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We introduce two probabilistic models for N interacting Brownian mo-
tions moving in a trap in R4 under mutually repellent forces. The two models
are defined in terms of transformed path measures on finite time intervals
under a trap Hamiltonian and two respective pair-interaction Hamiltonians.
The first pair interaction exhibits a particle repellency, while the second one
imposes a path repellency.

We analyze both models in the limit of diverging time with fixed num-
ber N of Brownian motions. In particular, we prove large deviations prin-
ciples for the normalized occupation measures. The minimizers of the rate
functions are related to a certain associated operator, the Hamilton opera-
tor for a system of N interacting trapped particles. More precisely, in the
particle-repellency model, the minimizer is its ground state, and in the path-
repellency model, the minimizers are its ground product-states. In the case of
path-repellency, we also discuss the case of a Dirac-type interaction, which is
rigorously defined in terms of Brownian intersection local times. We prove a
large-deviation result for a discrete variant of the model.

This study is a contribution to the search for a mathematical formulation
of the quantum system of N trapped interacting bosons as a model for Bose—
Einstein condensation, motivated by the success of the famous 1995 experi-
ments. Recently, Lieb et al. described the large- N behavior of the ground state
in terms of the well-known Gross—Pitaevskii formula, involving the scattering
length of the pair potential. We prove that the large-N behavior of the ground
product-states is also described by the Gross—Pitaevskii formula, however,
with the scattering length of the pair potential replaced by its integral.

1. Introduction and results.

1.1. Introduction and motivation. Consider a large number of identical quan-
tum particles in a trap under the influence of a mutually repellent pair interac-
tion. We assume that their wave function is invariant under permutations of the
single-particle variables. In physics particle ensembles whose many-body wave
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functions have this invariance property are called boson systems. A specific prop-
erty of bosons is that, for large number of particles, at extremely low temperature,
they undergo a phase transition, the so called Bose—Einstein condensation. This
formally means that a macroscopic portion, the condensate, is described by one
single-particle wave function. Bose—Einstein condensation was theoretically pre-
dicted by S. N. Bose and A. Einstein in the 1920s, and a huge theoretical literature
has been accumulated since. After appropriate cooling methods had been devel-
oped, the first experimental realization of this condensation succeeded in 1995
[4, 6, 10]. For this remarkable achievement, the Nobel prize in physics 2001 was
awarded to E. A. Cornell, W. Ketterle and C. E. Wieman. A comprehensive account
on Bose-Einstein condensation is the recent monograph [28].

Motivated by the experimental success, in a series of papers Lieb, Seiringer
and Yngvason [22-25] obtained a mathematical foundation of Bose—Einstein con-
densation at zero temperature. The mathematical formulation of the N-particle
boson system is in terms of an N-particle Hamilton operator, #x, whose ground
states describe the bosons under the influence of a trap potential and a pair po-
tential, see (1.7). Lieb et al. rigorously proved that the ground state energy per
particle of Fy (after proper rescaling of the pair potential) converges toward the
energy of the well-known Gross—Pitaevskii functional, and the ground state is ap-
proximated by the N-fold product of the Gross—Pitaevskii minimizer. Moreover,
they also showed the convergence of the reduced density matrix, which implies
the Bose—Einstein condensation. As had been generally predicted, the scattering
length of the pair interaction potential plays a key role in this description.

Much thermodynamic information about the boson system is contained in the
traces of the Boltzmann factor e ##N for g > 0, like the free energy, or the pres-
sure. Since the 1960s, interacting Brownian motions are generally used for prob-
abilistic representations for these traces. The parameter 8, which is interpreted as
the inverse temperature of the system, is then the length of the time interval of the
Brownian motions. However, the traces do not contain much information about
the ground state. Since the pioneering work of Donsker and Varadhan in the early
1970s, it is basically known that the ground states are intimately linked with the
Brownian occupation measures. This link is established via the theory of large
deviations for diverging time, which corresponds to vanishing temperature.

In the present article we study models of a fixed number N of trapped inter-
acting Brownian motions given in terms of transformed measures for paths of
length 8. A trap Hamiltonian, putting “hard” or “soft” walls, keeps the motions
in a bounded region. We consider basically two different types of pair-interaction
Hamiltonians, both imposing mutually repellent interaction: the first one, which
we call the canonical ensemble model, imposes particle-repellency, while the sec-
ond, which we call the Hartree model, imposes path-repellency. More precisely,
in the canonical ensemble model the N motions interact with each other at com-
mon time units, and in the Hartree model, the paths interact with the mean of the
paths of the other motions. The canonical ensemble model comprises the above
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mentioned standard representation of the traces of e AN The Hartree model is
apparently introduced here for the first time; it cannot be represented in terms of
the trace of any Boltzmann factor.

It is the main aim of this paper to study the large-8 behavior of the canoni-
cal ensemble and the Hartree model in terms of large deviations principles for the
Brownian occupation measures. One of our main results is a large deviation princi-
ple for the joint occupation measure of the N-tuple of the motions in the canonical
ensemble model (Theorem 1.5). The rate function is given by the energy of the
operator Fy. In particular, we prove a law of large numbers for the occupation
measure toward the ground state. The large-8 behavior of the Hartree model is
different and is described in terms of the ground product states of Hy, that is,
the minimizers of the energy of #x among all product states. Our main result
here is a large deviation principle for the N-tuple of the occupation measures of
the motions (Theorem 1.7). The rate function is the #y-energy of the product of
the components of the tuple. In particular, we have a law of large numbers for the
occupation measure tuple toward the set of the ground product states. We also dis-
cuss a mathematical idealization of the Hartree model, where the pair-interaction
potential is replaced by the Dirac-measure at zero. This model (which is trivial for
the canonical ensemble model) is defined in terms of Brownian intersection lo-
cal times, an object whose large deviations properties are currently much studied
from a probabilistic point of view. We prove analogous large deviation results for
a discrete variant of the model (Theorem 1.12). Finally, we also study the ground
product states of Hp in the limit N — oo (Theorem 1.14). In dimension d = 3,
the rescaling of the pair potential is the same as was considered by Lieb et al. It
turns out that the energy converges toward the Gross—Pitaevskii formula, and the
mean converges toward the minimizer. Instead of the scattering length of the pair-
interaction potential, its integral, which is a strictly larger number, is the decisive
parameter. In dimension d = 2, we prove the same result, however, the scaling is
here different from the one considered by Lieb et al.

The replacement of the ground state energy by the ground product state energy
is known as the Hartree—Fock approach [12]. One of the main novelties of the
present article is a probabilistic version of the Hartree—Fock idea for interacting
Brownian motions; indeed, the product states are interpreted in terms of the occu-
pation measures in the Hartree model. Another main novelty is a rigorous proof of
the asymptotic relation, for diverging particle number, between the ground prod-
uct states and the Gross—Pitaevskii minimizer with parameter equal to the integral
of the pair-interaction potential. This relation and the one between (unrestricted)
ground states and the scattering length is a general issue and has been phenom-
enologically discussed elsewhere [14, 29]. However, the former has previously not
been rigorously proved for the N-body problem.

The present paper provides the mathematical basis for the rigorous probabilistic
analysis of interacting Brownian motions as models for large quantum particle sys-
tems at positive temperature. In [1] we give an asymptotic analysis of the Hartree
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model at fixed finite time for diverging particle number. Future work will be de-
voted to the same question for the canonical ensemble (i.e., for the trace of e BHN),
which is important from the physical point of view, but also more ambitious. Spe-
cific permutation symmetric systems of Brownian bridges, characteristic for boson
systems, will be analyzed in [2]. The latter hopefully leads to a probabilistic model
for Bose—Einstein condensation at fixed positive temperature.

The remainder of this section is structured as follows. We first define the two
basic variational problems in Section 1.2. In Section 1.3 we define the canonical
ensemble model and the Hartree model. Our results on the large deviations be-
haviors of these two models are also presented in Section 1.3. In Section 1.4 we
discuss the Dirac-type interaction. The large- N behavior of our key variational for-
mulas is treated in Section 1.5. The notion of a large-deviation principle and of the
scattering length are recalled in Section 1.6.

The subsequent sections are devoted to the proofs: in Sections 2, 3 and 5 we
prove our results on the Hartree model, its Dirac-type variant and the canonical
ensemble model, respectively, and in Section 4 we analyze the ground product
states and its large- N behavior. Throughout the paper we consider only dimensions
d > 2; in Section 1.5 we restrict to the case d € {2, 3}.

1.2. The variational problems. We introduce two fundamental variational
problems for the energy of N particles in R¢ under the influence of two poten-
tials.

1.2.1. The potentials. Our two fundamental ingredients are a trap poten-
tial, W, and a pair-interaction potential, v. Our assumptions on W are the fol-
lowing:

W :R? — [0, oo] is measurable and locally integrable on {W < oo}
(1.1)
with lim inf W(x)=o0.
R—o0 [x|>R
In order to avoid trivialities, we assume that {W < oo} is either equal to R? orisa
bounded connected open set containing the origin.
Our assumptions on v are the following. By B, (x) we denote the open ball with
radius r around x € R¢:
v:[0, 00) - R U {+00} is measurable and bounded from below,

(1.2)
a :=sup{r > 0:v(r) = o0} € [0, 00), V|[y,00) 1 bounded V7 > a.

Note that we also admit v(a) = +00. We are mainly interested in the case where v
has a singularity, that is, either a > 0, or a = 0 and lim, ;o v(r) = co. Examples
include also super-stable potentials and potentials of Lennard—Jones type [30].
According to integrability properties near the origin, we distinguish two different
classes as follows.



1374 S. ADAMS, J.-B. BRU AND W. KONIG

DEFINITION 1.1. We call the interaction potential v a soft-core potential
if a =0 and fBI(O)v(ldex < 4-00. Otherwise [i.e., if a > 0, or if @ = 0 and
/ B1(0) v(|x|) dx = +0o0], we call the interaction potential a hard-core potential.

We shall need the following d N-dimensional versions of the trap and the inter-
action potential:

N
(1.3) Wx)=)Y W) and o)=Y v(lx—x),

i=1 I<i<j<N
where x = (x1, ..., xy) € RN Our potential 20 + v is locally integrable precisely
on the set

RN if v is soft-core
1.4 Q=W N A { : :

(14 W <00} U,, if v is hard-core,
where
(1.5) U, = ﬂ {xeRdN:|x,-—xj|>n}, n > 0.

1<i<j<N

Note that U), is a connected setin d > 2.

1.2.2. The ground state energy. Our first fundamental object is the ground-
state energy per particle

1
=— inf (h, Fxh)
N heH'(Q): |h]2=1

1
=— inf (VA3 + (28, B?) + (0, k%],
N heH'(Q): |h]2=1

XN
(1.6)

of the N-particle Hamilton operator

(1.7) Hy=—-A+W+v  onL*Q).

Here H'(Q) = {f e L3(Q): Vfe L?(K2)} is the usual Sobolev space, and V is the

distributional gradient. We summarize some facts about the ground states of Fy .
LEMMA 1.2 (Ground states of #y). Fix N € N.

(1) There is a unique minimizer hy € H'(Q) on the right-hand side of (1.6).
(i1) The minimizer h, satisfies the variational equation

(iii) The minimizer h, is positive everywhere on 2 and continuously differen-
tiable, and its first partial derivatives are o-Holder continuous for any o < 1.

PROOF. The proof is standard and is therefore omitted. See the proof of
Lemma 1.3 below or Appendix A of [22] for the treatment of similar problems.
O
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1.2.3. The ground product state energy. Introduce the ground product state
energy of Fy, that is,

1
19 xP=— inf (h1®- @ hy, Hnhi @ @ hy).
N hy,...hyeH \RA): |h;i|a=1Vi

The replacement of the ground state energy, xy, by the ground product state en-

ergy, X 1(\,®), is known as the Hartree—Fock approach [12]. Sometimes, the formula

in (1.9) is called the Hartree formula. Obviously,

(1.10) XN = -
We can also write
(@ = 1 - 2 2
inf Vhi|5 + (W, h;
" Ny hNeHI(Rd):||h,»2=1Vi[;[” iz 1 i)
(1.11)
+ > (B} Vh3) }
I<i<j<N
where V denotes the integral operator with kernel v o | - |, either defined for

functions by Vf(x) = Jpav(lx — y|)f(y)dy or for measures by Vpu(x) =
Jra u(dy)v(lx — yl).

The main assertions on the formula in (1.9) and its minimizers are summarized
as follows.

LEMMA 1.3 (Product ground states of #y). Fix N € N.

(1) There exists at least one minimizer (hy,...,hnN) of the right-hand side
of (1.11). The set of minimizers is compact and invariant under permutation of the
functions hy, ..., hy.

(i) Any minimizer (hy, ..., hy) satisfies the system of differential equations
(1.12) Ah; = —nihi + Whi +h; Y Vi3, i=1,...,N,
J#

with ki = |Vhi|l5 + (W, h7) + 32 2 (hi, Vh3). Furthermore, ||hilloo < Ca(hi —
(N—-1) infv)d/4f0r anyi € {1,..., N}, where Cy > 0 depends on the dimension d
only.

(iii) Let v be soft-core, assume that d € {2, 3}, and let (hy,...,hy) be any
minimizer. Assume that v|(,, > 0 for some n > 0. In d =3, furthermore assume
that

(1.13) / |v(|y|)|1+5dy <00 for some § > 0.
B1(0)

Then every h; is positive everywhere in R? and continuously differentiable, and all
first partial derivatives are o-Hdlder continuous for any o < 1.



1376 S. ADAMS, J.-B. BRU AND W. KONIG

(iv) Let v be hard-core, assume that d € {2,3}, and let (hy,...,hy) be any
minimizer. Then every h; is continuously differentiable in the interior of its support,
and all first partial derivatives are o-Holder continuous for any o < 1.

For the proof see Sections 4.1-4.4.

REMARK 1.4. (i) Unlike for the ground states of # in (1.6), there is no con-
vexity argument available for the formula in (1.9). This is due to the fact that a con-
vex combination of tensor-products of functions is not tensor-product in general,
and hence, the domain of the infimum in (1.9) is not a convex subset of H!(R4V).
However, for hj, ..., hy fixed, the minimization over 2] enjoys the analogous
convexity propertles on H!(R?) as the minimization in (1.6).

(i1) If v is hard-core, it is easy to see that the distances between the supports
of hy, ..., hy have to be no smaller than a [see (1.2)] in order to make the value
of (hy ® Q@ hy, Hnvh ® --- ® hy) finite. The potential Z/# Zis equal to
oo in the a- nelghborhood of the union of the supports of 4 ; with j ;é] i, and h; is
equal to zero there (we regard 0 - oo as 0). In particular, mlnlmlzers of (1.9) are not
of the form (#, ..., k). This shows that the inequality in (1.10) is even strict. In the
soft-core case, this statement is not obvious at all. A partial result on this question
in d = 3 will be a by-product of Section 1.5 below.

