community) is derived in a way that is alternative to the
way that is chosen here (we rely on Ginibre’s Feynman-Kac formula via the density of
the operator e?2 the Brownian bridge measure), via a number of presentations. This
formula is used in [FKSS20a] for deriving the a | 0 limit for fixed particle number and
fixed box; indeed, the partition sum converges towards the one of an interacting classical
gas of N particles. The regime that we consider in the present paper was not considered
in [FKSS20a].

The semiclassical limit (i.e., the choice ay ~ N—2/dy at positive temperature with an
interaction scaled by % recently attracted some interest, both for fermions [LMT19,
FLS18] and for bosons [DS21, BK25+]. [DS21] studied a special case of the regime
that we investigate in this paper (however, with interaction!), where ay ~ N~2/¢ and
d = 3 and the harmonic trap w(z) = w|z|? for some w > 0 and a pair-interaction potential
v satisfying an upper bound of its Hessian matrix in terms of w. They managed to
prove, among other things, the existence of a phase transition in $ at some critical
value € (0,00): above that value, ODLRO holds and that the condensate concentrates
asymptotically in one singe point, the origin, and below that value, BEC does not occur.
Their methods are very functional-analytic, start with the Fock-space formulation and
rely on reformulations in the Fourier world.
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It is the goal of the present paper to re-prove and re-interpret such results on one
hand in greater generality with respect to the regimes of (ay)nen and the shape of
the trap potential w, and on the other hand to give probabilistic proofs that show the
benefits of the Feynman-Kac representation by Ginibre and the Poisson point process
representation introduced in [ACK11] and turn the attention to the Brownian loop soup
as an object of its own interest. (The goal of [BK25+] is to do this also with interactions in
greater generality than [DS21].) Rigorous considerations of Brownian bridges as an order
parameter for Bose gases appeared in a few works yet, starting with phenomenological
discussions in [U06] and discussions of the relation between long loops and condensate
in [S1193, S1102]. More recently in [FKSS20a] conceived the rescaled interaction of the
Brownian loops in d = 4 as a regularization as the intersection local time as a possible
ansatz for deriving ¢*-theories. Furthermore, in [BKM24] interactions only within the
same loop were admitted in the gas and a related kind of condensation phase transition
was proved in connection with the famous self-avoiding walk problem. Finally, in our
recent paper [KVZ23], where ODLRO was explicitly proved via this route for the free
Bose gas, a contribution that was apparently missing yet. In the case ay = 1, for w = c©
outside a box A C R? and continuous inside A, in [AK08, Theorem 1.6] it was shown that

. 1

The proof also starts from the well-known trace formula involving Brownian cycles, but
uses a somewhat sophisticated combinatorial approach, which appear unfeasible in the
case ay J 0. It is not difficult to include interactions (of course, with a prefactor of %).
Using a comparison to the analogous model with one long Brownian path instead of
an ensemble of many cycles, this result was interpreted in [AKO8] as the fact that the
Bose gas behaves as if it would consist only of one long cycle. But there was no deeper
understanding provided in [AKO8].

2 Preparations for the proofs

In this section, we prepare for all the forthcoming proofs by the following: In
Section 2.1 we provide upper bounds and asymptotics for the intensity measure and
its total mass of the Poisson point process (PPP), and clarify some spectral scaling
properties. In Section 2.2 we show that the particle number in the PPP is with high
probability close to its expectation; and we show the same for the number of particles
in small loops. In Section 2.3 we give precise asymptotics for the distribution of the
number of particles in long loops, which leads in Section 2.4 to a precise lower bound
for the distribution of the total number of particles (the denominator in (1.10)).

2.1 Functional analytic properties

In this section we provide bounds and precise asymptotics for the intensity measure
and its total mass of the crucial Poisson point process that we introduced in Section 1.2.
We keep 8 € (0,00) fixed and are under Assumption (W) for the potential w. Recall
from (1.11) that the operator —A + w has eigenvalues 0 < A;(w) < Az2(w) < Az(w) < ...
with a corresponding L2-orthonormal system (¢{"’);cn of eigenfunctions such that ¢{*’ is
positive whenever w is finite.

Recall the Brownian bridge measure ¢’) defined in (1.7), which is a regular Borel
measure on Cg with total mass equal to the Gaussian density,

P, (Bg € dy)

dy (4m3) 425 l= oI, 2.1)

&5(Cs) = gp(x,y) =

EJP 0 (2023), paper O. https://www.imstat.org/ejp
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We refer the reader to Appendix A of [Sz98] for more details on Brownian bridge
measures. Recall from (1.8) its integrated and weighted version on loops and introduce
its total mass

W0 — £ (Cy) = / dr [ €0 () e IS wirsas, 2.2)
R4 Cs .

This is finite under Assumption (W), see for example [BHL11]. We write pu(f) for the
integral of a function f with respect to a measure p. Recall that we write Pg\z) for the
probability measure of a Poisson point process (PPP) n =Y P 07 with intensity measure
yéNli) defined in (1.9). This intensity measure has total mass

N
. 1
V(€)= D 7 Woku- (2.3)

A standard eigenvalue expansion (see for example [BHL11, Theorem 4.72]) gives that

Ca(Cp) = By [em 8 BBy € dy}] fdy = e P Wg (1)pl (), @,y € RY,
1€IN
(2.4)

Ws. = ) (Cg) da = —A( 2.5
5, /R (Co)dw = e (2.5)

i€IN

and

Driven by (1.2), now we replace 8 by Sa and w by w/a. We need to know, as a | 0, the
asymptotics of £’/ (Cp) and of

tj7a = QHﬁaj,w/a = Eﬁa,w/a[#{f en: f(f) = .7}] = /]Rd :gc[j;““/a)(cﬁaj) dz

B3 4w(Bs) d
:/ B, [e=% Jo* wBdsq By, edx} Ze_ﬂm (w/a).
RA dSC

(2.6)

ielN

We first state rescaling properties of the spectrum of —A + w/a:

Lemma 2.1 (Spectrum of —A + £). Assume that w satisfies Assumption (W) with o < oc.
Then, as a | 0, with ¢ = a!/(@+2),

aXi (L) ~ a®/CTIN (W) fori € {1,2}, and ¢{"/* (z) ~ ¢\ (xze~1)e~¥/? in L?-sense.
(2.7)
In particular, the spectral gap satisfies

a[Aa(%) = M(2)] ~ a®/CFI Do (W) = M(W)], (2.8)
and the last bracket is positive.