1.3. The Brownian models. We introduce two different models of interacting
Brownian motions. These models are given in terms of transformed measures for
paths of length B in terms of certain Hamiltonians. Let a family of N independent

Brownian motions, (B,(I) )05 - - (Bt(N) )i>0, In R? with generator —A be given.
The Hamiltonians of both models possess a trap part and a pair-interaction part.
The trap part is for both models the same, namely,

(1.14) Hy.p —Z/ W (BD)d

We assume that the joint starting distribution of the motions, that is, the distribution
of the vector (Bél), e, BéN)), is concentrated on a compact subset of 2.

1.3.1. The canonical ensemble model. The Hamiltonian of our first model
consists of two parts: the trap part given in (1.14), and a pair-interaction part,

(1.15) Gnp= > / (IB® — BYW)|) ds.

I<i<j<N

We look at the distribution of the N Brownian motions under the transformed path
measure

- 1
dIP)Nﬁ = Z p exp(—HN,,g — GN’ﬂ)dP,

(1.16)
where Zy g =E(exp(—=Hy,g — Gn.p)).
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We call @N, p the canonical ensemble model, since it is derived, via a Feynman—
Kac formula, from the trace-class operator of the canonical ensemble, e PN (see
Remark 1.6 below). It is a model for N Brownian motions in a trap W with the
presence of a repellent pair interaction. We can conceive the N-tuple of the mo-
tions, B; = (B,(l), e, B,(N)), as one Brownian motion in R4" . Introduce the nor-
malized occupation measure of the d N -dimensional motion,

1.17 d —1 ﬁS dx)d
(1.17) m(x)—Efo 5, (dx) ds,

which is a random element of the set M (R?N) of probability measures on RIN
It measures the time spent by the tuple of N Brownian motions in a given region.
Note that there is only one time scale involved for all the motions, that is, the
Brownian particles interact with each other at common time units. We can write
the Hamiltonians in terms of the occupation measure as

(1.18) Hy g =B, ug) and Gy pg=pB(v, up),

where the functions 20, v : RN — R are introduced in (1.3).

It turns out that the large-8 behavior of the canonical ensemble model is de-
scribed by the ground state of the operator #y in (1.7). In Section 1.6.2 below we
recall the notion of a principle of large deviations. The rate function Iy appear-
ing in Theorem 1.5 is the well-known Donsker—Varadhan rate function on RN

defined by
|dn ? (AR mdNY

(119) IN(/,L) = HV E 25 lf E eH (R ) eXlStS,

00, otherwise.

Note that the energy functional (h, #yh) may be rewritten (h, Hyh) = In(n) +
(20, ) + (v, u) for the probability measure pu(dx) = h2(x)dx.

THEOREM 1.5 (Canonical ensemble model at late times). Fix N € N.
@
1
1.20 lim — logE(exp(—H -G = —XN,
(1.20) Sm g log (exp(=Hy.p —Gn.p)) = —xN
where xn is the ground-state energy per particle of the N-particle operator Hy
given in (1.6).

(i1) As B — oo, the distribution of wg on Mi(RINY under @N,lg satisfies a
principle of large deviation with speed 8 and rate function Iy given by

(A2 InGo) =1In(w) + (20, u) + (0, ) = Nxn  for p € Mi(RM).

(ii1) The distribution of g under E’FN, g converges weakly toward the measure
hy(x)2dx, where hy is the unique minimizer in (1.6).
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For the proof see Section 5.

REMARK 1.6. Itis well known [18] that the bottom of the spectrum of Hy is
related to the large-B behavior of the trace of e “##N  more precisely,

(1.22) xy =— lim ilogTr(e—ﬁf"N)
. Am Ve .
Using the Feynman—Kac formula for traces [7, 18], we have

(1.23) Tr(e™ /316’1\1)_/ de(ﬁ)( B(2W+uv, Mm)

where ]E)(Cﬂ ) is the expectation with respect to a Brownian bridge of length g that
starts and ends at x € RN, Note the close relation to Theorem 1.5.

1.3.2. The Hartree model. Our second Brownian model is defined in terms
of another Hamiltonian. We keep the trap Hamiltonian Hy g as in (1.14), but the
interaction Hamiltonian is now

(1.24) Kyp= // (|BY — BY|)ds .
1<l<j<N'3

Note that the ith Brownian motion interacts with the mean of the whole path of the
jth motion, taken over all times before 8. Hence, the interaction is not a particle
interaction, but a path interaction. The interaction (1.24) is related to Polaron-type
models [5, 13], where instead of several paths a single path is considered. We
consider the corresponding transformed path measure,

1
IP’??;S =@ exp(—HN,/g — Kn p)dP,

N,
(1.25) ’ ©
where Z"s = E(exp(—Hy,p — Kn,p))-
In Theorem 1.7 below it turns out that the large-8 behavior of Z](V(gjl)g is intimately
related to the Hartree formula in (1.9). Therefore, we call this model the Hartree
model. At the end of this section we comment on its physical relevance.

We introduce the normalized occupation measure of the ith motion,
(1.26) iy (dx) = 5 / 8 5 (dx) ds € Mi(RY).

The tuple of the N occupation measures, (u(l) .

/L B )), plays a particular role
in this model. We can write the Hamlltomans as

HN,s—ﬂZ (W, ug) = B0, uf) and
(1.27) i=1

Kvg=8 Y. (uy.vud)=pw.u$)
1<i<j<N
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where we recall (1.3) and the operator V with kernel vo|-|, and u? = ,ug) ® &

,u(N) is the product measure. Now we formulate the main result on the large-time

behavior of the Hartree model.

THEOREM 1.7 (Hartree model at late times). Assume that W and v are con-
tinuous in {W < 00}, respectively, in {v < oo}. Furthermore, assume in the soft-
core case that there exists an ¢ > 0 and a decreasing function v: (0, ) - R with
v < v on (0, &), which satisfies st(O) G0, »)U(ly|)dy < oo, where G denotes the

Green’s function of the free Brownian motion on R?. Fix N € N.

(i) For X1(v®) as defined in (1.9),

1
. (®)
1.28 lim — logE —Hyp—K =— .
(1.28) im0 (exp(—Hn,p — Kn.p)) = —xy
(i) As B — oo, the distribution of the tuple (M(l), e, ,u(N)) of Brownian oc-
B B

cupation measures on M{(RYN under @53933 satisfies a large deviation principle
with speed B and rate function

N

I (o omn) = Y D) + (0, 1%) + (0, u®) — Nx 2,
=1

(1.29) !

1,y i € My (RY),

where I is defined in (1.19), and n® = 1 ® - - - ® un is the product measure.
(iii) The distribution of (u/(gl), ceey ,ung)) under Pg\%/)g is attracted by the set of

minimizers in (1.11).
For the proof see Section 2.

REMARK 1.8. (1) The additional assumption of continuity of W and v is nec-
essary only in the proof of the upper bound, where we rely on large-deviation
arguments and need continuity of the map u +— (u, WA M + (vo|-|) A M) in the
weak topology on the set of probability measures. In the proof of the lower bound,
we use an eigenvalue expansion, which needs only local integrability.

(2) The additional assumption that there is a function ¥ with v < ¥ and
/ 8,0 G0, y)U(|y])dy < oo in the soft-core case is necessary only in our proof
of the lower bound. This means that we can handle the case where v(r) < O (r %)
as r | 0 with ¢ < 2, but not the case v(r) > Cr—¢ with ¢ € [2,d], as the sole
requirement [p (o, 9(|y]) dy < oo would include.

Let us draw a corollary about the mean of the N Brownian occupation measures,

1 &
(1.30) v =y 2 Mg € MIRY.
i=1
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COROLLARY 1.9. Fix N € N. As B — oo, the distribution of the mean [y g

under ]P’( 33 satisfies a large deviation principle in the weak topology on My (R%)
with speed BN and rate function

N
L () = (W) + 5 (0 Vi)

(1.31) + inf [ Zh(u,

Plsees kN EMI(RY) : i=p i

1 N

(®)

-==> (Mi,V/M)] XN -
2N &

In particular, [ty g converges under IP’N p» as B — oo, weakly toward the mini-
mizer(s) of [ 1(\,® mean) o, M (RY).

REMARK 1.10. If one changed the Hartree model by adding all the terms
for i = j in the pair-interaction term, then all statements would remain valid af-
ter obvious changes in the notation. This model has an additional self-interaction
of each path. For this model, stronger statements are possible. Assume that v
is such that the map p — (1, V) is convex on M;(R?). Then the rate func-
tion in Corollary 1.9 (without the term ﬁ ZlN:l (ii, Vi) may be identified as
I(w)+ (W, u)+ (u, Vu) (minus the normalization) and therefore turns out to be
strictly convex.

Let us now comment on the physical relevance of the Hartree model. Recall that
the Hartree formula in (1.9) was introduced as an ansatz for studying the ground
states of Fx. Theorem 1.7 shows that the Hartree model is the correct positive-
temperature model for this ansatz. In this way, its relation to the product ground
states of J is analogous to the relation of the canonical ensemble model to its
ground state.

The study of the large- N behavior of the canonical ensemble model at positive
temperature is an important and difficult open problem. We conceive the Hartree
model as an ansatz for approaching this task. Indeed, we study this question for
the Hartree model in [1]. For this question at zero temperature, see Section 1.5.

1.4. Dirac interaction. In this section we discuss a further interesting choice
of the interaction potential. We restrict now to dimensions d € {2, 3}. We do not
choose the interaction as a function, but as a measure, still keeping the singularity
at zero. More precisely, we replace v by the Dirac measure at zero, dg.

Let us first remark that the canomcal ensemble model does not feel this
interaction, since P(3s: B(l) = By 2 ) = 0 and hence, Zl<,<J<N fo 80(|B(l)
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Bs(" )|) ds = 0 almost surely. Hence, this model with v replaced by §g is the same
as if v would be replaced by 0.

However, in d = {2, 3}, the Hartree model is nontrivial and highly interesting.
In order to see this, recall the intersection local time of the ith and the jth motion
for i < j, which is formally defined by

. 1 B B , .
(1.32) a0 = o s [ ara( B0 — B,

It is known [17] that there is a continuous stochastic process (ozg’j )(.X))xeRd
which justifies this formal definition, that is, for any continuous bounded function
f:R¢ - R, we have the formula

i,j 1 (A B , ,
A;d f(x)a/g’f)(x)dxz E,/(; ds/(; dl‘f(}Bs(l) _Bt(J)|)-

Furthermore, oeg’j ) is even continuous in 0, which makes it possible to define

the normahzed amount of intersection of B and BY) as the random variable
( ) (0). Hence, we can replace the Hamiltonian Ky g in (1.25) by

(133) Kvp=4 Y ag?©  forsome i e (0,00).
1<i<j<N

The relevant variational problem should be

(0)
A) = —
XN (A) N

hi,ohyeH RY): |[h;|2=1Vi

(1.34) X inf :Z IV |3

N
; (W.hi)+xr Y <h,.2,h§>}.

1§i<j§N

Using the means of the proof of Lemma 1.3 in Sections 4.1-4.3 below, one can
also show the following.

LEMMA 1.11 [Minimizers in (1.34)]. Fix A € (0, 00).

(1) The infimum in (1.34) is attained.
(i) Any minimizer (hy,...,hy) of (1.34) satisfies the following system of
Euler—Lagrange equations:
Ahi = —xihi + Whi +Ah; Y 5, i=1,...,N,
J#i
where & = |Vhill3 + (W, h7) + 13 iz (hF, h5).
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(iii) Let (hy, ..., hy) be a minimizer of (1.34). Then every h; is positive almost
everywhere. Furthermore, in d = 2, every h; is continuously differentiable, and
the first derivatives are a-Holder continuous for any oo < 1. In d = 3, every hf’ is
locally integrable for any p € (0, 3).

It is natural to conjecture that, for any N € N and any X € (0, 00),
1 .
1.35 lim — logE(e HANs—Knp)y — _, 0y ’
(1.35) Jim <5 logE(e )=—xy" (M)

and that the tuple of normalized occupation measures of the motions stands in
the analogous relation to the minimizers as in Theorem 1.7. However, we do not
know how to prove this conjecture, since the treatment of Brownian intersection
local times is technically notoriously difficult. Instead, we offer an analogous result
for simple random walks in place of Brownian motions, which we can handle
rigorously.

For this purpose, let (St ),e [0,00) be independent continuous-time simple ran-
dom walks on Z¢ for i = 1,..., N with generator —A given by Af(z) =
Zywz( f(y) — f(z)). For 51mphclty, we pick some joint initial distribution with
compact support.

The normalized intersection local time of the ith and the jth walk is given as

(l ]) Z E(l)( )E(j)(Z)
zeZd

where E(Z) (z) = f(f} ]l{S,(i) = z} dt denotes the local times of the ith walk up to time

B> 0. In order to have a perfect-scaling property, we restrict to the trap potential
W (x) = |x|? for some p > d — 2. We consider the following model:

(?») ()

Y e S ¢ ;)) JP.
l<i<j<N

(1.36)

As usual, Z,(é‘)ﬁ > 0 denotes the constant that makes f”g\'}?ﬁ a probability measure.

Note the factor of 1/8 in front of the trap term and the factor of g@+r)/2+p) jp
front of the interaction term. The first ensures that the properly rescaled random
walks approach some Brownian motions, which makes the model asymptotically
equal to the above Brownian model. In order to formulate our result on the large- 8

asymptotic of ¢ N /3, we need to introduce the following normalized and rescaled
version of E/(S)'

d
(137) L) = %ﬁeg’)uxsﬁn, x €RY, where g5 = g1/+P).
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Note that Lg) is a (random) probability density on RY. Let Mg)(dx) = Lg)(x) dx
be the corresponding measure.

THEOREM 1.12 (Discrete Dirac-interaction model at late times). Fix d > 2
and p > d — 2. Furthermore, let N € N and X\ € (0, 00). Then

(1)
(1.38) lim B~/ log Z{y = —Nx " (0.
p— 00

(1) ..,[Lﬁ )) of normalized

(i) As B — oo, the distribution of the tuple (u
rescaled local times under IP’E\,’)ﬁ on Mi(RHN satisfies a large deviation principle
with speed BP/**P) and rate function

N

IV (o) = Y0 () + (20, 1)
i=1

du; d
(1.39) + Y <“ M’> Ny ),
I<i<j<N

[1s ... s iy € Mi(RY),

where Iy is defined in (1.19), u® = u; ® - -- @ wy is the product measure, and we
define 11(\,}‘)(“1, ..., UN) = +00 if any of the measures |1, ..., Ly fails to have a
Lebesgue density.

(iii) The distribution of (M
minimizers in (1.34).

(1) ces ,uﬁ )) under IP’ is attracted by the set of

For the proof see Section 3.

Note that Theorem 1.12 is true in any dimension d > 2, while the Brownian
version is well defined only in d € {2, 3}.

The choice of the factor 1/8 in front of the trap term in (1.36) is highhanded.
Because of this term, one has to assume that p > d — 2 in order that an appropriate
large deviation principle be applicable (see Lemma 1.16). If 1/8 would be replaced
by B~%/?, then the assumption p > 0 would suffice.

1.5. Large-N behavior of the product ground states. In this section we study
our main variational formulas, xy and X(®) and their minimizers in the limit
for diverging number N of particles. In particular, we point out some significant
differences between x and its product state version x y (®) in the soft-core and the
hard-core case, respectively.

First we report on recent results by Lieb, Seiringer and Yngvason on the large- N
behavior of yu. Let the pair functional v be as in (1.2) and assume additionally
that v > 0 and v(0) > 0.
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We shall replace v by the rescaling vy (-) =& Igzv(-é N 1, for some appropri-
ate &y tending to zero sufficiently fast. Hence, the reach of the repulsion is of
order &y, and its strength of order & 1;2. Furthermore, the scattering length of v,
o (v), is rescaled such that a(vy) = a(v)By (see Section 1.6.1 below for the de-
finition of the scattering length and some of its properties). If By | O sufficiently
fast, this rescaling makes the system dilute, in the sense that a(vy) <« N~1/¢_ This
means that the interparticle distance is much bigger than the range of the interac-
tion potential strength. More precisely, the decay of Sy will be chosen in such
a way that the pair-interaction has the same order as the kinetic term. In d = 3,
this choice of rescaling is motivated by famous experiments for the derivation of
Bose-Einstein condensation of a large, but finite, dilute trapped system of N real
particles (3"Rb [4], 7Li [6], >*Na [10], but also more recently °Rb, #'K, 133Cs, hy-
drogen, metastable triplet 4He, "*YD, Rb,, and 6Liz). Here the scattering length
is of the order 10~3, whereas N varies from 103 to 107.

The mathematical description of the large- N behavior of y in this scaling, and
hence, the theoretical foundation of the above mentioned physical experiments, has
been successfully accomplished in a recent series of papers [22, 24-26]. It turned
out that the well-known Gross—Pitaevskii formula adequately describes the limit
of the ground states and its energy. This variational formula was first introduced in
[19] and [20] and independently in [27] for the study of superfluid Helium. After
its importance for the description of Bose—FEinstein condensation of dilute gases
in magnetic traps was realized, the interest in this formula considerably increased,;
see [9] for a summary and the monograph [28] for a comprehensive account on
Bose—FEinstein condensation.

The Gross—Pitaevskii formula has a parameter o > 0 and is defined as follows:

(1400  x'OP = inf VO3 + (W, ¢%) +dmapll].
peHIRY): ||pll=1

It is known [22] that Xo(tGp) possesses a unique minimizer (,béGP), which is positive

and continuously differentiable with Holder continuous derivatives of order one.
Since v(0) > 0, its scattering length «(v) is positive (see Section 1.6.1 below).

The condition | aoil v(r)rildr < oo implies that «(v) < oo. Furthermore, note

that the rescaled potential £ ~2v(- &£~ !) has scattering length £c(v) for any & > 0.

THEOREM 1.13 (Large-N asymptotic of yy in d € {2,3}, [22, 24, 26]).
Assume that d € {2,3}, that v > 0 with v(0) > 0, and faoil v(rildr < oco.
Replace v by vy () = S;zv(-éﬁl) with &y = 1/N ind =3 and é}l%, =a() % x
e_N/“(U)NHqﬁé((}g) ||Z4 ind=2.Let hy € H' (R?N) be the unique minimizer on the
right-hand side of (1.6), and define ¢12\, € H'(R?) as the normalized first marginal
ofh2 , that is,

¢12V(x) = /Rd(N—l) h%v(x, X2, ..., xn)dxy---dxy, x e R4,
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Then we have

. ___(GP) 2 (GP)y2 ; L R4y
ngnoo AN = Xg(y and ¢y — (d)a(v)) in weak L' (R%)-sense.

In particular, the proofs show that the ground state, &, approaches the ground

state (¢$;))®N if N gets large. In order to obtain the Gross—Pitaevskii formula as
the limit of xu also in d = 2, the rescaling of v in Theorem 1.13 has to be chosen
in such a way that the repulsion strength is the inverse square of the repulsion reach
and such that this reach decays exponentially, which is rather unphysical.

In the present paper, we prove the analogue of Theorem 1.13 for the Hartree
model in the soft-core case. It turns out that Xz(v®) in (1.11) also converges toward
the Gross—Pitaevskii formula. However, in d = 2, it turns out that the potential v
has to be rescaled differently. Furthermore, in d € {2, 3}, the scattering length «(v)

is replaced by the number
- 1
(1.41) @) =g [ vy,
8w JRd

THEOREM 1.14 (Large-N asymptotic of x 1(v®)’ soft-core case). Letd € {2, 3}.

Assume that v is a soft-core pair potential with v > 0 and v(0) > 0 and & (v) < o0.
In dimension d = 3, additionally assume that (1.13) holds. Replace v by vy (-) =

NA=Y9(-N) and let (th),...,hg\I,v)) be any minimizer on the right-hand side
of (1.11). Define p% = & >N | (hN))2. Then we have

. (® _ (@GP ’ (GP)\2
lim Xy~ =Xzt ad ¢~ (D) >

N—o0

where the convergence of ¢12V is in the weak L'(R?)-sense and weakly for the

probability measures ¢,% (x) dx toward the measure (¢é((;5))2(x) dx.

For the proof see Section 4.5.

Note that, in d = 3, the interaction potential is rescaled in the same way in The-
orems 1.13 and 1.14. However, the two relevant parameters depend on different
properties of the potential (the scattering length, resp. the integral) and have dif-
ferent values, since a(v) < &(v) (see [26] and Section 1.6.1 below). In particular,
for N large enough, the ground state of xy is not a product state. This implies the
strictness of the inequality in (1.10), for v replaced by vy (-) = N 2y(- N). The phe-
nomenon that (unrestricted) ground states are linked with the scattering length has
been theoretically predicted for more general N-body problems [14], Chapter 14,
[29]. Indeed, Landau combined a diagrammatic method (a Born approximation
of the scattering length) with Bogoliubov’s approximations to almost reconstruct
the scattering length from the L'-norm of v o | - | in the (nondilute) ground state.
However, the relation between the L'-norm and the product ground states was not
rigorously known before.
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In d =2, a more substantial difference between the large-N behaviors of yu

and x 1(v®) is apparent. Not only the asymptotic relation between the reach and the
strength of the repulsion is different, but also the order of this rescaling in depen-
dence on N. We can offer no intuitive explanation for this.

Interestingly, in the hard-core case, x 1(v®) shows a rather different large-N be-
havior, which we want to roughly indicate in a special case. Assume that W and v
are purely hard-core potentials, for definiteness, we take W = oolp, ) and
v = 001[0,q]. We replace v by vy (-) = v(-/&n) for some &y | O (a pre-factor plays
no role). Then Xz(v®) is equal to % times the minimum over the sum of the prin-
cipal Dirichlet eigenvalues of —A in N subsets of the unit ball having distance
> aBy to each other, where the minimum is taken over the N sets. It is clear that

the volumes of these N sets should be of order %, independently of the choice
of &y. Then their eigenvalues are at least of order N?/¢. Hence, one arrives at the
statement liminfy_, oo N2/ x ](\,®) > 0, that is, x 1<v®) tends to oo at least like N2/4.

1.6. Preliminaries.

1.6.1. The scattering length. Let us briefly introduce the scattering length of
the pair potential, v, and its most important properties. For a detailed overview,
see [26]. First we turn to d > 3. Let u: [0, 0c0) — [0, 00) be a solution of the scat-
tering equation,

(1.42) u"=3tuv  on(0,00), u(0) =0.
Then the scattering length o (v) € [0, oo] of v is defined as
(1.43) a(v) = lim |:r _uo) ]
r—oo u'(r)
If v(0) > 0, then a(v) > 0, and if fao_il v(rildr < oo, then a(v) < co. In the

pure hard-core case, that is, v = o0lg 4), we have a(v) = a. It is easily seen from
the definition that the scattering length of the rescaled potential £ 2v(-£~!) is
equal to £ (v), for any £ > 0.

There is some ambiguity of the choice of u in (1.42); positive multiples of u
are also solutions, but the factor drops out in (1.43). We like to normalize u by
requiring that limg_ oo u’(R) = 1. It is easily seen that (where w, denotes the area
of the unit sphere in RY),

/Rdvqxnu(lﬂg dx = wq /Ooo o (r)r dr

x|

o0
=260d/ u”(r)rdr
(1.44) 0

R
=2wy lim (u/(r)r|g — f u’(r)dr>
R— o 0

= 2wy Rlim (u'(R)R — u(R)) = 2wqa (v).
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As a consequence, in dimension d = 3, we have a(v) < d&(v). Indeed, u is
a nonnegative convex function whose slope is always below one because of
limg_ o tt/(R) = 1. By u(0) = 0, we have that u(r) <r = r?=2 for any r > 0.
With the help of (1.44), we therefore get 8w (v) = 2wqa(v) < [pa v(|x])dx =
8ra(v).

In d =2, the definition of the scattering length is slightly different. We treat first
the case that supp(v) C [0, R,] for some R, > 0 and consider, for some R > R,
the solution u: [0, R] — [0, co) of the scattering equation

u"=Zuv  on[0,R]l,  u(R)=1u(0)=0.
Then u(r) = log ﬁ/log % for R, <r < R for some «(v) > 0, which is by
definition the scattering length of v in the case that supp(v) C [0, R,]. Note that
a(v) does not depend on R. Hence,

logr —u(r)logR
1 —u(R)
For general v (i.e., not necessarily having finite support), v is approximated by

compactly supported potentials, and the scattering length of v is put equal to the
limit of the scattering lengths of the approximations.

loga(v) = , R, <r <R.

1.6.2. Large deviations principles. For the convenience of our reader, we
repeat the notion of a large deviation principle. A family (Xg)g-0 of random vari-
ables Xg, taking values in a topological vector space X, satisfies the large devi-
ation upper bound with speed ag, where ag — oo for f — o0, and rate function
I : X — [0, oo] if, for any closed subset F' of X,

1
limsup — logIP(Xg € F) < — inf I (x),
B—oo 4B xeF

and it satisfies the large deviation lower bound if, for any open subset G of X,

liminfi logP(Xg € G) > — inf I(x).
B—o00 ag xeG

If both, upper and lower bound, are satisfied and, in addition, the level sets {/ < c}

are compact for any c¢ € R, then one says that (Xg)g satisfies a large deviation

principle. This notion easily extends to the situation where the distribution of Xz

is not normalized, but a sub-probability distribution only.

In the proofs of Theorem 1.7 we shall rely on the following principles for the
normalized Brownian occupation measures, that is, for certain M 1 (R9)-valued
random variables. For any measurable subset A of R4, we conceive M/ (A) as a
closed convex subset of the space M (A) of all finite signed Borel measures on A,
which is a topological Hausdorff vector space whose topology is induced by the
set Cp(A) of all continuous bounded functions A — R. Here C,(A) is the topo-
logical dual of M(A). The set M; (R?) inherits this topology from M(A). When



1388 S. ADAMS, J.-B. BRU AND W. KONIG

we speak of a large deviation principle of M (A)-valued random variables, then
we mean a principle on M(A) with a rate function that is tacitly extended from
M1(A) to M(A) with the value +o00.

One of the principles we are going to present is for the Brownian motion in a
given bounded set, and the other one for a periodized version of the motion, which
we introduce now. Let R > 0and Ap =[—R, R]d C R4, For any probability mea-
sure [ on R4, we denote by g € M1(AR) the periodized version of pu, that is,

(1.45) nwr(A) = [,L( U (A+ 2kR)), A C A g measurable.
kezd

Note that the shifted cubes A g + 2kR with k € Z¢ are disjoint up to their bound-

aries, and that their union covers R?. Recall the Donsker—Varadhan rate function

from (1.19). The periodized version of the rate function I; on M(AR) is de-

noted [/ I(R), that is,

(1.46) II(R)(;L) =inf{l{(v) : u = vg is the periodized version of v}.

LEMMA 1.15 (Large deviations principle for occupation measures [16]). Fix
d € N. Let (B;);>0 be the Brownian motion on RY with generator —A, and

let pwg(dx) = % foﬂ dp,(dx)ds be the normalized occupation measure up to time
B>0.Fix R>0.

(i) The family (g, r)p>0 of Ag-periodizations of wg satisfies the large devia-
tions upper bound with speed  on M1 (A R) with rate function I I(R) .

(ii) For any open bounded set A C R?, the family (ug)p=0 satisfies, under
the sub-probability measures P(- N {supp(ug) C A}), the large deviations lower
bound with speed 8 on M(A); the corresponding rate function is the restriction
of 1 to the set of probability measures whose support lies in A.

In the proof of Theorem 1.12 in Section 3 we shall rely on related principles for
the normalized and rescaled local times Lg) defined in (1.37), more precisely, for

the corresponding measures ,ug)(dx) = Lg)(x) dx.

LEMMA 1.16 (Large deviations principle for rescaled local times of random
walks). Fix d € N. Let (S;)1¢[0,00) be a simple random walk on Z4 with gener-
ator —A (the discrete version of the Laplace operator) and local times £g(z) =
foﬁ 1{S; = z}dt, and let 1 K &g K BY4 as B — oo be some scale function. In

d =1 assume that g < /B, in d =2 assume that 55 < B/log B. Define the nor-
malized and rescaled occupation measure by

%-d
pp(dx) = Fﬂf(foﬂJ)dx-
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(1) The family (g, r)p>0 of Agr-periodizations of ug satisfies the large devia-
tions upper bound with speed ﬁéﬂ_z on M1 (AR) with rate function II(R).

(ii) For any open bounded set A C RY, the family (u g)p>0 satisfies, under the
sub-probability measures P(- N{supp(ug) C A}), the large deviations lower bound
with speed B& 8 2 on My (A); the corresponding rate function is the restriction of 1

to the set of probability measures whose support lies in A.

PROOF. See [15], Lemma 3.2, for the case of a discrete-time random walk.
The proof for the continuous-time setting is very similar and is therefore omitted.

O

2. Large deviations for the Hartree model: Proof of Theorem 1.7. In this
section we prove Theorem 1.7. We shall proceed according to the well-known
Girtner—Ellis theorem. Therefore, we have to establish the existence of the loga-

rithmic moment generating function of (,ul(gl), e M,(gN))> that 1s, the existence of

o
2.1) A® (@) = Jim 2 logEf h[exp(BO(uy. ... n5"))].

for any element ® of the dual of the vector space M (R¢)". Note that every linear
continuous functional on M (RN is of the form (i1, ..., un) — vazl(f,-, i)
with f1,..., fv € Cp (R%), the set of bounded continuous functions on R<.

The main step in the proof of Theorem 1.7 is the following.