Proof. Recall W, (z) = e~ *w(z¢e) from Assumption (W) for ¢ € (0,1]. Then the spectra of
—A+ % and —A + W, withe = a*/(@*+2) stand in a one-to-one correspondence with each
other. Indeed, we easily see that, for any 7 € IN, the i-th eigenvalue/eigenfunction pairs
(Ai(w/a), h;) and (A;(We), ge,;) satisfy

EN(L)=XNW.)  and  g.(z) = ¥?hi(ze), xR (2.9)

Now we show that lim. g A; (W.) = A1 (W), which implies the first statement in (2.7).
We use the Rayleigh-Ritz principle, A\; (W) = inf ¢ 12(ga). | g),=1((—A + W)g, g). Taking g
as the normalized principal eigenfunction of —A + W, we get, in the limit ¢ | 0,

MWe) <{(FA+Wo)g,9) = —(Ag,9) + (Weg, 9) = —(Ag,9) + (Wg,g) = M(W). (2.10)

EJP 0 (2023), paper O. https://www.imstat.org/ejp
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For the other direction, let g. € L?(R%) be the normalized eigenfunction correspond-
ing to A1 (W.). Then for every ¢,

AI(WE) = <(_A + Wa)96a96> = vaaH% + <Wegaage>- (2.11)

Since g., W. > 0, by (2.10), (|[Vg:|l2)cc(0,1) is bounded. Pick a sequence (¢, )nen with
lim,, s €, = 0. We deduce from [LLO1, Theorem 2.18, Theorem 8.6] that there is some
go € L*(RY) such that, along some subsequence that we still denote (¢,,)y,
Vge, = Vg0, 9=, — go, weakly in L?; (2.12)
9e, L{_ g Rja — gol[_g, g strongly in L* for any R > 0. (2.13)
Since g., is continuous for any n, we furthermore have that g., converges almost

everywhere to gg, [LLO1, Corollary 8.7]. By Fatou’s lemma and [LLO1, Theorem 2.11]
(lower semi-continuity of g — [|[Vg||3),

liminf Ay (We,) = liminf ([ Vge, |3+ (We, 9e,, 92,)) 2 [IVg0ll5 + (Wao,g90).  (2.14)

n—oo "

Moreover,

lgoll2 = Aim llgol—g,Rll2 = Aim  lim 9e, Lj—Rr,Rjall2 > 1 — Jim  lim 9e,, Tray [~ R, r) | 2-
(2.15)
As R — oo, by (2.10) and (2.11),

1 / 2 M(W) M (W)
We, gz, de < - — - :
[-R,R)4 Wsn " lIlf]Rd\[_RJg]d Wsn lnf]Rd\[_RJ%]d W

2
19e, Lra\(— R, Rja |2 < -
By Assumption (W), we know W (Rxz) = R*W (z) and infga\[_1,1¢ W >0, so

AM(W)
. . 2 . 1 _
Am i (lge, g -r.rpellz < Tim TR T

Put this into (2.15), we deduce that

llgoll2 > 1.

Hence, the right-hand side of (2.14) is not smaller than A\;(W). Together with (2.10),
this implies that lim. o A (W) = A\ (W), as announced.

A slight extension of the above proof also shows that ¢%/2¢{*/* (z¢) converges uni-
formly on compacts towards ¢{"’ as ¢ — 0. In the same way, we can also show
that the same is true for the second eigenvalue, based on the Rayleigh-Ritz formula
Ao (W) = infyecr2(may. glla=1,g.L6, (A + W)g, g), where we denote the principal eigen-
function of —A + W by ¢;.

Finally, by [BHL11, Theorem 4.72, Theorem 4.125], we have \o(W) > A\ (W) > 0. O

Lemma 2.2 (Asymptotics of ¢; ;). Assume that w satisfies Assumption (W). For a = oo,
read o/ (o + 2) as 1.

1. Thereisa C € (0,00) such that, for any j € IN and a € (0, 00),

tia < (47r5aj)*d/2/ e P qy < g 2542/ (2.16)
R4
2. Ifa € (0,1] and j € N, in the limit as ja®/(*®) — 0 (and j — oo for the second
expression),

tja ~ (4w Baj) Y2 /

e P dy ~ (4mfagi /o) =4/ / e MW dz. (2.17)
R4

R4
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3. There is a ¢ € (0,00) such that, as ja*/(?t®) 5 o, for any two test functions
f,g € L*(R%), (possibly depending on a, but with bounded norms),

dz d (ﬁJa w/a) C o
/]Rd / yf ( B3 ) (2.18)
= e NI (f60) (g,007) (1 + £(ja/ ),

provided that (f, ¢’} (g,¢{"/”) # 0, where the error term satisfies (k) =
O(k~% “*)e=* as k — oo. In particular,

tia

Js

— o~ Biadi(w/a) (1 4 5<]’aa/(2+0‘))) ) (2.19)

Proof. The case @ = oo and a | 0 is basically identical with the situation in [KVZ23,
Lemma 2.2], we the case of W = ool (zy) is handled with various kinds of boundary
conditions (including Dirichlet zero conditions), with U a centred box and L € (0, c0)
tending to co. An extension from a box U to the set {IW = 0} under Assumption (W) is
clearly no problem. Use the Brownian scaling property to see that the limit as a | 0 with
fixed W (instead of w/a; recall that W takes only values in {0, co}) is equivalent to this
limit as L — co. The replacement of W by W, with W, — W ase | 0 for a | 0 is only a
minor technical point. The case where o = co and a € (0, c0) is fixed is even easier to
prove; we leave the details to the reader.

Hence, we assume that a € (0, 00).

(1) Cond1t10nal on the Brownian motion B, apply Jensen’s inequality for the probability
measure z - fo “ ds and the negative-exponential map, we get

= (47T/Ba/j)_d/2 / de ( —hi Ba] (LJ ,LU(B ) Bﬂa.j = .I')
R4
1 Baj )
< (47rﬁaj)_d/2 dx BT/ dsE, (e_ﬁj“’(Bs) aj = x)
e (2.20)
- d ~Bjw(y) L d / dz gs(z — (y—
. ye ﬁaj S - T 9s(* — Y)98aj—s(y — )

Baj .
= / dyefﬁjw(y) / ds gga;(0) = (47rﬂaj)7d/2/ef*33w(x)dx,
R4 Baj

where we used the Gaussian density with variance 2¢ and used their convolution property.
Furthermore, recalling W, (z) = ¢~ *w(x¢), we see, making a change of variables y =
zj~ 1/, that

/e—ﬁjwdx :j—d/a/ —,ij(m l/a)dx :j—d/a/e—ﬁwjfuadzr
Rd

gj—d/a/e—ﬁi“fsew Weda, (2.21)

which is finite, according to Assumption (W).

(2) The upper bound follows from (1), in particular (2.21), which makes it possibly to
carry out the limit as j — oo under the integral, by the virtue of the bounded convergence
theorem.

We turn to the proof of the lower bound. We write g;’ ; = &0 /€0, (Cp) for the
normalized version of the Brownian bridge measure. Pick a large M, then, by Jensen’s

EJP 0 (2023), paper O. https://www.imstat.org/ejp
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1/

inequality, Brownian scaling, and a change of variables y = zj and r = sfaj,

) 1 Baj o
(4mBaj)t; 0 > /| LR <—a /0 & w(z + By) — w(x)] ds) do
z|<Mj—1/e

:/ —Bjw(z) eXp / drf(oo) 1/a (y+ 3 /ozB /Baj) “1/a( ))
|m|<]b[j*1/"‘

Observe that the B,-depending term in the argument of W;_.,. vanishes, since j Ve Jaj =
(a®/(a+2) j)(a+2)/2 which vanishes, according to our assumption. Together with the fact
that (W.). converges on compact sets, the integrand in the r-integral vanishes in this
limit, uniformly in y on the integration area, and we have the first result by taking
M — oo. Finally, note that

/efﬁjw(w)dx :jfd/a/e—ﬁwjflmy)dy’

we have the second conclusion by taking j — oc.

(3) We rely on the eigenvalue expansion in (2.4) and use the small-a asymptotics of
spectral gap from Lemma 2.1, which allows us to replace the entire sum by the first
summand only.

By Jensen’s inequality, we find that for every ¢ > 0,

1 t

Ze_t/\i(w) < f/ ds / dz E, [e_ﬁw(B”)]l{Bt € dz}]/dz
, tJo R4
i€lN

1 t

= 7/ ds / dx / dy gs(z,y)e P W g, (y, z)(4npt)~Y? < C’t_d/Q/ e @y
tJo R R4 R
(2.22)

where we used the convolution property of the Gaussian kernel g,(z, y) with variance 2s.
This implies that for any a € (0,1], j € N and ¢ € (0,1),
Ze—ﬁajx\qz(w/a) < e~ Paira(w/a)(1-9) Z e—BaidXi(w/a)
i>2 i>2

Sefﬁaj)\g(w/a)(175)C(aj(s)fd/2/efﬁjéw (2.23)

d at2
2 " a

< e Paida(w/a)(1=9) 0y (j g/ (o+2)) =

)

where Cs depends only on 8 and ¢, and the last step used also the second assertion in
(1). Hence,

—BajXi(w/a
fia= Y e PN/

1€IN

< o—Bajri(w/a) (1 + eﬁaj,\l(w/a)efﬁaj/\z(w/a)(lfﬁ)ca (j aa/(a+2))*% %2> (2.24)

Now, by (2.8), we can pick § so small that, for some ¢ > 0, the product of the two
exponentials is not larger than e—c@*/*? in the limit that we consider. This implies
(2.19).

The proof of (2.18) is based on the preceding and on the Cauchy-Schwarz inequality
and Parseval’s identity as follows:

S el g0 (g, 077 < (L0 )) (St 0)?)

i>2 ielN ielN

1/2

= [Ifll2llgll2-  (2.25)
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This bound is also sufficient if f or g depend on a, but have norms that are bounded in
a. O

We can immediately draw a conclusion for the expected numbers of number of
particles in the PPP. Recall that 91(n) is the number of particles in a PPP 7, and the
number p,, = Zjem(zlwﬁj)‘dﬂfe‘ﬁj“’dx. Now, in the case that limy_.o, ay = 0, we
introduce the threshold

—a/(a 1/2
Ty = lay™/ @ (log L)%,  NeN, (2.26)
while we put Ty = |(log N)'/2] in the case that (ax)new is bounded, but does not vanish.
Note that 1 < Ty < N &0, Then N9 (n) = 37, 7 3 e g py—i (f) denotes
the number of particles in loops of lengths < Ty in the PPP 7, which we call the short
loops. The other loops are called long, and 9"® () = Z,ICV:HTN 2 ten: o(p)=k L(f) is the
number of particles in long loops.

() (M) ~ pu,a]?,d/2 and EV"

—d/2
Ban,w/an Ban,w/an :

Corollary 2.3. As N — oo, E (NERTD) ~ pya

Proof. Note that E(ﬁ?w /a(‘)“() = Zjvzl t;.a- Now the lower bound is shown by restricting
the sum to j < M for some M € NN, using the asymptotics of Lemma 2.2(2) and making
M — oo afterwards. The upper bound directly follows from Lemma 2.2(1). The same

applies when cutting the k-sum at T, since Ty — oo. O

2.2 Concentration inequalities

Next, we prove a concentration inequality for the number of particles and for the
number of particles in short loops in the configuration of the PPP. We write [z]; for the
positive part of x € R.

Proposition 2.4. Assume that (ax )y is @ bounded sequence in (0, c0) and that w satisfies
Assumption (W). Then for any k € (0,00) (possibly depending on N), in the limit as
N — o0, the following holds.

1. If k < BA (W), then

] (N) (N) =F —[4—285]++0(1)
ogP (]m—E M| > k) < —rkay™ +ay . (2.27)

Ban,w/an Ban,w/an
2. Forany k > 0,

IOgP(M (|m(short) _ E(N) [m(short)] | > k’) S _Hka;;f-z + a;

Ban,w/an Ban,w/an

[4—2%5]+40(1)
(2.28)

In particular, pick k = kx > a;\, , then the first terms on the
right-hand sides dominate, and we obtain a stretched-exponentially decay.

[ — 285+ — S +o(1)

Proof. Recall that 9t = Z;.V:lej and NEY = Z]T;Vl jX; , where X;,..., Xy are in-
dependent Poisson random variables with parameters %tjm,, j € [N], where we recall
the definition of ¢; , from (2.6). In both proofs, we are going to use the exponential
Chebychev inequality. We are going to explicitly handle only the upwards deviations (i.e.,
for 91 — E[N] instead of |91 — E[91]|), since the case of the downwards deviations is similar.
The first term on the right stems from the application of Markov’s inequality, and the
second term from estimating the exponential expectation as follows.
(1) For any s € (0,00),

N
E {es(me[m])} — exp Z} (GSj 1 sj) tia | - (2.29)

j=1
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We now pick s = ma(i,/ (®+2) and estimate the right-hand side. For the sum on j > Ty, we
have ja%/(aﬂ) — oo and therefore get from Lemma 2.2(3), with some C € (0, 00) that

does not depend on N,

Z } (e —1—sj)tja<C Z lesje—ﬁjazv)\l(w/azv)
<<’ ST

P S A CHUGTEENER

Tn

et (2.30)

Ca%/(oz+2) e,cTNa%/(QJr?)