PROPOSITION 2.1 (Asymptotic for the cumulant generating function). For
any fi..... fn € Co(RY)

1
(22) Jim_— tog Ble~vaKus ) = Ny (),

where

1 N
23) x@H=- inf [ I (u-)+(%+v—f,u®>},
N N fet, i €M (B lzzl s

and we wrote u® =1 @ ---@uy and f = f1 D --- & fn.

The next three subsections are devoted to the proof of the upper and lower bound
in (2.2), respectively. In Section 2.4 we finish the proof of Theorem 1.7.
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An outline of our proof is the following. Recall (1.26) and (1.27) to see that

]E[e_HN./S_KN,ﬂeﬁ(va?)]

N
:E[exp{ ﬁZWM(’)) S v
1<i<j<N
N
rgt]

2.4)

= Elexp{—B(20 + v — f, u§)}].

We intend to apply the large deviation principle in Lemma 1.15 and Varadhan’s
lemma, which would immediately yield the result in (2.2). However, there are
some technical obstacles to be removed. Because W explodes at infinity and v
has a singularity at the origin, both functionals Hy g and Ky g are not contin-
uous and not bounded in the weak topology. Furthermore, we cannot apply im-
mediately the large deviation principle of Lemma 1.15, because the occupation
measures ug) are not restricted to any bounded domain in R¥. As it concerns the
proof of the upper bound, these technical obstacles will be removed in Section 2.1
via a well-known cutting and periodization procedure using the large deviations
principle in Lemma 1.15(1). An analogous technique works for the proof of the
lower bound in the hard-core case, using Lemma 1.15(ii). However, for proving
the lower bound in the soft-core case, we did not succeed in making the princi-
ple in Lemma 1.15(ii) applicable. The main reason is the singularity of v at zero,
which seems to destroy all necessary semicontinuity properties. Instead, we em-
ploy an eigenvalue expansion technique for the N iterated expectations w.r.t. the
N motions. Here the additional integrability property of v is necessary.

2.1. Proof of the upper bound in (2.2). We consider the large closed box Ar =
[—R, R1¢. We divide the probability space into the part on which each motion
spends more than (1 — ) time units in Ag up to time S8 (the main part) and the
remaining part, where this is not satisfied (this part will turn out to be negligible).
On the first part, we shall replace each ﬁ) by its A gr-periodized version M%) and
control the error. Then Hy g turns out to be a continuous and bounded functional
of the periodized versions. Also, we replace the functions W and v by their cut-off
versions Wy = W A M and vyy = v A M, respectively, where M > 0 is large. This
will enable us to apply Varadhan’s lemma. Finally, we let the auxiliary parameters
R, n and M tend to infinity respectively to 0.

We turn to the details. Let auxiliary parameters n > 0 be small and R, M > 0
be large. The expectation on the left-hand side of (2.2) is split into two parts and
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get the estimation

(e~ Vs KN s AU

N
25) < E(e‘HN*‘*‘KNW” I T g (A > 1 - n}>
i=1

+ NE(e M1 {ul) (Ap) < 1 — y))e PLV/Dintv=Cl,

where Cy = Zf-vz 1 I filloo- The second term is easily estimated, using that W > 0.
Indeed, we have, on the event {M,(gl)(AR) <1-—n},

Hy,p > ﬁ/ W (x1) g (dx1) = Bninf W,
A% AS
and therefore, the second term on the right-hand side of (2.5) is not bigger than
Ne—ﬂ(nian% W+(N2/2)infv—Cj)

In the first term, we first estimate Ky g = ﬁ(n,u?) > ,B(UM,;L?), where
vy (y) =v(y) A M is the cut-off pair potential, and v, is defined as v with v re-
placed by vys. Analogously, we estimate Hy g = B(20, u?) > B(Wuy, M?) with
analogous notation. This leads to

E(e—HN.ﬁ—KN,ﬁ-f—ﬁ(f,M?))

—B(ninfyc W+(N2/2)infv—C)
(2.6) = Ne §

N
® - ® i
+E( B(Wy, Mﬂ) ﬂ(nM’Mﬁ)+ﬂ<vafj) | |1{Mg)(AR)>1—U})
i=1

Now we replace u%’ by its periodized version & R= ug)R R - ® ,u(N) In order
to estimate the error, we point out that, for any i € {1,..., N },

Ly Wt s = [ Wastiouf gt

=Y / (Wat (x; + 2Rk (d(x; + 2RK))
kezd

@7 — Wi ruf) (d(x; + 2RK))
= 3 / 9 (d (xi + 2RK) (W (x; + 2Rk) — Wiy (x7))
kezd\
>—nM.

Analogously, we derive the error estimate (f, ,u?) <{f, u/? r) + nCys. The re-
placement error for the second term is estimated in a similar way: for any pair
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i,je{l,..., N} withi # j, we have
() @)
L, [, owrtis =30 @
—/ f o (1 = x; D (@) g (dx)
AR
- / [ ont (13t — xj + 2Rk — D)]) — var (s — x;)]
(2.8) kzezd k" AR IR
x (1) (d (x; +2RK))f (d (x; + 2RD)

> Gnfo—M) Y. u§(Ag+2Rk)uy’ (Ag +2RI)
kleZd : k#l
> —2n(M — infv),
since —o0 < infv < vy < M and ,u()(A ) < 1. Summarizing, we obtain

from (2.6) that
E(e—HN,,s—KN,ﬁmf,u%)

(2.9) < Nefﬂ(ninf,\clse W+N2/2infv—C )
+eﬁn[NM+N2(M—infv)+cf]E(eﬂ<—mM—vM+f,u,?R>)_
We now argue that we have

1 Can
(2.10) 1imsupglogE(eﬂ< Wu—ontFi5r)) < — Ny E (R, M, f),

B—o00

where

1 N
o = ﬁinf{Z%HVRhiII%’z + {0 +om — flxn (h®)?):

hi,....hy € C¥(AR), lhillg2=1Vi=1,...,N,

where || - ||,2 is the norm on L?(AR), Vg is the gradient on the torus Ay (i.e.,
having periodic boundary condition), and 2% =h| ® - -- ® h . To prove (2.10), we
apply the upper bound part of Varadhan’s integral lemma; see [11], Lemma 4.3.6.
Indeed, according to Lemma 1.15(i), every family ('U“/(Sl,)R) g0 satisfies the large
deviations upper bound as § — oo, and the map

W1,y uN) = (=0 —oy+ L1 Q- Q un)
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is upper semicontinuous (even continuous) on the set of vectors of probability
measures on A in the weak topology. Also, using [11], Example 4.2.7, (2.10) is
a direct consequence, noting that

X ER, M, f)

T
= inf} S I ) + (War + o — [ ® - @ )

i=1

(2.12)

Ml,---,MNGMl(AR)}-

From (2.9) and (2.10) we obtain that, for any n, R, M > 0,

the Lh.s. of (2.2)
2

N
(2.13) g—min{niI{lC:W—i-?infv—Cf,

—nINM + N*(M — infv) + C;1+ Nx\& (R, M, f)}.

On the right-hand side of (2.13), we let first R — oo, then n | 0 and finally
M — oo. Recall that limg . oc infpe W = 00, according to our assumption in (1.1).
It is easily seen that the proof of the upper bound in (2.2) is finished as soon as we
have shown that, for some C > 0 which does not depend on M,

c
liminf x & (R, M, f) > —— + x\&(M, f) and
(2.14) R— o0 M

.. (®) (®)
liminf x® (M, f) >

iminf " (M, f) = xy~ (),

where x 1(v®) (M, f) is defined as x 1(\,®)( f) in (2.3) with W and v replaced by Wy,
and vy, respectively.

Certainly, we may assume that limsup,,_, ., limsupg_, o X 1(\,®)(R, M, f) < oo.
Introduce

(®)

’

infae Wy

and note that limsupp_, o, €r,.M < % for some C > 0, not depending on M. To
prove the first assertion in (2.14), fix R > 0 and let Ay, ..., hy € @2(AR) be a
vector of approximately minimizing functions for the right-hand side of (2.11).
We shall construct L2-normalized functions / Lyoees h NEH 1(Rd) such that, for
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some C > 0, not depending on M nor on R,

N
>3 IVAl 2 + (@ + o = Ol . (1))

i=1

(2.16) N
> —Cerm +)_5lIVhil3 + (W + oy — £, (h%)%).
i=1
Passing to the infimum over all vectors of L2-normalized functions A, ...,y €

H'(R?), and letting R — oo, we then arrive at the first assertion in (2.14).
In order to show (2.16), pick some ¢ € C*° (R4, [0, 1) with supp(¢) C Ak and
®lap_, = La,_,- Consider the functions h; = h;¢/||hi¢| g 2, trivially extended

to R?. Hence, l~z,' € Hl(Rd) foranyi =1, ..., N. Note that
W (x)h*(x)d
[ mGrdxs e Wit b () dx
AR\AR—1 mfAjefl Wy

(®) :
_ I RM )+ Cr

2.17)

. ERM
inf A, Wy
In particular, ||hl~¢||% >1—¢r.m-

We now show (2.16). Certainly, we may assume that there is a C > 0, not
depending on R nor on M, such that |V¢|*> < C and ||Vh,-||%e’2 < C for any
i e{l,..., N} and any large R > 0 and any sufficiently large M > 0. Then we
estimate

IVhill, — VA3

(1= [hipl3)
=———— I Vhilk,

1hip |3
1
s [ 1= @IV = RGP — 29k Vh; - V]
Iidll5 JARNAR
> _TERM C
T 1l—¢erm
C 2
([ @t | i CONVA; ()] dox
1 —er.m \JAR\AR_ AR\AR-1

—ERM
> 7

+

(2.18)

- I—ER,M

C ) 5 1/2
([ rwar ([ wean) ivm)
1 —er.m \JAR\AR_ AR\NAR-1

Now use (2.17) to estimate the right-hand side from below against —eg, MG for
some C, not depending on M nor on R.
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In order to derive a suitable estimate for the other parts of the functionals, note
that

7 y 1 —¢? 1— ol3
(2.19) (h®)2_(h®)2_z<l—[h>(l—[ >[< ¢H (-] m;nz)]

=1 1o ll3 i ll3
For the two terms between square brackets in (2.19), use the bounds
1 — ¢ 1—hol?
¢ AR\AR 1 and 0< ” 1¢” < ER.M

||h1¢>||2 - lel3 ~— 1—erm’

and recall that limsup,,_, ., limsupg_, o X(®)(R, M, f) < oo in order to easily
arrive at the estimate in (2.16).

We now prove the second assertion in (2.14). Let (A1 p, ..., hn p) be mini-
mizers in the definition of X(®) (M, f). Along suitable subsequences we have, for
anyi € {1,..., N},

hi gy — hi as M — oo,
for some h; € H'(RY) satisfying ||k;]l2 = 1. The convergence is weak in L2(RY),

weak for the gradients in L>(R?), weak in the sense of probability measures and
strongly in L?(R?) on compacts. In particular,

iminf(31IVhi m 3 — (f. h7 ) = SIVRiIIS — (f, 7).
M— o0
For any fixed M" > 0, we have

2 2
li/lnl)mf(hl Mo UMhJ M) = li/lnl)mf(hl Mo vM/hJ m) = (h7, erhj).

Letting M’ 4 oo, the monotone convergence theorem implies that

1}4niigof<h§ VM5 ) > 1%ioréf<h,.2, virh}) = (b}, vh3).
In the same way, we see that llmmeﬁoo(WM, hl v = (W, hz) for any i. If we

now pass to the infimum over all (kq, ..., hy), we arrive at the second assertion
of (2.14). This finishes the proof of the upper bound in (2.2).

2.2. Proof of the lower bound in (2.2), hard-core case. We handle first the
case when v is a hard-core interaction potential. Recall the parameter a =
inf{r > 0:v(r) < oo} € [0,00) from (1.2). Fix a family of open bounded sets
A1, ..., Ay C R? whose mutual pairwise distance is bigger than 7, where 7 > a
is close to a. We shall use the lower bound

E(e*HN.ﬁ*KN,ﬂ eﬂ(.ﬁu?))

(2.20) N
2E<€ B2, M5> Blo,u f,U«;; 1_[]]_ Supp C A; })
i=l1
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Note that, on the event m,N:1 {supp(ug)) C A;}, the map

([L],,MN)I-)(QH"‘U_f,IJ/@)

is bounded since the sets At, ..., Ay are bounded, and since the supports of the
measures [L/(SI), s ,ung) are bounded away from each other by at least n [recall
from (1.2) that v is bounded on (1, 0co)]. This map is also bounded and continuous
on the set of (i1, ..., uy) € Mi(RY)N such that supp(u;) C A; for all i. Hence,

Varadhan’s lemma may be applied and yields, also using [11], Example 4.2.7,
1
liminf — log[l.h.s. of (2.20)]
B—00 :B

N

2.21) > —infd Y T () + (W40 — fiu®) g, ..., wy € Mi(RY),
i=1

Vi:supp(ui) C A; ¢

Now we substitute hl-z(x) dx = u;(dx). According to [8], Proposition 3.29, we can
restrict to the infimum on /; in CJ°(A;) the set of infinitely often differentiable
functions RY — R having compact support in A;. Also, passing to the infimum
over all admissible sets A1, ..., Ay, we see that the left-hand side of (2.21) is not
smaller than

|
—x&(fm) = —5 > IV 3+ (40— f, (h*)®):
i=1
hi,....hy € C[RY),
lhilla=--=hnlla=1,¥i%:

(2.22)

dist(supp(h;), supp(h)) > n } )

where we adapted the notation (h®)® = (h1)?®---® (hy)?. Now we consider the
limit as n | a. It is clear that

' 1 . N N
lim (& (f. ) = Nmf:2||Vhi||%+Z<W—i—ZVh§ —ﬁ,h$>:
nia i=1 i=1 i
hi,...,hy € C[RY),
Irill2="---=lhnlla=1Vi#j:

(2.23)

dist(supp(h;), supp(h;)) > a}.
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Now it is easy to see that the right-hand side of (2.23) is equal to x ® (f)- Indeed,
let (hl, . h ~) € H'(RY) be a minimizer of the variational formula in (2.3). Ac-
cording to Remark 1.4(ii) (which is only for f; = 0, but nevertheless applies also
here), the supports of h Iy i~z ~, which we denote 21, ..., Qu, have distance > a
to each other. Furthermore 1n the case a =0, the 1nter10rs of Qq, ..., Qu are dis-
joint. Approaching hi, ..., hy with functions whose supports have drstances >a
to each other, we obtain

XD (f) = mf{ZHVh ||2+Z<W+Z\/h2 f,-,h,.2>:

J#
hi € C°(2;) with || hj|l2 = 1Vi}.

Now one sees that this is equal to the right-hand side of (2.23). This ends the proof
of the lower bound in (2.2) in the case of a hard-core potential v.

2.3. Proof of the lower bound in (2.2), soft-core case. Now we turn to the
proof of the lower bound in (2.2) in the case of a soft-core potential v. The proof
goes via an iteration of N eigenvalue expansions for the N expectations with re-
spect to the N Brownian motions. Let us first handle the expectation with respect
to the N'th motion, which we denote by E?Y). We only consider those terms that
depend on the Nth motion and work almost surely with respect to the first N — 1
motions.

First we estimate the expectation under interest in terms of the same expectation
with respect to some Brownian bridge in the time interval [0, 8 + 1] instead of the
Brownian motion on [0, 8]. Let pi(x,y) denote the standard transition density
of Brownian motion at time 1 from x € R? to y € R?. Note that 1 > p;(x, y)
for any x, y € RY. Denote by vy the initial distribution of the Nth motion (i.e.,

the distribution of BéN)) and by IE,(CN) the expectation with respect to the motion
started at x € RY. We abbreviate gy = W — fy + 2 j<N V,u(])
random potential which is locally integrable in R?, almost surely. Fix some R > 0.

Then we can estimate

EWM [e—ﬂ@N,Mng))]

Note that g is a

(N
va(dx)E(N)[ Blan g )pl(BéN)’x)]
. )
(2.24) Ze—llleloo+(N—1)1nfv/VN(dx)E)(CN)[e—(ﬂ+l)<QN,ﬂﬁ+1>8x(Bg_\(_)l)]

> ¢~ IV llo+(N=1)infv

_ (N)
x [ ow@nEM e PO g fsupp(uft)) © A el (B
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The right-hand side of (2.24) can be represented in terms of an eigenvalue expan-
sion. Recall that the potential gy is integrable on A g. Let (A¢)ren be the sequence
of eigenvalues of the operator A — gy in A g with zero boundary condition, and let
(ex)ken be an orthonormal sequence of corresponding eigenfunctions. We assume
that Ay is the principal eigenvalue and that e; is positive in Ag. Then we have
from (2.24) that

(N)

E(N)[ —Blan.1p >] > o~ IV llcot(N=1)infv Ze(ﬂH)Ak(UN, eb
(2.25) keN
> e_”fN”oo‘anUe(lg'f'l))u[ (va e%)

Fix some bounded L?-normalized function iy € H'!(R?) satisfying supp(hy) C
AR, then we may estimate

A > —IVan13 — (g, h3)

226)  =—IVANIB— (W = fv. h3) — Ihn / Vg (dx)
Jj<N

Z _CRv

where Cg is nonrandom and depends only on sup,, W, || fNlleo, An and
/ A V(Ix]) dx. Hence, we obtain from (2.25) that

E(N)[ —Blan, M,(g ))]

(2.27)

> ¢ N lleot(N=D)infv, —Cr ,=BUIVANIZHan hi) (), 02,
The technical difficulty is now to find a positive lower bound for (vy, e%) that does
not depend on the first N — 1 Brownian motions. Assume that R > 0 is so large
that vy (Ar—1) > 0. We now use Harnack’s inequality to obtain a pointwise lower
bound for e; in Ag_1. We first check that the random potential gy lies in the
Kato class (see [8], Chapter 3, for more on the Kato class). It is clear that we only

have to check this for the random potential V /L(J ) for Jj < N. We now verify that
lim, o ¥ (r) =0, where

(2.28) Y(r)= sup sup G(x, y)Vu(y)dy.
ueM;(RY) xeAg J|y—x|<r

This is seen as follows. First note that it suffices to show that

lim sup GO, y)v(ly —w|)dy =0.
ri0 weRd Y yl<r

Recall that we are under the assumption |, B.(0) GO, y)v(ly])dy < oo, where G
is the Green’s function of the free Brownian motion, and v < v on (0, &), and
¥ is decreasing. After possible alteration of &, we can extend v to a decreasing
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function (0, co) — (0, oo) such that v < ¥ on (0, 00). We choose r € (0, £/3). We
distinguish the cases |w| > 2r and |w| < 2r. In the first case, we have, for |y| < r,
that |y — w| > r > |y| and, therefore, v(|y — w|) <V(]y — w|) <v(|]y|). Hence,

swp [ GO yully—whdy= [ GOy,
lw|>2r J|yl<r lyl<r
and this vanishes as r | 0.

In the case |w| < 2r, we split the integration over |y| < r into the part where
|y| < |w|/2 and the part where |y| > |w|/2. On the first part, we have |y — w| >
lw| — |y| > |y| and, therefore, v(]y — w|) < V(|y — w|) < V(|y|). Therefore, the
first part can be estimated by

sup / GO, yv(ly —whdy < / G0, »)v(lyhdy,
lw|<2r Jyl<lwl|/2 lyl<r

which vanishes as » | 0. On the area where |y| < r and |y| > |w|/2, we can es-
timate |y — w| < |y| + |w| < 3]|y| and therefore find a constant C > 0 such that
G(0,y) <CG(0, y — w), and this means that we can estimate

sup f G0, y)u(ly — w])dy
lw|/2<|y|<r

lw|=<2r

<C sup ] G0,y — w)¥(ly — w))dy
lw|/2<|yl<r

lw|<2r

<C G0, »)u(lyhdy,
|y|<3r

and the proof of lim, ;o ¥ (r) = 0 is finished. In particular, this means that g is in
the Kato class.

According to [8], Theorem 5.18, there is a constant A > 0, only depending on R
and gy, such that
(2.29) inf e; > A sup e;.

AR-1 AR

A closer inspection of the proofs of [8], Proposition 5.16, Theorems 5.17 and 5.18,
shows that the constant A does not really depend on the function gy, but only on
the numbers sup, , W, || fnlloc and on the small-r behavior of the function ¥
defined in (2.28). Hence, A is nonrandom and does not depend on the first N — 1
motions.

So we have (vy, e%) > AZUN(AR_l) SUpp e%. Now we get that SUpp e% >
2|AR-1 |)_1. To see this, note that otherwise we would have ngH e% > % and,
therefore,

21> =l fnlloo + (N — D infv + (W, €3)
>~ fnlloc+ (N = Dinfv+ 71 inf W—>o00  asR— oo,
AC

R—-1

(2.30)
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according to the assumption on W in (1.1). But, as we shall see at the end of the
proof, this is impossible if 4y is chosen appropriately. Summarizing, there is a
constant C > 0, only depending on N, W, v, fn, vy and R, such that, almost
surely with respect to the first N — 1 motions,

(N)

IE(N)[ —Blan.ig >]

23D P () 12
> Cexpy—B| IVhnIZ + W_fN+ZVM/3j,hN .
j<N
We iterate now this argument for the ith motion fori =N — 1, N —2,..., 1.

For doing this, we have to replace the random potential gy by g; = W — f; +
Dj<i VM(J ) 4 Y jsi Vh% and obtain, for any bounded L’-normalized function

hie H (Rd ) satistying supp(h;) C A g, almost surely with respect to the firsti — 1
motions,

]E(l)[ Blai, ,va; )]

> Cexp{—ﬁ[lth ||2+<W i+ vuy +2Vh_2-,hi2>”,

j<i Jj>i

(2.32)

where C does not depend on § nor on the motions. This gives, recalling (1.27),

1
liminf — log E[e—HN,ﬂ—KN,;;Jr(f,u,s)]
B—oo B

N N
—[ZIIVhiII§+Z (W — fi. i}y + Y (k7 th}

i=1 i=1 i<j

Now maximize the right-hand side over all choices of bounded L?-normalized
functions hy, ..., hy € H' (RY) satisfying supp(h;) C Ag. It is easy to see that,
in the limit R — oo, we obtain that the maximum of the right-hand side tends
—N X(®)( f). Furthermore, one can see that it is possible to choose approxi-
mate maximizers /A1, ..., hy (depending on R) such that limsupp_,  [||VA; II% +
(W, h%\,)] < oo and limsupg_, o [lhillec < 00. In particular, the eigenvalue Aj
introduced below (2.24) satisfies limsupp_, ,(—X1) < 0o, and this explains
why (2.30) is not possible [see (2.26)].
This completes the proof of the lower bound in (2.2) in the case of a soft-core
potential v.

2.4. Finish of the proof of Theorem 1.7. Proposition 2.1 implies the existence
of the logarithmic moment generating function AE\;@) in (2.1) and identifies it with

the Legendre transform of the function / ZE,®) defined in (1.29). In particular, Theo-
rem 1.7(i) is implied.
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Now we prove the large deviations principle in Theorem 1.7(ii). We use the
Girtner—Ellis theorem (see [11], Corollary 4.5.27). For doing this, it suffices to

(1) )

show that the family of tuples (ug", ..., ,u B )) is exponentially tight under IP’(®)

as B — oo, and that Af,m is Gateau-differentiable. The first condition is Verlﬁed

as follows. We follow the technique of the proof of [11], Lemma 6.2.6. Pick se-
quences Ry — oo and ¢ | 0 and put K = (ienip € eMl(Rd):,u(A%k) < &i}.
The Portmanteau theorem implies that K is closed, and Prohorov’s theorem im-

plies that K is relatively compact, hence, K is compact. Now fix i € {1, ..., N}
and note that
PO, (1) ¢ K) = 3P, () (0%,) > ) = 3 PO (| ( O) > gy inf W>.
AR
keN keN k

Now let a large R > 0 be given. We additionally require that & infp W= Rk
for all k € N [here we use our assumption in (1.1)]. We denote K now by Kp.
Using the fact that W > 0 and that v is bounded from below, it is easy to
derive the existence of some constant C € R, not depending on R, such that
limsupg_, o 5 logIP(®) (’) ¢ Kg) < —R + C for all R > 0, and this implies the
exponential tightness.

The Gateau-differentiability of AE\(,@) is proven as follows. The proof of
Lemma 1.3 shows that the infimum in the formula on the right-hand side of (2.2)
is attained. We abbreviate A = AN Fix ® = f = (fi, ..., fx) € Co(RD)N and
some g € C,(RY)N. We want to show the existence of the limit lim,_, %[A( f+

tg) — A(f)]. With (/,L(t) e ;LX,)) a minimizer for the formula on the right-hand

side of (2.2) for f replaced by f 4+ tg, we obtain, by replacing the minimizer in

the formula for f by (/L(t) ...,ug\’,))

1 N
(2.33) A +1g) = AT = Z gir 11").
Since the family (,u(lt), . ,u N ),>0 is easily seen to be convergent weakly toward
the minimizer (g, ..., uy) for the formula for A(f), it is clear that the right-

hand side of (2.33) converges toward Z,N: 1(&i, ii). Analogously, one shows the
complementary bound. This implies the Gateau-differentiability of A%() with

8 N
(2.34) @AE?)(J‘) = (g, ).
i=1

Now [11], Corollary 4.5.27, implies Theorem 1.7(ii). The statement in Theo-
rem 1.7(iii) is a standard corollary. This ends the proof of Theorem 1.7.
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3. Large deviations for the Dirac-interaction model: Proof of Theo-
rem 1.12. We follow the same strategy as in the proof of Theorem 1.7 in Sec-
tion 2. Hence, the main step is the proof of the following.

PROPOSITION 3.1 (Asymptotic for the cumulant generating function). For
any fi, ..., fn € Co(RY),

lim B=P/C+P log B[~ /AT I Wt

B—00
(3.1) % B_Mj(dﬂ))/(ﬂp) Zlgi<j5Na,(gi’j)eﬁp/(ﬁp)(f’ﬂ}?)]
=Ny 0 £,
where
NASV G, f) = inf [Zh(hz)ﬂﬂﬁ f. (1H®)
hy,..., hyeHIYRD): ||hi|l,=1Vi
3.2)

+r0> hzhz}

1<i<j<N

where we wrote (h*)® =h?® ---®h3 and f = i ®--- D f.

Theorem 1.12 follows from Proposition 3.1 in the same way as Theorem 1.7
follows from Proposition 2.1 in Section 2.4; we omit the details. Hence, it remains
to prove Proposition 3.1, which we do in the next two sections. Let us first remark
that

1 B . .
0) 2 0)
E/o W(s;")dt = PP, 1u)’)  and
(@) )
BU+P/@4p) i) _ 5p/<2+p><d“ g >
p dx ~ dx

as is derived by an elementary calculation. According to Lemma 1.16, (//,(ﬁi)) B>0

satisfies large deviations principle bounds with scale 87/>**P) Hence, the problem
left to be solved is to circumvent the missing boundedness and continuity of the
functionals p — (W, ) and (1, u2) — ’il, dd‘jf).

3.1. Proof of the upper bound in (3.1). 'We proceed as in Section 2.1. However,
an additional smoothing argument will be necessary.

Let auxiliary parameters n > 0, M > 0 and R > 0 be given, recall Agp =
[—R, R1, and consider the A g-periodizations L( ) of the densities L( D defined
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in (1.37). As in Section 2.1, we distinguish whether or not 12s (Ag) > 1 — 1. Fur-
thermore, we estimate

@) ()

du d,u,
@)
S|

dx = dx B

where we recall that Wy; = W A M is the cut-off version of the trap potential.

W)= (W, af)) and (=72

We intend to replace L(’) by L(l) The replacement errors for the terms involving
W and f have been es‘umated in Section 2.1. The one for the interaction term is
estimated as follows,

WL ﬂR,L(J)R/\M>

g
> A@d LY (LY A M) (x)dx —/A LR (L p A M)(x) dx

= ¥ / (L (x +2RK) (LY A M)(x +2Rk)
keZd\{

LG (LY R A M)(x)) d(x +2RK)
> —Mp§) (AS) = —nM.
Hence, as in Section 2.1, we obtain the bound
E[e~ /B 5 WS dt DI Ty e BNy

—pr/@tp)(y ian% W—Cy)

<
(3.3) -
B TP NINMAN?M+C ]

» E[e—ﬂf'““m[mM—f,u;?i R i (LR Lf;)RAMn]

The last functional in the exponent on the right-hand side is bounded, but not
continuous. Hence, we need a smoothing argument. For this purpose, let x5 denote
the Gaussian density in R? with variance § > 0, and denote convolution by . Fix
some small ¢ > 0. According to [15], Lemma 3.7, specialized to our situation,

(3.4) 11m11m sup B7P/C+P 1og  sup I[D(‘(L(l) g — g *xks)| > &) = —oo.