< < Cefclog(l/aN
Jog e

since fA1 (W) > k. (If limy_, o any = 0 then it vanishes as N — c0.) The sum on small j is
bounded as follows. We use Lemma 2.2(1) and that e® — 1 — z < z2e” for any z € (0,00).
Then we see that
1 . _ )
Z - (esj 11— sj) tia < CaNd/2 Z 7177252 ;2655

i<Tn J <Tw

SCa?\?/(am)—d/2enTNaz/(°‘+2’ Z jid/2=d/a (2.31)
J<Tn

< 2o/ (etD=d/2-o) (1 + Ty Py log(TN)) 7

1/2
) )

1) . . a/(a+2) .
where a% ) is an estimate for "7~V , and the bracket is a generous upper bound for

the j-sum in the three cases that 1 — d/2 —d/a is < —1, or = —1 or > —1. Now use that

Xfa/(aw)“(l) to see that the right-hand side of (2.31) is equal to af\gl) if g < 2a

TN:CE 047-5-2

and is equal to o2/ (T2t otherwise.
(2) The conclusion follows directly from the estimate of (2.31) in (1). Since we no
longer need (2.30), there is no restriction on x.

O

2.3 Particles in long loops

Recall that M = 37,y jX; is the number of particles in long loops in the PPP
(recall (2.26)). As in [KVZ23], we use now intricate combinatorial asymptotics to find
sharp asymptotics for the asymptotic distribution of 91%=#), Write ¢: [0,00) — [0, c0) for
the density of the random variable with Laplace transform

1 —sx
5 5 exp (/ (e - 1) d:c> . (2.32)
0 x

Note that g(z) = e~ for « € [0, 1], where v ~ 0.5772 is the Euler-Mascheroni constant.
See [ABT03] and Section 3.2 for more properties of p, in particular in connection with
the Poisson-Dirichlet distribution.

Lemma 2.5. Suppose that w satisfies Assumption (W). For all sequences (sy)nen, (kv )New
in N such that Ty < sy < kxy < N for any N, and that limy EN oxists,

SN

SN

kn/s
PO wjan | DL X =k | ~ We’ﬁ““l(w/“m’w, N > oo, (2.33)
j=1+Tn N
In particular,
e
P(B]\(;)N w/an (m(long) _ kN) ~ Te—ﬁaNAl(w/aN)kN7 N - oo, (2.34)
’ N
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Proof. The proof follows the same argument as [KVZ23, Proposition 2.7]. Let us first
consider the case ay — 0. We write B}’ for the set of sequences m = (m; )7y <,<sy Of
positive integers such that ), _ .., 7m, = ky. Then

SN SN tj’“N tmT
P N Xy =ky | =em ZEmn Ty I == (@35
Ban,w/an J TmeT!
j=Tn—+1 meq}}(‘f\’) Tn<r<sn

tja

We claim that e z:-\ETNH T — 1 as N — oo. Indeed, since ay — 0, we have
ja?\/(a”) > TNa?V/(O‘H) ~ /log ﬁ — 00. Therefore by Lemma 2.2(3) and Lemma 2.1,

1

2: Lo Z *16 BAi(w/an)anj 71
EESREL NN <
- - > Wha/ (@ +2)
7>TnN J j>11\rm7 TIV 1—6 5>\1( ) N (1 0(1))

= O ormiag,) = 0. (2.36)

For the remaining factor in (2.35), by Lemma 2.2(3), t,,, = e PA(w/axran (] 4

O(e*f’”“?v/@w))) for r > Ty — oo, hence, as in the proof of [KVZ23, Proposition 2.7], we
obtain
I iy o-Brw/an)ank I 1 (2.37)
(N) Ty <r< Ty (N) Ty <r< ey .
meP,, N<TSSN meP,, N<TSSN

= e_ﬂkl(w/aN)aNkJ'_ETNQ'SSN %IP Z rY, =ky |, (2.38)
Tn<r<sn

where the Y,’s are independent Poisson random variables with parameter % By [ABTO03,
Theorem 4.13] (take 6 = 1,b=Ty <K n=sy <m=kyn,y = 1),

Pl Y Yomky|~ q(kn/sn)
= .
Tn<r<sn SN
Therefore, we may conclude that
(N) (long) t:?;lN q(kN/SN) —BMi(w/an)ank
P /ay (N = k) ~ 3 I1 e~ B e . (2.39)
mepN) Tn<r<sy "
When (ay)nen is bounded, we are interested in
(N) . - Zﬁ i< M tTL;N
PﬁaN,w/aN Z JXj=kn | =e TN Z H rmrm, 1’
VIog N<j<sy mep(VIEN) VIog N<r<sy "
(2.40)

where we still have
Z tjza ~ Z lefﬁ)\l(w/aN)aNj N O,

j>+/log N J j>\/10gNj

and

my
Z H bran e—ﬁz\laNk+Zm<r§k%Q(kN/3N)
rMrm,. k
memzvlog N) Vlog N<r<sn

~ q(k)N/sN)eﬂkl(w/aN)aNkN' (241)
Vlog N

O
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2.4 Lower bound for the denominator

We suppose that Assumption (W) holds. On base of Lemma 2.5, we give now a sharp
lower bound for the denominator in (1.10).
Lemma 2.6. Assume that liminfy_, o Naﬁl\,/2 > py, then there is a sequence (dy )y that
vanishes as N — oo such that, for all large N,
—pa w/a — P ad/z
P(N) (m: N) Z e Ban A1 (w/ N)N(l puw/(N N )+5N)(1 +0(1)) (242)

Ban,w/an

Proof. Abbreviate sz )N w/an by P, analogously for the expectations, and ax by a. Recall

that N = Zjvzl JjX; and that e =57, jX;, where the X; are independent Poisson
random variables under IP with parameters %tm. We lower bound against the event that

there is one large loop and otherwise only small ones with about p,,a~%?

P(M=N)> >
kEN: |k—pypa—2d/2|<Sy N
XP(Xn_p=1)P(X; =0forall j € {Ty,...,N =1} \ {N — k})P(N""" =k),
(2.43)
where dy € (0,1) with 1 > o5 > 1/N is suitable (see below). For all k in that sum, we
have

particles:

P(X; = 0forall j € {Ty,...,N— 1]\ {N—k}) >exp [ = 3 22| —140(1) (2.44)

i2Tn
as we saw in the proof of Lemma 2.5. Furthermore, by Lemma 2.2(3),

P(Xn_p=1)=tn_p pe N e~ Bari(w/a)(N—k) > e*ﬁah(w/a)N(lfpw/(Nadﬂ)JrﬁN) )
(2.45)
Recall from Corollary 2.3 that E [M1“"*"V] ~ p,,a?/¢. Using Proposition 2.4 for k = 6y N
with d picked such that the first term on the right-hand side of (2.28) is the leading
term, we get that

> P (NC) = k) > P(INE —EN]| < Loy N) -1,  as N — .
EEN: |k—pya—d/2|<Sy N
This implies (2.42). O

3 Proof of Theorem 1.2(1): super-critical regime

This section is under the assumption that y = liminfy_ o IV adj\',/2 > p, and contains

the proof of Theorem 1.2(1), i.e., for the asymptotics (1.15) of the reduced one-particle
density matrix in Section 3.1, for the limiting distribution of the macroscopic loop lengths
in terms of the Poisson-Dirichlet distribution in Section 3.2 and for the convergence
of the normalized PPP (i.e., the microscopic loop lengths) in Section 3.3. (The proof of
Theorem 1.2(1)(d) is deferred to Section 5.) As always, we are under Assumption (W) for
the trap potential w. Recall that p, = >, (478k)~%/? [ e=PFvda.