0 p—oo liglloo=<
Actually, in [15] only the discrete-time case is handled, but the continuous-time
case is similar. This means that we can estimate the last expectation on the right-
hand side of (3.3) from above against

e—ﬁp/(2+p)AC(M,8,6)

3.5)
+ eiﬂp/(z-'—p)kgE[e_ﬁp/(Hp)[@IIM_f’M?,R)_)‘Zi<l L(l)R (L(/) /\M)*KB)]]

9
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where C(M,¢,5) is a constant that satisfies lims o C(M,¢,8) = oo for any
M, & > 0. The functional

duy dua > <d 1 dur >
, , ANM e ,—— ANM
(1, u2) = <dx Tr * K§ T R * K52

is bounded and continuous in the weak topology on the set of probability densities
on Ag. Hence, we can apply Varadhan’s integral lemma and the large deviation
principle in Lemma 1.16(i) to the expectation in (3.5). This gives that the limit
superior on the left-hand side of (3.1) is not bigger than

—min{ninfw—cf,—n[NM+N2M+cf]+,\C(M,e,5),
AC

(3.6) K
—ON[NM + N>M + Cs] —re — Nx (R, M, 8, 1, f)}

where

S
XV (R, M, 8,2, f)

N
:infizlz(eper)(,ui) + Wy — [ ®---Qun)
i—1

Ml,---,MNEeMl(AR)]-

Nowweletd | 0,e | 0, R — oo, n | 0and finally M — oo. It is elementary to de-
rive that liminfs o XNO)(R M,8, A, f)> X(‘SO)(R M, 0, X, f), where we interpret

W * kg as p. Furthermore, similarly to the proof of (2.14), one shows that

hmlnfhmlnfx @) (R, M,0, A, f)>X(8(’)(k,f).

M—o0 R—o0

This ends the proof of the upper bound in (3.1).

3.2. Proof of the lower bound in (3.1). For the proof of the lower bound, we
follow a discrete variant of the strategy used in Section 2.3, that, we use N eigen-
value expansions for the N expectations over the N random walks separately. First
we consider the expectation with respect to the Nth walk, almost surely with re-
spect to the other N — 1 walks. We only treat the terms depending on the Nth
motion and introduce the potential

qN<z>=s/;2[ (& )+AZL(”( )—%(é)},

Jj<N
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where &g = BY2HP) and fy(x) = Sg 1yd fn(y)dy. Denote by E® the

f x—l—[O,éﬂ_
expectation with respect to the ith random walk S and by v; its initial distribu-
tion. Choose R > 0 so large that v,-(B(R,Ugﬁ) > 0. Then we have

EM[e~1/8 B wsydi—apd+n/Crn . alN 4 pr/p <fN,L;N>>]

> 3 o @EM e B0 SDa fqupp(L (V) € Brey {5 =2)]
(3.7) B,

2 BA
> Y un@en (@),
ZEBRgﬁ

where Ay is the principal eigenvalue of A — gy in Bgg, with zero boundary

condition, and ey is the corresponding positive ¢?-normalized eigenfunction.

Pick some L2-normalized function iy € C*(R?) satisfying supp(hy) C Ag and
pick uy(2) = (1 + 0(1))E5 “*hy (2£5 "), where o(1) is chosen such that vy is
£?-normalized. Then we have, using the Rayleigh—Ritz principle for the principal

eigenvalue, and noting that f — fy as B — oo uniformly,

= |:—||VUN||% - 5,52<W(-s,;1> —FnCeEgh Y LY, v%(-)ﬂ

j<N
x (14 0(1))

= —s,;{nvmn% (W = Fyo )+ D (L, h%)} +o(557).
J<N

We estimate the term Y, vy (2)en (z)? on the right-hand side of (3.7). Note that
ey 1is also an eigenfunction for the transition densities of the random walk in B REp
with potential —gy — Ay, that is,

ag N =B OIS € Bre v e 0. 1)en (5]

Z € BRrey,
where E; is the expectation with respect to an independent copy (S;):e[0,00) Of,
say, (S,(I))te[o,oo). We can estimate Ay < 5,3_2||le|00 and, since Lfgj)(x) < §g for
any x e R4 andany j e {l,..., N},

an(S) < &5° [RP +1 Y LY (S + ||fN||oo}
J<N

<R + [ fnllol B~/ PHP 1 A(N — U2/ HP) < cp@=2/E4n),
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for some C > 0, depending only on R, A, N, p and || fn|lco. Using this in (3.8),
we find, for all large B (changing the value of C if necessary),

> P(Si € Bre; Vi €[0,11, S1 =2)en ).
EEBRgﬂ

R/ 4p)
en(z) = e P

zZ e BRgﬁ.

Recall that p > d — 2, hence, B¢=2/@+P) = o(BP/C+P)) Tt is clear that P, (S, €
Bre, Vi € [0,1], 81 =2) > e_o(ﬂp/mp)), uniformly in 7,7 € Brey. Since ey is
£%-normalized, we can estimate D B rey €N (@)= 5 Brey N (2)? = 1. Pick some
ZN € BRgﬂ such that vy (zy) > 0, then we have from the preceding, for any large
B >0,

EM[e~V/8 1wy dr—apd+p/Crn s, ol 4 pr/CHp) (fN;L/(gN))]

ZeXP{ IBP/(2+P)|:”VhN”2+ <W fN,hz + Z L(]) h2 >:|

(3.9) oyt

0(/3p/<2+p))}’

and the term o(87/*P)) does not depend on the N — 1 other random walks.

In the same way, we treat the expectations with respect to the other N — 1
random walks. For doing this, introduce recursively, fori =N — 1, N —2,...,1,
the potentials

wor =52 W(E) T (2)-2i(2)-7(E) |
j<i j>i éﬂ Sﬁ
where ?I- (x) = ég fx 40 5/3_1)(1 fi(y)dy, and pick L?-normalized functions Ay_1,
hn_2,....,h1 € @z(Rd) with supports in A g. In the same way as (3.9), one derives

N B (@) d+p)/ 2+ (W) 2+ ®
Ele~/BE 1 Jo WS dt =1 IS T iy e BT

N
> 60(’3”/(2+”))exp[—ﬂp/(2+p) [Z[thin% + (W - fi, hiz)]
i=1

—r > (7 h2“
1<i<j<N

Picking the L?-normalized functions /1, ...,y with support in Ag optimally
and letting R — oo, we arrive the lower bound in (3.1), noting the substitution
h?(x)dx = p;(dx) in (3.2).
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4. Analysis of the ground product states. We prove Lemma 1.3 in Sec-
tions 4.1-4.4 and Theorem 1.14 in Section 4.5. The proofs combine methods from
variational analysis and from probabilistic potential theory.

4.1. Existence of minimizers in (1.11). Let (hi,...,hni)ken be a se-
quence of approximate minimizers for the right-hand side of (1.11), that is,
hix € H'(RY) with |higllo=1foralli=1,...,N and k € N, and N> =
limg— ool S0 VA 113 + (20 + v, h2)], where we abbreviated hy =hy ; ® -+ - ®
hy k. Fixi e {l,..., N}. Our first goal is to establish the convergence of (4; )ieN
along suitable subsequences.

For any R > 0 and any k € N, we have

2 OW(x)dx
infe W

h
/ 12, (x) dx < S
AR

4.1) < M
’ - ian(I:e w
_ X IVAilIE + (20 + 0, hF) — (NN — 1))/2) infv
o iani{ w '

By our assumption in (1.1), sup,cy fA% h%k(x) dx vanishes as R — oo. Hence,

the family of probability measures (h% «(X) dx)ken is tight, and from Prohorov’s

theorem, we conclude the existence of a probability measure u; € Ml(Rd) such
that (hl% «(X) dx)ren converges weakly toward u; along a subsequence, which we

again denote (k)xen. Hence, for any bounded continuous function f : RY - R, we
have limi— oo (f. h7 ) = (f. i)

Furthermore, because ||A;k|l2 = 1 for any k € N, according to Banach—
Alaoglu’s theorem, there is a h; € L*(RY) such that (hi k)ken converges weakly
in L? along a subsequence [which we again denote (k)] toward £;. Since, by
approximative minimality and because W and v are bounded from below, also
the sequence of energies (||Vh; «ll2)ken is bounded, the Banach—Alaoglu theo-
rem implies that also the sequence of gradients converge weakly in L? along
a subsequence [which we again denote (k)icn] toward some g;. In particular,
hj € H' (]Rd) and Vh; = g;, which follows via [21], Theorem 8.6, from the com-
pleteness of the Sobolov space. By [21], Theorem 8.7, we may assume that the
convergence h; y — h; is pointwise almost everywhere.

We argue now that hl-2 is a density of p;. According to [21], Theorem 8.6, the
convergence of (h; x) toward h; is also strong in L?on every compact set. In par-
ticular, the integrals of h% « against any continuous function with compact support

converges to that of hiz. By weak convergence of h% «(X) dx toward p;, they con-
verge also toward the integrals against w;. Hence, the integrals of any bounded,
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compactly supported function against hi2 and against u; coincide, which implies
that 11; (dx) = h?(x) dx.

Now we prove that the vector (i1, ..., 4n) is @ minimizer on the right-hand
side of (1.11). To do this, we verify suitable lower-semicontinuities of the func-
tional on the right-hand side of (1.11). It is well known that the energy func-
tional, & > || V|2, is weakly lower-semicontinuous in L?. Furthermore, the map
w— (W, u) is obviously lower-semicontinuous in the weak topology of probabil-
ity measures, since W is nonnegative and continuous. By v, and v_ we denote
the positive and the negative part of v, respectively. Fatou’s lemma implies that
liminfy_, oo (04, h%) > (b4, hz), where we recall that hy = h1 , @ --- ® hy k. Fur-
thermore, note that

(o4, hg) — (o4, 1)

. 2 2 ~ 2 2 ~ ~
< —1nva/Rd fRd i (RS 4 (x + %) — hi (0)h7 (x + X)| dx dX.
1<j

Using (4.1) and the strong L? convergence on compacts, one easily derives that
the right-hand side vanishes as k — co. Summarizing,

N N
S IVANE 4 (20 + 0, k%) <liminf| Y VA 13+ (0 +0,h2) | = Nx 2,
i=1 k=oo | i
where we wrote h = h; ® - -- @ hy and (in an abuse of notation) iy =h1 ; ® -+ - ®
hn k. Hence, the tuple (41, ..., hy) is a minimizer of the right-hand side of (1.11).

4.2. Positivity and regularity of minimizers, soft-core case. First we consider
the case of a soft-core potential v. Let (hy,...,hy) € H (RN be a minimizer
of the variational formula in (1.9). Fix i € {1, ..., N}. We prove that A; is strictly
positive everywhere in R¢. We certainly may assume that /; > 0. Note that /; is a
minimizer in the problem

42) A= inf _ LIVRi 13+ (W, B2y + (Rh2, S VA2 )|
T hemmhigm 22T WA R ; ’
First we show that Vh? is locally integrable for any j € {1,..., N} with j #i.

Indeed, for any measurable set B C R? of finite measure, we have [denoting the
e-ball around x by B.(x)]

2 _ 2
| vmeds= [ avoay) [ axmde 4

<[ ayeybin B+ swp v [ dx [ dymey)
B (0) B £ (0)

[£,00)

4.3)
s/ dyv(y]) + Bl sup v
B:(0)

[e,00)

< Q.
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Since Vh? is also bounded from below, the interaction potential of the problem
in (4.2) is locally integrable. The same holds for the trap part, thus, the potential
W+ Z#i Vh? — X; in (4.2) is locally integrable. By [21], Theorem 11.8, k; sat-
isfies the Euler-Lagrange equation

44)  Ah=Uh; in®D'RY,  whereUj=W+) Vhi—
J#I

(Note here that the potential U; is a priori not locally bounded, but the first part
of the proof of [21], Theorem 11.8, does not use this.) So, we get by [21], Theo-
rem 11.7, that
oo, ind=2,
3, ind =3.

Now proceed for d = 2 and d = 3 separately. In d = 2 we deduce that
th e L (R?) for any p € [1,00). Indeed, fix any bounded measurable set

loc

B C RY, pick 7 > 0 so small that v(]y[) > O for all y € B;(0) and abbreviate
K,=/ B, (0) dy v(|yl]). Then, using Jensen’s inequality and (4.5), we see that
+|B| sup |v|?

f dyU(|x_Y|)h2 y
By (x) K (1,00)

=k /""/ ay "~ y|)h~<y)2p+|B| sup [v]?
By (x) Ky (n,00)

(4.5) hi e L1 (RY) forallq<{

loc

/|Vh2(x)|de<Kp/ dx
B

(4.6)

- 2
=Ky 1/ dyv(lyl)f dx b’ (y+x) +|B| sup |v]”
B © B (7.00)

< 00.

Hence, the potential U; is locally p-integrable for any p < co. Using again [21],
Theorem 11.7, we obtain that 4; is continuously differentiable, and all first par-
tial derivatives of h; are a-Holder continuous for any o < 1. In particular, U; is
also locally bounded, and from [21], Theorem 9.10, we have h; > 0 everywhere
in R?. For this, we apply [21], Theorem 9.10, to any open, bounded and connected
A C R?, that satisfies [, h; (x) dx > 0.

Now we turn to the case d = 3. Recall that we assume that

/ (0)|U(|y|)|1+8dy<oo for some § > 0.
1

We show that |Vh§|1’ is locally integrable for some p > % Recall that
h% e Ly,

lOC(R3) for any p’ < % Pick a bounded open ball B C R3 such that
I3 3‘” (x) dx < o0o. Pick some open ball B whose closure is contained in B. We
shall show that fB th (x)|? dx < oo for some p > 5. Let now 1 > 0 be so small

that B, (x) C B for any x € B and that v(]y|) >0 for all y € B;(0). We estimate
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|Vh§(x)| < SUP( o0 V] + an(O) dy v(|y|)h§(x + y) for x € B. Hence, we have to
show that

4.7) /B dx

We shall do that for any p > 3/2 and p’ < 3/2 satisfying p/p’ < 1+ 8. Recall the
abbreviation K, = |, B,(0) dyv(|yl|). Jensen’s inequality gives
5 p
[ dyuaybie+n)

/ dx
B By(

§K,$’fdx
B

p
/ dyv(lyl)hﬁ(x—i-y)‘ <00 for some p > %
B, (0)

p/p

vyl 2p
d o (x +
/3,7(0) Y K, / ( Y)

n
WP (x + )
=K£"”“’//dxf dy(—’ T )v<|y|>
B By A fp vydzh i@

, p/p'
([ )
By (x)

S S I R et
B JB,0)

- p/p'—1
X (/ dz h]p (Z))
By(x)

< 00,

p/p

4.8)

where we used that p < p’(1 + 8) in the last step. Hence, U; € sz)c (R?) for some
p > % Now [21], Theorem 11.7, implies that /; is continuous and that Vhl.2 1S
locally bounded. Therefore, U; is locally bounded. Finally, we get from [21], The-
orem 11.7, that &; is continuously differentiable and that the partial derivatives are
«-Holder continuous for any o < 1; whereas [21], Theorem 9.10, gives that k; is

positive everywhere in R3.

4.3. Positivity and regularity of minimizers, hard-core case. Now let v be
a hard-core potential, and recall the parameter a € [0,00) from (1.2). Let

(hi, ..., hy) be a minimizer of the formula in (1.11). Fixi € {1, ..., N} and put
C
Q= BG(U supp(hj)) ,
J#i

where B, (A) is the a-neighborhood of a set A if a > 0, and By(A) = A. Then it is
easy to see that, for any j # i, the potential Vh% is bounded on any compact subset
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of ;. Itis clear that supp(h;) C €2;. Hence, h; is a minimizer in the problem

4.9) inf [nvﬁin% + (W, 17) + <l7?, 2 Vh?ﬂ-

hi € H' (RY),supp(hi) €. i =1 i

Again by [21], Theorem 11.8, h; satisfies the Euler—Lagrange equation in (4.4)
in D'(2;). By [21], Theorem 11.7, h; is continously differentiable in 2;, and its
first partial derivatives are a-Holder continuous for any o < 1. By [21], Theo-
rem 9.10, A; is strictly positive throughout any open component of €2; in which it
is not identically equal to zero.