3.1 Proof of (1.15) in Theorem 1.2(1)

This proof is analogous to the proof of [KVZ23, Proposition 2.1]. We abbreviate ay
by a and P%Y by P, analogously for the expected value. Our starting point is the

Ba,w/a
representation of v}’ from Lemma 1.1, that is,
N
PMM=N—-r)
(a) — (Bar,w/a)
YW (@, y) = ; Ly Cou) 5=y 3.1)
EJP 0 (2023), paper 0. https://www.imstat.org/ejp
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We carry out the proof only for the case ay — 0 as N — oo and leave the remaining
case to the reader. Fix some small ¢ > 0. It is not hard to show that in (3.1), the two
partial sums on r < Ty and on r > N(1 — "7 — ¢) are negligible by using the estimate

£00(Cg) < We—lw—y\Q/Mﬂ) and the lower bound for P(91 = N) from Lemma 2.6.

For the remaining, we decompose the number 91 of all particles into 91 = 91¢her 4
M0en), which denote the number of particles in loops of lengths < Ty = [ay®/*™? log(5-)1/2]
respectively of lengths > T; see (2.26). Then

PM=N—r)=>Y PN = kPN =N —r— k). (3.2)
k
We observe from Corollary 2.3 that
E [m(short)] 1
lim sup ————— = py limsup ——+ = — < 1,
ey = el =

in the case of Theorem 1.2(1). According to Proposition 2.4, the sum on k strongly
concentrates around the expectation

E(m(short)) ~ pwaid/2,

more precisely, to estimate (3.2), we can focus on k € [pwa_d/2 — &N, ppa~4? + eNJNIN
for all sufficiently large V.
Furthermore, according to Lemma 2.5,

P(m(long) — N —r— k) ~ ejj_i’ye—ﬁa)\l('w/a)(]v—r_k)’ (33)
N

aslongasr < N—k <N — pwcfd/2 —eN ~ N(1—py/x —¢€). Using (3.3) once more for
N — k instead of N — r — k, we see that

P(m(long) =N—r—k)~ P(m(long) - N— k)eﬁa)q(w/a)r' (3.4)
Finally, from Lemma 2.2(3) we deduce that

;‘f;“"/“)(cﬁar) ~ e—ﬁaw\l(w/a)qb(lw/a) (x>¢(1w/a)<y) if Taa/(oc+2) - 0. (3.5)

Putting (3.2), (3.4) and (3.5) into (3.1), we have

N(A=pw/x—¢)
,Yj(\t;)(x’y) ~ Z efﬁar)\l(w/a)qs(la)(x)(b(la)(y)eﬁa)\l(w/a)r

r=TnN

Zk: |k—pwa—d/2|<eN P(§|i<sh0rt> = k)p(m(1ong> - N k)
X =
P(M=N)

N(l—pw/x—¢)
~ Y ()8 ()

’I”:TN

Pw a a
= V(1= 52 = e = Tw )91 ()67 () (1 + o(1)).
Now the conclusion follows by noticing Ty = o(N) and taking ¢ | 0.

3.2 Convergence to the Poisson-Dirichlet distribution

In this section, we prove Theorem 1.2(1)(b). Recall that I.; > Ly > L3 > ... are the
lengths appearing in the loop soup. Recall the density ¢ introduced before Lemma 2.5.
Our main goal is then reduced to the following:

EJP 0 (2023), paper O. https://www.imstat.org/ejp
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Proposition 3.1. Suppose that x € (p,,o0]. Then, foranym € N and t; > ... > t,;, >0
with Y7t < 1,

) 1 _
P e (N(lfpw/x) (Liy-. L) €d(tr, ... 1) ‘m — N)
1—(t14 ...+ tm)

e d 3.6
:>t1---tmq< tm ) (tl,...,tm). ( . )

From this, the weak convergence of (N (1 — py/x)) " (L;)i=1,...m towards the first

m-dimensional distribution of the Poisson-Dirichlet distribution follows, according to
the Portemanteau theorem. From Scheffé’s theorem, see [ABT03, Corollary 5.11], the
convergence of the entire sequence follows.
Proof, Abbreviate P = P(Bjiiv,w/azv and a = an. Fix j1 > j» > ... > j. € N that such
that j; ~ t;N(1 — pw/x), for all 1 < i < m. Then, for all large N, we even have that
J1 > j2 > ... > jm. Abbreviate A = {L; = j1,..., L, = jm}. Recall that N!"® denotes
the number of particles in long loops, i.e., in loops of length > Ty defined in (2.26).
Using the concentration result of Proposition 2.4 and the lower bound in Lemma 2.6, we
can decompose

PAIN=N)= Y PA|TE = RO =k 9= N) +o(N ),
kEN: | & —(1—puw/x)|<én

where (6x)n is as in Lemma 2.6, i.e., it satisfies iy — 0. As in the proof of [KVZ23,
Proposition 4.1], it suffices to show that, for any k¥ = ky in the sum above,

1—(t1+...+tm)>

tm

(3.7)

Y
lim (N(1— 22))™P(A | RO = ky) = ———¢ (
X t1-tm

N —oc0

Recall that X; is equal to the number of loops of length [ and that all the X; are
independent under P. We then have that

N
P(A) = H P(X;=1) where i, = #{k: j, =1} € {0,1} for all [. (3.8)

I=jm

Similarly, for k > J, where J = Y7", j;,

P(Xr e iXi=k—J) N
P(A| N = k) = ( ah )HP(Xlil). (3.9)

N )
P (Zi:1+TN iX; = k) 1=jm

Note that iy = 0if [ ¢ {j1,...,jm} and = 1 otherwise. Using the approximation ¢; , ~
e~ Pairi(w/a) 5 () (see Lemma 2.2(3)) for j € {ji,...,jm}, We get that