4.4. Boundedness of minimizers. Now we prove that ||4;]cc < Cyg(A;j — (N —
1) inf v)d/ 4 We do this by carefully examining the proof of [3], Corollary 2.5. Re-
call the potential U; = W + 3 ;4 Vh? — A; from (4.4), which is locally bounded
and globally bounded from below, more precisely, —infU; < A; — (N — 1) infv =:
u;i € [0, 00). Fix xo € R and 0 < r < (4Cu;)~"/2, where C = sup,,| _; Ex(T1(0)),
and T, (y) denotes the first exit time of a Brownian motion from the ball B, (y).
Then we have Ey, (2u; T, (x0)) = 2u; Cr?< % and Khas’minskii’s lemma ([3], The-
orem 1.2) implies that

T, (x0) 2u: T,
4100  E, <exp{— / 2U,~(Bs)ds}) < By (T ) <2,
0

— [0 g (B(s)) ds
Note that h;(x) = Ex[e™ /o AP E R (B(Tr(x0)))] for x € Br(xp) by [3],
Theorem A.4.1. We apply the Cauchy—Schwarz inequality and (4.10) to get that

@11 hi(x0)? < 2By [hF (BT, (x0)))] = 2 o (dx)hi(x)?,

x—xo|=r
where o denotes the normalized surface measure on d B, (xp). Averaging the left-
and the right-hand side of (4.11) on r € [0, (4Cu;)~1/?], we obtain

hi(x0)% < 2(4Cu,-)d/2/ hi(x)*dx <2(4C[A; — (N — 1)infv])*/?,

Bycup—1/2x0)

and this implies the assertion.
This completes the proof of Lemma 1.3.

4.5. Proof of Theorem 1.14. Recall that we are in d € {2, 3} and assume that
v >0 and v(0) > 0 and & (v) < oo, where & (v) is given in (1.41). Furthermore,
recall that we replace v in (1.9) by vy () = Na=1y(- N).

First we show the upper bound, limsupy_, o, X 1(v®) < Xéﬁg). Let ¢ denote

the minimizer in the Gross—Pitaevskii formula (1.40) with o = @(v). Picking
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(h,....,hn)=(¢,...,¢)in (1.11), we obtain that
i < IVIs+ (W, ¢%)

+1 [ VWD @920 dx
4.12)
= VoI5 + (W, ¢7)

+3 [ ueD@? 27 /N dx,

where h% g(x) = [pa h(y)g(x + y)dy. Since ¢? is bounded, integrable and con-
tinuous, we can use Lebesgue’s theorem to see that the last term converges toward
1 [v(x]) dx(¢* % $?)(0) = 47 &(v)||$||}. Therefore, we have

. ~ GP
limsup x> < VI3 + (W, ¢2) + 47 (W) 611 = xS0, -
N—oo

(®) (GP)

Now we show the reversed inequality, liminfy oo x5~ > Xaw) - Let, for any
N eN, (h(lN), e, h%v)) be any minimizer in (1.11), and define
1 N

W= L)

i=1
Since, for every R > 0,

(W.8%) _ xn
il’lfA% W~ ianS? "V7

(4.13) fA o3 (x)dx <

the sequence of probability measures (qﬁ]zv (x) dx)pen is tight [recall (1.1)]. Hence,
there is a limiting probability measure p of qblz\, (x)dx in the weak sense, along
some subsequence. Since (¢ ) y is bounded in L?(R%), there is an L?(R? )-weakly
converging subsequence toward some ¢ € H L(R?). Since also (|Vonll2)n is
bounded [which is derived similarly as in (4.13) with the help of the convexity
of the map ¢* IV@ll2], we may assume that Vo — V¢ weakly in L*(RY).
Furthermore, we may assume that the convergence ¢y — ¢ is even strong on
every compact subset of R and pointwise almost everywhere. In particular, all
integrals of ¢x against continuous, compactly supported functions converge to
their integral against ¢p. Hence, u(dx) = ¢ (x)% dx, and we have that l¢ll2 =1.By
L?-weak lower semicontinuity and convexity of the energy, we have

1 Y 2
V|3 <liminf [Voy|3 <liminf — 3| VAN
IV < liminf [Vgy |3 < limind N?:l” il

and
(W, ¢?) <liminf(W, ¢3).
N—o0
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Hence, we have

o () N) N)
liminf Zh @ - @ kY. Hhy" @ @ by

| _
> Elll\’rilgof/Rd v(|x]) (P *‘1’12\/)(%) dx + ||V¢||% + (W, ¢?)

N—o0

1 1 Y x\2
LT BS (N) (1327, (N) x
2hmsup Nzg.éxd _/Rd h;" (y)°h, <y+ N) v(|x])dxdy.

Hence, for proving that liminfy_, 5 x ](V®) > Xé?f)), it remains to show that

timint [ v(be) (@} 7030 ( 3 ) dx

(4.14) > [ b axigld,
R4
limsupii/ / h(N)(y)zh(N)<y+£>2v(|x|)dxdy
N—o0 N? im1 Rd JRd ! ! N
(4.15) =0.

For the proof of (4.15), recall from Lemma 1.3 that IIhEN)Iloo < Cd(ng))d/4,

where Cy > 0 depends only on d, and A;N) is the A; of Lemma 1.3(ii) with v
replaced by vy . Hence,

1 X 12
— (N) (327, (N) x
N2 ;/Rd ]Rd hi" " (y)h; <y+ N) v(|x])dxdy

1 & v
5c§m;(x§ )/ fRduqudx.

Recall that & YN 4™ = (@ + & 5 (™), vy (7)) < 24, which
is bounded from above in N, as we have seen in the first part of the proof.
Hence, (4.15) directly follows in d = 2, and in d = 3 we estimate (A\")"/2 <
CN'/2 for some C > 0 and all N € N, and (4.15) also follows.

We turn to the proof of (4.14). Fatou’s lemma gives that

timint [ v(le) (@} 7030 (3, ) dx

> /R dxv(|x|>fRd dyl;'vrgigofd)zzv(w %)@2\7()’)-



1414 S. ADAMS, J.-B. BRU AND W. KONIG

Recall that limy_, o ¢ (x) = ¢ (x) for almost every x € R?. Therefore, it suffices
to show that

(4.16) lim sup

N—o0

¢12v(y)—¢12\,<y+%)’=0 foreveryx,yeRd.

Fixx,y e R4, For a while, we write z instead of % Estimate

] N
162 () — 3 (v +2)| < v 1M ) =B 5+ 22081l
i=1

4.17)
20 & (W))d/41, ) (N)
s—N §jx 1™ () — b (y + 7).

In the following we denote by C a generic positive constant, which may change
its value from appearance to appearance and does not depend on i nor on N. Fix
iefl,...,N}. By Ui(N), we denote the potential in (4.4) with v replaced by vy,
that is,

UM (w) = ww) + > vvhiw) — 1N,
j#i

where Vyy is the operator V with v replaced by vy . Note that

1 N
Sven| =y s [ dyNoN 1 = YD)
N Rd
J# j=1X€
(4.18) o
< Wd Z )\‘(N) d/Z/ U(|Z|)dZ < CN(d 2)/2

Recall (4.2) and estimate
W< inf o [IVRAE+ (W R + CNYTDR
(4.19) hieH'(RY), ||hi|l2=1
<CNY22,

We write T := T1(y) for the exit time of a Brownian motion (B;);>¢ from the ball
B := B1(y). By [3], Theorem A.4.1, Lemma A.4.5, we have

AN w) =B, [h™) (Br)]

(4.20) T

~E, U U}N)(Bs)hl?’v)(Bs)ds}, w € B.
0
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The first term is harmonic. By the mean-value property, we see that, denoting
by Sy, ; the symmetric difference B/4(y)AB14(y + 2),

B, [AV (Br)] = Eyiz[1{" (Br)]| < Ew[hY (Br)]|dw

|B1/a(y)| /sy,
4.21) 17" N0
= —— 1S5l
| B1/4(y)]
< (M.
The second term on the right-hand side of (4.20) may be written as E;N) (w) +
iz\gN)(w), where

(4.22) E,?N)(w):/ Gw, m) UM @)r™ (@) di,
B

(4.23) AN () = f (G — G)(w, HUN (@)h™ () dib,
B

and G and G p are the Green’s function in R and in the ball B, respectively. (For
explicit formulas for G g, see [8], Section 2.3, e.g.) By [21], Theorem 10.2(ii), for
p=d and any o € (0, 1), we have

‘EZ(N)(y) . EZ(N)(y . Z)‘ < C|Z|a”Ui(N)hEN)ILB||p|B|(2_a)/d_1/p-

By (4.18) and (4.19), sup,,c5 |Ui(N)(w)| < CNW=2/2 Hence, we can further es-
timate
~ ~ _ d/4

(4.24) ™M () = 2N (y — 2)] < Cl|* N2 ()42,

Now we turn to iL\EN), which is harmonic in B, since (Gp — G)(-, W) is for any
w € B.By [8], Theorem 2.5, (G — Gp)(w, W) = E[G(Br, w)] forany w, w € B.
Like in (4.21), we use the mean-value property, recall that sup,, . |Ui(N)(w)| <
CN@=2/2 use Harnack’s inequality and obtain, for any o € (0, 1),

Y () =N (v - 2))

1
<CNU=D2MYA__— dw/ d|(G — Gp)(w, )]
[B1/a(¥)| Js, . B
1
(4.25) < CNU=22(3 M ‘”47/ dw/ A Eo[G(Br, )]
[B1/a(y)| /sy, B

S
< CNW@-D/2(Myd/4 |Sy.c| GO, T) di
' | B1/4(y)| JB4(0)

< CN(d’z)/z()LEN))dMIzI“.
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Substituting the estimates (4.21), (4.24) and (4.25) in (4.17), we obtain

1 & g2 _ _
O3 = SR+l = Co S (el + NP gl 4 NI,
i=1
Recall that z = x/N and, furthermore, that %Zf\lzl)\,@/) < C and AEN) <
CN=2/2 Picking « sufficiently close to 1, (4.14) easily follows. This finishes

the proof of limy_, 0 x 1(v®) = Xa(?,)l;)-

The proof of the convergence of ¢y toward the Gross—Pitaevskii mini-
mizer ¢ (not only along subsequences) is done in a standard way as follows.
Let f:R? — R be a measurable bounded function, and fix some ¢ € R with |e]
small. Consider the trap potential W, = W + ¢f. It satisfies all the required as-
sumptions that we posed on W, with the possible exception of the nonnegativity.
However, an examination of our above proofs shows that they work also for W,
in place of W. Let gy(¢) denote the variational formula in (1.11) with W re-
placed by W,, then we know from the preceding that limy_, o gy (€) is equal to
the Gross—Pitaevskii formula in (1.40) with W replaced by W,. Furthermore, it is
easily seen that gy is concave in a neighborhood of zero for any N. Hence, we
know that also the derivatives g}, converge toward the e-derivative of the Gross—

Pitaevskii formula with W replaced by W,. Clearly, g}, (0) = (f, d),z\,), where ¢y

is as in the above proof of liminfy_, » x 1(v®) > X(J(t((}l})))' Furthermore, the analogous

derivative for the Gross—Pitaevskii formula is equal to ( f, ¢2), where ¢ = d)é%f;) is
the minimizer in (1.40) for « = &(v). By convergence of the derivatives, we have

limyoo(f, $%) = (f. ¢*). Indeed, for & > 0, we have

. . 1 1

limsup(£, ¢x) < limsup —(gn (&) — gn (0)) = = (g(e) — 8(0)),
N—o0 N—>oo € e

and the right-hand side converges to (f, $%) as ¢ | 0. In order to see the reversed

inequality, replace f by — f and & by —e. This shows the convergence of ¢/2v (x)

toward ¢ (x)? both in the weak L'-sense and in the sense of probability measures.

5. Large deviations for the canonical ensemble model: Proof of Theo-
rem 1.5. In this section we prove large deviations statement on the canonical
ensemble model in Theorem 1.5. We follow the same strategy as in the proof of
Theorem 1.7 in Section 2. Hence, the main step is the proof of the following.

PROPOSITION 5.1 (Convergence of the logarithmic moment generating func-
tion). Forany f € Cp(R2),

1
(5.1) ﬁli)n;oﬁlogE[e_mm“_f’“ﬁ)] =—Nxn(f),
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where

1 .
(5.2) (= inf [IVAI5 4+ (20 +0 — £, h?)].
heHY(Q): ||hll2=1

PROOF. See Sections 5.1 and 5.2 for the upper and lower bound, respectively.
O

From Proposition 5.1, one derives Theorem 1.5 in the same way as Theorem 1.7
is derived from Proposition 2.1 in Section 2.4; we omit the details.

The assertion of Proposition 5.1 is classical and well known if the potential
2 + v — f were bounded and continuous. But 20 and v are unbounded to oo,
and this is the additional technicality we are facing. Nevertheless, we feel that this
problem and its solution are well known, but we could not find a precise reference.
Hence, we provide a proof.

We shall employ eigenvalue expansions on large compact sub boxes to de-
rive (5.1). For the upper bound, we use periodic boundary condition in the box, and
for the lower bound, we use zero boundary condition. Let us remark here that, if W
and v would have been assumed continuous in {W < 00}, respectively in {v < oo},
these arguments for the upper bound could have been also replaced by applications
of Varadhan’s lemma and the large deviations principles in Lemma 1.15. However,
due to the degeneracy of v at zero, we did not find any way to derive the lower
bound in (5.1) via large deviations arguments in the soft-core case.

5.1. Proof of the upper bound in (5.1). Recall that A = [—R, R]¢. We shall
divide the path space into the part on which the Brownian motion spends more
than (1 — n)B time units in AII\{ up to time B and the remaining part where this is
not satisfied. We will replace g by its A],\{ -periodized version ug g and control
the error. We also replace the two potentials W and v by their cut-off versions
Wy =W AM and vyy = v A M, where M > 0 is large. Finally, we let R — oo,
nd0and M — oo.