N N (t)i N N
o) — —tyq \ba) _ .
H P(X;=14)= H el BT exp | -8 Z iilladi(w/a) H T
I=jm l=Jm l=Jm =Jm (310)
m 1 . m 1
_ e—ﬁa)\l(w/a)J H — ~ e—,@a)\l(w/a)J(N(l _ %)) H ?
=17 i=1"
Now pick k = ky ~ N(1 — py/x), we obtain by Lemma 2.5
N e
i < > iXi= kN) e (3.11)
. Tn
i=14+Tn
EJP 0 (2023), paper O. https://www.imstat.org/ejp

Page 19/27


https://doi.org/10.1214/YY-TN
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

ODLRO in a mean-field Bose gas via the Feynman-Kac formula

as well as (observe that (ky — J)/jm — (1 — (t1 + -+ tm))/tm as N — 00)

jm_l

1— R

. ( $ X — k- J> _a(( =ttt b)) o) ponuratn-0) (312
TN

i=TN

Substituting the last three displays in (3.9) implies (3.7), and we finish the proof. O

3.3 Proof of convergence of %(z’Xi)iE]N

In this section, we prove Theorem 1.2(1)(c), i.e., the convergence of the distribution of
the microscopic loop lengths. Since we are considering the product topology, it suffices
to consider just %iXZ- for one fixed 7 € IN. Recall that u,, = 0. By Lemma 2.2(2), X; is

Poisson-distributed with parameter 1¢; ., ~ a;,d/z%xa;x) ~ N1a{ as N — co. For any
e >0,
py 1 X €9 N=N
Ban,w/an NZ i Q| > € =
1 1
S ; 00

<P (‘Nin —a®|> 5) o S G

Ban,w/an

Observe that X is distributed as a sum of N independent Poisson-distributed random
variables with parameter +a{”(1 + o(1)). Use a standard exponential concentration
inequality based on Cramér’s theorem from the theory of large deviations, we conclude
that the first term on the right-hand side vanishes exponentially small on the scale
N. On the other side, we use the lower bound of Lemma 2.6 and the asymptotics
from Lemma 2.1 to see that the denominator vanishes exponentially fast on the scale
NanyM(w/an) =< Na%/(a“) < N. Hence, the right-hand side decays exponentially fast
on the scale N.

4 Proof of Theorem 1.2(2): sub-critical regime

Abbreviate yy = Naff\,/z. In this section we are under the assumption that x =
limy 00 X €xists in [0, p,,), and we prove Theorem 1.2(2)(a) and (b). (The proof of
(c) is deferred to Section 5.)

Abbreviate a = ay and P = sz {w Jq- Since

1 1
SEOY ~ Tpua ! w1, 4.1)

N XN
the event {9 = N} is a downwards deviation under P. We tilt the intensity measure of
P with a small factor by means of a chemical potential, which suppresses long loops,
such that the expected number of particles in the process is equal to N. For p € (—o0,0),

denote by P;NZU u the probability measure for the PPP with intensity measure

N

Buk

e

ZAmCHEDY Tg““"““’(df), on | J C. (4.2)
k=1 keN

Abbreviate P, = Pfa?w/au' Under P,, the vector (X;);cnv] consists of independent

Poisson-distributed variables X; with parameters ;t{/, = ze”#*/t;,. Observe that

P(-|M=N)=P,(-|MN=N), N eN,p € (—0,0), (4.3)

since a simple change of measure shows that
P(M=m) = ePe N ranO)=Bramp (51 =) meN, (4.4)
EJP 0 (2023), paper O. https://www.imstat.org/ejp
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where we abbreviated

ebBuaj

pa,N(,u) ;J’]Z)w/a,u( U Cﬁj) = Z ; ——tja- (4.5)

Jj=1

Now we define uy € (—o0,0) by E, [91] = N. Recall the pressure p from (1.12) and
(1.13) and that u, € (—o0,0) is defined by p’(u,) = Bx.

Lemma 4.1.

Uy, ifx >0,

lim an = .

In the case y = 0, we have the more precise asymptotics jiyay ~ % log (xn (47 B)Y2Wi ) +

o(1).
Proof. Note that

N
D = et
j=1

Since this is equal to N for = uy, we see that (uyay)nen is bounded away from zero.
Indeed, if pyany would go to zero, then we would have, for any R € N, using Lemma
2.2(2)

R
N > Zeﬂ“"’a”tj, (1—of Za d/2 (4wBj)~ d/2/e_ﬁjwdx
j=1 j=1
R

~ gZ(%Bj)‘d/ 2 / e fivdz, (4.6)

J=1

and the right-hand side is asymptotic to Np,,/x in the limit N — oo, followed by R — oo,
which produces a contradiction with x < p,,. Using Lemma 2.2(1) and (2) and the fact
that d > 3, we see that

1 1 4 1

L= B ~ oy planan) ~ Spluvan), N o

This concludes the proof for x > 0, since the range of p contains (0, p,]-
In the case xy = 0, note that

p(u) = eﬁ“(47rﬁ)7d/2W1 + O (ezﬁu) , U — —00. 4.7)
Hence,
1 1
UNaN ~ Blog (XN(47Tﬂ)d/2W1_1> ~ E log x v, N — 0. (4.8)
O

Write 919 = j X, for the total number of particles in loops of length j and M= =
ZZ’; j k X}, for the number of all particles in loops of lengths > j.

Lemma 4.2. 1. Ify > 0, we have that

" (ux)

CE

N — 0.

Var,, 9] ~

==
S
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2. If xy — 0, there is a C € (0,00) such that for any R, N € N with R < N,
Euy [MV] ~ N,
E.[M®P] < CNxR Y, (4.9)
Var, [C] < CONx3. (4.10)
Proof. (1) Note that p”(u)/8? = Y. e’ (4753§)~*/2W;, since p” is continuous in

(—00,0). Since (unan)nven is bounded away from zero, we can use for any j € [N]
the asymptotics ¢, ~ (473)~%?W;N/x in the following sum:

N
Zeb’,uNaijtj N p//(/fLNaN) N Ep//(ux) ) (4.11)

Var, . [D1] = ~—
NN[ SAN XN 62 X 62

(2) By Lemma 2.2(2) and Lemma 4.1,
E,uN [m(l)} — e/BIJNaNtLaN ~ eﬁMNaNa&d/Q ~ N.

We use C € (0,00) to denote a generic constant that does not depend on a nor on N
and may change its value at each appearance. By Lemma 2.2(1) and Lemma 4.1 again,

N
m(>m Ze pNath <Ca fd/2 mLNaNRZeﬁ,uNaN(j—R)j—d/QWj
j=R
N
SC R(1+o(1 Z d/zwj SCNXg\II%fl)(lJro(l).
XN =R

Finally, Lemma 4.1 implies that

N N
Var, U] = 3 jevenity, < Cagll? 3 jiotepmses,

=2

N (4.12)
< C’a]_vd/2e%’8“NaN Zjlfd/Qe%'B”N“Njo < CNezPuvan — CNXJ%V.

Jj=1

O

Lemma 4.3. There is C € (0,00) such that, for any N € N and any r = ry € Ny such

that r < O(V/'N),
CIN"2<P, (M=N—r)<CNz. (4.13)

Proof. For the case x > 0, this follows from the variance bound proven in Lemma 4.2.
Indeed, 91 is the sum of N-independent random variables with mean N and variance
O(N), so the result follows from the local central limit theorem. Below we consider
x = 0, which requires more approximations.

We first prove the lower bound. Let s(N) := 24/Var,, (91>?). Recall that by Lemma
4.1, ™ and 912? are independent and that 91V has the Poisson distribution

7ocak
kO

e

g (N = k) = Poig (k) := k € No,
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where a := E,[0"] ~ N, and E,[N>>] = N — a. For r = O(v/N), expand

PiyM=N=-r)= > Py (MY =a+k—7)P, (N>?=N—a—k)
k€Z—a
= Z Poig (a4 k — )P, (M= =N —a — k)
k€Z—a
2 PILN (|m<22) - ]E,UN [m(EZ)]

< s(N i Poi k—r).
<5 cyipin_, Polala+k—7)
(4.14)

Using Stirling’s formula in the form n! < C(%)"\/n, we estimate for i =k —r

o+l

%)CYJFZ(OJ"' l)_1/2 > Ceze—ﬁ(oﬁ-l)N—l/z

Poig(a+1) =e™¢
a+

& —a o+l
T (

> Cefl2/aN71/2 > CN’1/2,
since s(N) < O(v/N) by Lemma 4.2.
Finally, by Chebyshev’s inequality,
_ Var,,(M©=?) 3

Puy (2 — B, [NE?] < s(N)) > 1 NI LR (4.15)
and the claimed lower bound for P, (9t = N — r) follows.
For the upper bound, simply notice that by (4.14),
Puy(M=N-7)= > Poig(a+k—7)Pu (N> =N —a—k)
k€Z—a
< sup Poiy (k) = Poiy([a]) < CN7V/2,
kelN
O

Proof of Theorem 1.2(2). Recall that we are in the case where x = limy_, Nauji,/2 €
[0, pw). Recall that uy € (—o0,0) is picked such that E,, [91] = N. By Lemma 1.1,

N
’7](\1;1\7)(*%7 y) — Z eﬁuNaNT'é.éf;Nr,w/aN)(CBaNT>

r=1

PHN(m:N_T)
PHN(m:N)

(4.16)

We split the sum into the sums on r < v/N, where we will use that the &-term is small for
all distinct «, y, and r > /N, where we will use that the exponential term is small. Using
Lemma 4.3 for both the numerator and the denominator and using the simple bound
£ < Ct~4/2¢~12=yl/4t we obtain

Puy(M=N-r)
PHN(m:N)

E aNT ¢(Banrw/a
eﬁﬂN N g:(r,;N l/aN)(C,BaNr>
1<r<v'N

SC’a;Vd/z Z pmd/2eBunant o —lz—y|*/(4BanT) 4.17)
1<r<+/N

We use the comparison between geometric and arithmetic mean (‘%b > v/ab) to see that

edBuarg—lo—y|?/(4Bar) < o—lo—y| (Iul/2)"/?,

Since unyany — u, < 0, respectively — —oo for x = 0, we find a ¢ € (0, 00) such that
lun|/2 > ¢*/ay for all N. This implies that the sum on r < /N is not larger than the
right-hand side of (1.16).
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In the remaining sum, we can use Lemma 4.3 only for the denominator, but analo-
gously we obtain in the same way
P#N (m =N - 7’)
PHN (m = N)

R A
VN<r<N
< Cay™VN ST pmd2erfuanreslamul (nxl/2)M
VN<r<N
< Cay?VNeifrwas VN o=lz—ul(nxl/2'"? < o(q=d/2) o~ lo=yl (un /22,

Hence, this part is even smaller than the sum on r < v/N, which finishes the proof of
(1.16).

Now we prove the weak convergence of %(iXi)ie]N under P towards a = o defined
in (1.14). First we assume that x > 0. Observe that o} = limy_,« E,, (jX;) for any
j € IN. Hence, also using (4.3), we see that, for any € > 0 and all sufficiently large NV,

P(H%(ng‘)jem —a|, >e ‘ N = N)

N
<P (31X~ Bun [1X] > SN | =)
j=1

N

1 . _
< C\/NWVaruN (Z]Xj) < CN~%*ar,, (M)
j=1

< CON~Y2

where we used Lemma 4.3 and the Chebychev inequality in the second step and
Lemma 4.2(1) in the final step.

Now we show the same assertion for the case y = 0 with o/ = (1,0,0,...). For this,
we show that 91 = X; dominates the remaining particle number 91=?, in the sense of

Py(ME? >eN) <P, (M=N), N o0, e>0. (4.18)
This will imply that
Puy (MO >N(1—¢g)M=N)=1+0(1), (4.19)

i.e., almost all mass is in loops of length one, which implies the convergence of %(ixi)iem
towards (1,0,0,...) under P, (-9 = N), and hence also under P(:|9t = N), due to (4.3).

We prove now (4.18). Recall that we are in the case yy — 0. For every fixed € > 0, by
Chebyshev’s inequality and (4.9) for R = 2, for large enough N,

Var, , (91=2 4
o ) sVar, , (M) < o(4), (4.20)

Py (MNED >eN) < <
ol == (eN —E,y[R=2])* © 2N

where the last step follows from (4.10). This together with Lemma 4.3 proves (4.18). O

5 Identification of the free energy

In this section, we prove the identification of the free energy in Theorem 1.2(1)(d),
respectively (2)(c).

Recall p, n(p) from (4.5). We abbreviate P = P‘L_,J(Vliww/aN and P, = P(ﬁ]Z)NVw/aN’M. For
any N € N and p € (—o0, 0], we have from (4.4)

Zn(Ban,w) = ePan N (0)p (M=N)= e—uﬂaNN+paN.N(u)pM (M=N),
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where the first equality can be inferred from [KVZ23, Appendix Al].
Assume first that xy > p,,. In this case, set © = 0. We then have that by Lemma 2.6
that

P(0N = N) = exp (f)\l(W)ﬁa%/(H“)N (1 - %) 1+ 0(1))) . (5.1)
Hence, we get that
anN 0 « «
fup(8,x) = lim_ (f pTI\\;() + A (W)asf ) (1 - %w) ) . (5.2)

Note that by the scaling, we have that

—d/2

Pan.N(0) = ay '"p(0) ~ —p(0), (5.3)

N
X
and Theorem 1.2(1)(d) follows.