In the following we sketch only the proof because all the details can be found in
the corresponding proof for the Hartree model. For the canonical ensemble model,
it turns out the error estimates are simpler, in particular, the interaction part, be-
cause here only one Brownian motion is involved, and hence, there is only one
time scale. We begin with

53 (e F0+o=fmp)y < E(e‘mml‘ﬁ)]l{uﬂ(A%) <1—n})e Pinfvehlri
| T E(e P g (AY) > 1),

where 2 and vy, are defined as 20 and v in (1.3) with W and v replaced by
W A M and v A M, respectively. The first term on the right-hand side of (5.3)
is easily further estimated, using that W > 0. Indeed, it is not bigger than
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exp{—pB(ninf AS, W +infv — || f|lco)}. For estimating the second term, we replace

g by its periodized version ug g as in (1.45) with the box A replaced by A]I\?/ .
Now we can estimate the replacement error for the trap part as follows:

(W, up) — (Wm, up,R)

N
= > N > (W (x; +2Rk;) — W (x;)) g (d(x + 2Rk))

(5.4 kezdN\(0) " AR i=1
> —Mup((AR)°)
= —-nM.
The replacement errors of the other parts of the potential are estimated in the same
way:
(om — fomup) — (om — f, LB.R)
> (=M +infv =2 flloo)p(AR)°)
=—n(M —infv +2[| flleo).

Summarizing, we obtain

Lhs. of (5.1) < ¢ Pinfag, W=l )

5.5
) + eZﬂﬂ(M—infU+||f||oo)E(e—l3@UM‘H)M—va,B.R)).

Now we use an eigenvalue expansion to derive that

1
(5.6) limsup — log E(e #®MToM=Fuprl)y < _Nyy(R, M, f),

B—o00

where

1 1
v (R M. )= yint] 3 [ 1VRRCOPdx + @+ ou — 1.1
N 2 JANnQ
(5.7)
heC®AXNQ),|h|2= 1}.

Here V denotes the periodized gradient on A%, that is, the one with periodic
boundary condition. To derive (5.6), we let (A¢)ren and (ex)ren be the sequence
of eigenvalues and an orthonormal basis of corresponding eigenfunctions of the
operator A — Wy — oy + f in AII\{ N © with periodic boundary condition. We
may assume that A1 = —N xn (R, M, f) is the principal eigenvalue. Let pgR) (x,y)
denote the transition probability function of the Brownian motion on the torus
A% N  and note that piR)(x, y) <Cprforanyx,ye A%, for some Cp < 0o. For
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simplicity, we assume that v(AIIg ) = 1. Then we can estimate

E(e—/s<mM+UM—.f:l‘«ﬁ,R>)
Se—infv+||f|\oofU(dx)Ex(e_flﬂ[QI]M—l—nM—f](B.y)ds)
s - R —(B— —f
_ it oo /;\N dy/v(dx)p% )(x,y)Ey(e (B=D(@yr+om—fstp-1.x)
R
<CY P Mg, 1),

keN

where C > 0 does not depend on 8, and (-, -) is the inner product on LZ(A% ). Now
use Parseval’s identity to continue

E(e P@utou—fuprl) < oB=DA 3™ () 1)

keN
=DM,
where || - || denotes the L? norm in A]Ig . From this, (5.6) directly follows. From
(5.5) and (5.6), we obtain
Lh.s. of (5.1)

5.8) g—min{niKl{W+infv— Il flloos

—20IM — infv+ [ flloc] + N x (R, M, f)}.

Now we let R — oo, then 1 | 0 and finally M — oo on the right-hand side
of (5.8). Note that
(5.9 liminfliminf xy (R, M, f) > xn(f).
R—o0

M— o0

The proof of (5.9) is standard, we do not carry it out here; note that the proof
of (2.14) is similar and even technically more difficult.

Because of our assumption on W in (1.1), limg_, ian7e W = o0. Hence, we
obtain that the left-hand side of (5.1) is not bigger than N yn (f). This completes
the proof of the upper bound in (5.1).

5.2. Proof of the lower bound in (5.1). Now we prove the lower bound in (5.1).
Like in the proof of the upper bound, we rely on an eigenvalue expansion. We
recall Ag = [—R, R]? and the set U, from (1.5). Fix some n > a [recall (1.2)]. We
estimate the expectation on the left-hand side of (5.1) by imposing zero boundary
condition in a certain compact set:

E[ePEFo=f k)] > Be = PRTO=/18) 1 {supp(ug) € AX N T},
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where we put 17,, = U, in the hard-core case and l7,, =RV in the soft-core case.
Hence, in the hard-core case, we may replace 20 and v by 20, and v, [for this
notation, see below (5.3)], respectively, where M > 0 depends only on 7 and R. In
the soft-core case, the potential 20 + v — f is locally integrable in the box A and
bounded from below.

Consider the linear operator A — 20 — v ¢ on the space LZ(AJI\{ N (7,7) with zero
boundary condition. Standard results imply that this operator possesses a compact
resolvent. Hence, a Fourier expansion in terms of the eigenvalues of this operator
yields that

1 ~
lim — log E[e #B+°=/18) 1 (supp(ug) € AN N T, }
(5.10) poo B [ B R n ]

- _NXN(R’ n, f)v
where
xN(R,n, f)
5.11 1 . 1
iy 1 inf (_||Vh||%+<zn+n—f,h2>)
N heH! RIN), supp(h)C AN T, [h]la=1\2

is the principal eigenvalue of the above operator. The proof of (5.10) is similar to
the one of (2.31) and technically much easier; we omit the details.
Now we let R — oo and 5 | a and see easily that

lim limxy (R, n, )= xn(f).
R—oonla
This completes the proof of the lower bound in (5.1).

Acknowledgments. Wolfgang Konig wishes to thank the DFG for awarding a
Heisenberg grant. All authors gratefully acknowledge the hospitality of the Dublin
Institute for Advanced Studies where a substantial part of this work was carried
out.

REFERENCES

[1] ApAMS, S., BRU, J.-B. and KONIG, W. (2006). Large systems of path-repellent Brownian
motions in a trap at positive temperature. Electron. J. Probab. 11 460—485.

[2] ADAMS, S. and KONIG, W. (2006). Large symmetrised systems of Brownian bridges. Preprint
arXiv:math.PR/0603702.

[3] AIZENMAN, M. and SIMON, B. (1982). Brownian motion and Harnack’s inequality for
Schrodinger operators. Comm. Pure Appl. Math. 35 209-271. MR0644024

[4] ANDERSON, M. H., ENSHER, J. R., MATTHEWS, M. R., WIEMAN, C. E. and CORNELL,
E. A. (1995). Observation of Bose—Einstein condensation in a dilute atomic vapor. Sci-
ence 269 198-201.

[5S] BOLTHAUSEN, E., DEUSCHEL, J.-D. and SCHMOCK, U. (1993). Convergence of path mea-
sures arising from a mean field or polaron type interaction. Probab. Theory Related Fields
95 283-310. MR1213193


http://www.ams.org/mathscinet-getitem?mr=0644024
http://www.ams.org/mathscinet-getitem?mr=1213193

(6]

(7]
(8]
(9]

(10]

[11]
[12]
[13]
[14]
[15]
[16]
[17]

(18]

[19]

(20]
(21]

[22]

(23]

(24]

[25]
[26]

(27]
(28]

TRAPPED INTERACTING BROWNIAN MOTIONS 1421

BRADLEY, C. C., SACKETT, C. A., TOLLET, J. J. and HULET, R. G. (1995). Evidence of
Bose—FEinstein condensation in an atomic gas with attractive interactions. Phys. Rev. Lett.
75 1687-1690.

BRATTELI, O. and ROBINSON, D. W. (1997). Operator Algebras and Quantum Statistical
Mechanics 11, 2nd ed. Springer, Berlin. MR0611508

CHUNG, K. L. and ZHAO, Z. (1995). From Brownian Motion to Schridinger’s Equation.
Springer, Berlin. MR1329992

DALFOVO, F., GIORGINI, S., PITAEVSKII, L. P. and STRINGARI, S. (1999). Theory of Bose—
Einstein condensation in trapped gases. Rev. Mod. Phys. 71 463-512.

Davis, K. B., MEWES, M.-O., ANDREWS, M. R., VAN DRUTEN, N. J., DURFEE, D. S.,
KURN, D. M. and KETTERLE, W. (1995). Bose-Einstein condensation in a gas of sodium
atoms. Phys. Rev. Lett. 75 3969-3973.

DEMBO, A. and ZEITOUNI, O. (1998). Large Deviations Techniques and Applications, 2nd
ed. Springer, New York. MR1619036

DICKHOFF, W. H. and VAN NECK, D. (2005). Many-Body Theory Exposed. World Scientific,
Singapore.

DONSKER, M. D. and VARADHAN, S. R. S. (1983). Asymptotics for the polaron. Comm. Pure
Appl. Math. 36 505-528. MR0709647

FETTER, A. L. and WALECKA, J. D. (1971). Quantum Theory of Many Particle Systems.
McGraw-Hill, New York.

GANTERT, N., KONIG, W. and SHI, Z. (2006). Annealed deviations for random walk in ran-
dom scenery. Ann. Inst. H. Poincaré Probab. Statist. To appear.

GARTNER, J. (1977). On large deviations from the invariant measure. Theory Probab. Appl. 22
24-39. MR0471040

GEMAN, D., HOROWITZ, J. and ROSEN, J. (1984). A local time analysis of intersection of
Brownian paths in the plane. Ann. Probab. 12 86—-107. MR0723731

GINIBRE, J. (1971). Some applications of functional integration in statistical mechanics. In
Statistical Mechanics and Quantum Field Theory (C. De Witt and R. Stora, eds.) 327-
427. Gordon and Breach, New York.

GROSS, E. P. (1961). Structure of a quantized vortex in boson systems. Nuovo Cimento (10)
20 454-477. MR0128907

GROSS, E. P. (1963). Hydrodynamics of a superfluid condensate. J. Math. Phys. 4 195-207.

LiEB, E. H. and Loss, M. (2001). Analysis, 2nd. ed. Amer. Math. Soc., Providence, RI.
MR1817225

LIEB, E. H., SEIRINGER, R. and YNGVASON, J. (2000). Bosons in a trap: A rigorous deriva-
tion of the Gross—Pitaevskii energy functional. Phys. Rev. A 61 043602-1-13.

LiEB, E. H., SEIRINGER, R. and YNGVASON, J. (2000). The ground state energy and den-
sity of interacting bosons in a trap. In Quantum Theory and Symmetries (Goslar, 1999)
(H. D. Doebner, V. K. Dobrev, J. D. Hennig and W. Luecke, eds.) 101-110. World Sci.,
River Edge, NJ. MR1796042

LIEB, E. H., SEIRINGER, R. and YNGVASON, J. (2001). A rigorous derivation of the Gross—
Pitaevskii energy functional for a two-dimensional Bose gas. Comm. Math. Phys. 224
17-31. MR1868990

LieB, E. H. and SEIRINGER, R. (2002). Proof of Bose-Einstein condensation for dilute
trapped gases. Phys. Rev. Lett. 88 170409-1-4.

LIEB, E. H. and YNGVASON, J. (2001). The ground state energy of a dilute two-dimensional
Bose gas. J. Statist. Phys. 103 509. MR1827922

PITAEVSKIL, L. P. (1961). Vortex lines in an imperfect Bose gas. Sov. Phys. JETP 13 451-454.

PITAEVSKII, L. and STRINGARI, S. (2003). Bose—Einstein Condensation. Clarendon Press,
Oxford. MR2012737


http://www.ams.org/mathscinet-getitem?mr=0611508
http://www.ams.org/mathscinet-getitem?mr=1329992
http://www.ams.org/mathscinet-getitem?mr=1619036
http://www.ams.org/mathscinet-getitem?mr=0709647
http://www.ams.org/mathscinet-getitem?mr=0471040
http://www.ams.org/mathscinet-getitem?mr=0723731
http://www.ams.org/mathscinet-getitem?mr=0128907
http://www.ams.org/mathscinet-getitem?mr=1817225
http://www.ams.org/mathscinet-getitem?mr=1796042
http://www.ams.org/mathscinet-getitem?mr=1868990
http://www.ams.org/mathscinet-getitem?mr=1827922
http://www.ams.org/mathscinet-getitem?mr=2012737

1422 S. ADAMS, J.-B. BRU AND W. KONIG

[29] Poprov, V. N. (1983). Functional Integrals in Quantum Field Theory and Statistical Physics.
Riedel, Dordrecht. MR0O711367
[30] RUELLE, D. (1969). Statistical Mechanics: Rigorous Results. W. A. Benjamin, Inc., New York.

MRO0289084
S. ADAMS J.-B. BRU
MAX-PLANCK INSTITUTE FOR FACHBEREICH MATHEMATIK UND INFORMATIK
MATHEMATICS IN THE SCIENCES JOHANNES-GUTENBERG-UNIVERSITAT MAINZ
INSELSTRASSE 22-26 STAUDINGERWEG 9
D-04103 LEIPZIG D-55099 MAINZ
GERMANY GERMANY
AND E-MAIL: jbbru@mathematik.uni-mainz.de
SCHOOL OF THEORETICAL PHYSICS URL: www.mathematik.uni-mainz.de/Members/jbbru

DUBLIN INSTITUTE FOR ADVANCED STUDIES

10 BURLINGTON ROAD

DUBLIN 4

IRELAND

E-MAIL: adams @mis.mpg.de

URL: www.mis.mpg.de/sm/homepages/adams.html

W. KONIG

MATHEMATISCHES INSTITUT
UNIVERSITAT LEIPZIG
AUGUSTUSPLATZ 10/11

D-04109 LEIPZIG

GERMANY

E-MAIL: koenig@math.uni-leipzig.de
URL: www.math.uni-leipzig.de/~koenig/


http://www.ams.org/mathscinet-getitem?mr=0711367
http://www.ams.org/mathscinet-getitem?mr=0289084
mailto:adams@mis.mpg.de
http://www.mis.mpg.de/sm/homepages/adams.html
mailto:jbbru@mathematik.uni-mainz.de
http://www.mathematik.uni-mainz.de/Members/jbbru
mailto:koenig@math.uni-leipzig.de
http://www.math.uni-leipzig.de/~koenig/

	Introduction and results
	Introduction and motivation
	The variational problems
	The potentials
	The ground state energy
	The ground product state energy

	The Brownian models
	The canonical ensemble model
	The Hartree model

	Dirac interaction
	Large-N behavior of the product ground states
	Preliminaries
	The scattering length
	Large deviations principles


	Large deviations for the Hartree model: Proof of Theorem 1.7
	Proof of the upper bound in (2.2)
	Proof of the lower bound in (2.2), hard-core case
	Proof of the lower bound in (2.2), soft-core case
	Finish of the proof of Theorem 1.7

	Large deviations for the Dirac-interaction model: Proof of Theorem 1.12
	Proof of the upper bound in (3.1)
	Proof of the lower bound in (3.1)

	Analysis of the ground product states
	Existence of minimizers in (1.11)
	Positivity and regularity of minimizers, soft-core case
	Positivity and regularity of minimizers, hard-core case
	Boundedness of minimizers
	Proof of Theorem 1.14

	Large deviations for the canonical ensemble model: Proof of Theorem 1.5
	Proof of the upper bound in (5.1)
	Proof of the lower bound in (5.1)

	Acknowledgments
	References
	Author's Addresses