If x < pw, we choose @ = uy < 0 as in Lemma 4.1. Lemma 4.3 gives P, (M = N) =<
N—1/2. Hence, we can neglect this term and obtain

fur (8, x) = lim

N—o00

(7 Pax,N(aNEN)

I pvan) . (5.4)

In the case x > 0, we again make the approximation p, y(anpy) ~ %p(aNuN), which
implies Theorem 1.2(2)(c).
If x = 0, we approximate to first order

N ePunan

o @y Vi~ 5

pa,N(aNuN) ~

which implies, via Lemma 4.1 that fyr(5,0) = 1imN_>OO(% + logéiém)) = —00.

References

[ABTO03] R. Arratia, A.D. Barbour, and S. Tavaré. Logarithmic Combinatorial Structures: A
Probabilistic Approach. EMS monographs in mathematics. European Mathematical
Society, 2003.

[ACK11] S. Adams, A. Collevecchio and W. Konig, A variational formula for the free energy of
an interacting many-particle system, Ann. Probab. 39:2, 683-728 (2011).

[AKO08] S. Adams and W. Konig, Large deviations for many Brownian bridges with symmetrised
initial-terminal condition, Probab. Theory Relat. Fields 142: 1-2, 79-124 (2008).

[BHL11] J. Lorinczi, F. Hiroshima and V. Betz, Feynman-Kac-type theorems and Gibbs measures
on path space: with applications to rigorous quantum field theory. 2nd Edition de
Gruyter (2020).

[BK25+] M. Biskup and W. Konig, Free energy of a mean-field system of interacting bosons at
positive temperature, in preparation.

[BKM24] E. Bolthausen, W. Konig, and C. Mukherjee, Self-repellent Brownian bridges in an
interacting Bose gas, preprint ArXiv:2405.08753 (2024).

[DS21] A. Deuchert and R. Seiringer, Semiclassical approximation and critical temperature
shift for weakly interacting trapped bosons, J. Funct. Anal. 281:6, Paper No. 109096
(2021).

[Fe53] R.P. Feynman, Atomic theory of the A transition in Helium, Phys. Rev. 91, 1291-1301
(1953).

EJP 0 (2023), paper O. https://www.imstat.org/ejp

Page 25/27


https://doi.org/10.1214/YY-TN
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

[FLS18]

[FKSS22]

[FKSS20al

[G70]

[KVZ23]

[LLO1]

[LMT19]

[LSSYO05]

[LW04]

[PSO1]

[PS03]

[St93]

[Su02]

[Sz98]

[U06]

Tianyi Bai

ODLRO in a mean-field Bose gas via the Feynman-Kac formula

S. Fournais, M. Lewin, and J.-P. Solovej, The semi-classical limit of large fermionic
systems, Calc. Var. Partial Differ. Equ., pp. 57-105 (2018).

J. Frohlich, A. Knowles, B. Schlein, and V. Sohinger, The mean-field limit of quantum
Bose gases at positive temperature, J. Amer. Math. Soc. 35, 955-1030 (2022).

J. Frohlich, A. Knowles, B. Schlein, and V. Sohinger, A path-integral analysis of
interacting Bose gases and loop gases. J. Stat. Phys. 180:1-6, 810-831 (2020).

J. Ginibre, Some Applications of Functional Integration in Statistical Mechanics, and
Field Theory, C. de Witt and R. Storaeds, Gordon and Breach, New York (1970).

W. Konig, Q. Vogel, and A. Zass, Off-diagonal long-range order for the free Bose gas
via the Feynman-Kac formula, preprint ArXiv:2312.07481 (2023).

E.H. Lieb and M. Loss, Analysis, American Mathematical Soc. (2001).

M. Lewin, P.S. Madsen, and A. Triay, Semi-classical limit of large fermionic systems at
positive temperature, J. Math. Phys. 60, 091901 (2019).

E.H. Lieb, R. Seiringer, J.P. Solovej and J. Yngvason, The mathematics of the Bose gas
and its condensation, volume 34 of Oberwolfach Seminars, Birkhauser Verlag, Basel
(2005).

G.F. Lawler and W. Werner, The Brownian loop soup, Probab. Theory Related Fields
128:4, 565-588 (2004).

C. Pethick and H. Smith, Bose-Einstein Condensation of Dilute Gases. Cambridge
University Press, Cambridge (2001).

L. Pitaevskii and S. Stringari, Bose-Einstein Condensation. Oxford Science Publica-
tions, Oxford (2003).

A. Sit6, Percolation transition in the Bose gas, J. Phys. A: Math. Gen. 26, 4689-4710
(1993).

A. Sutd, Percolation transition in the Bose gas: II, J. Phys. A: Math. Gen. 35, 6995-7002
(2002).

A.-S. Sznitman, Brownian motion, obstacles and random media, Springer Monographs
in Mathematics (1998).

D. Ueltschi, Relation between Feynman cycles and off-diagonal long-range order, Phys.
Rev. Lett. 97, 170601 (2006).

Chinese Academy of Sciences
55 Zhongguancundong Rd, Haidian District, 100190 Beijing, China
tianyi.bai73@amss.ac.cn

Wolfgang Konig
Weierstrass Institute Berlin
MohrenstrafSe 39, 10117 Berlin, Germany

and

TU Berlin,

Institute for Mathematics

StralRe des 17. Juni, 10623 Berlin, Germany
koenig@wias-berlin.de

EJP 0 (2023), paper O. https://www.imstat.org/ejp

Page 26/27


https://doi.org/10.1214/YY-TN
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

ODLRO in a mean-field Bose gas via the Feynman-Kac formula

Quirin Vogel

Ludwig Maximilian University of Munich, Mathematical Institute
Theresienstr. 39, 80333 Miinchen, Germany
quirinvogel@outlook.com

EJP 0 (2023), paper O. https://www.imstat.org/ejp
Page 27/27


https://doi.org/10.1214/YY-TN
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

	Introduction and main results
	A mean-field Bose gas
	Representation via a Poisson point process
	Our main results: Long loops and ODLRO in the mean-field Bose gas
	Literature remarks

	Preparations for the proofs
	Functional analytic properties
	Concentration inequalities
	Particles in long loops
	Lower bound for the denominator

	Proof of Theorem 1.2(1): super-critical regime
	Proof of  in Theorem 1.2(1)
	Convergence to the Poisson–Dirichlet distribution
	Proof of convergence of 

	Proof of Theorem 1.2(2): sub-critical regime
	Identification of the free energy
	References

