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Poisson statistics for Gibbs measures at high temperature

Gaultier Lambert *

December 19, 2019

Abstract

We consider a gas of N particles with a general two-body interaction and confined
by an external potential in the mean field or high temperature regime, that is when
the inverse temperature 8 > 0 satisfies BN — v > 0 as N — +oo. We show that
under general conditions on the interaction and the potential, the local fluctuations
are described by a Poisson point process in the large N limit. We present applications
to Coulomb and Riesz gases on R" for any n > 1, as well as to the edge behavior of
[—ensembles on R.

1 Introduction

The present article is inspired by the works of [6] and [20] which establish that the local statistics
of a S—ensembles on R are Poisson in the regime as SN — ~ for a fixed v > 0. Recall that a
B—ensembles is a collection of particles with random positions in RV having a joint distribution

e—ﬁfN(x) _
Pv=—m % Hn(x) =P8 Z log|a; — x| ™" + Z Vizj), (1.1)
Zy 1<i<j<N 1<j<N

where dx = dz;---day and Zg\‘,/) > 0 is a normalization constant. %y (x) corresponds to
the energy of a configuration x € RN and it is made of a two-body interaction with kernel
g(z,z) = log|r — 2|~! and a one-body potential V(z). The specificity of this interaction lies in
the singularity of its kernel on the diagonal which forces the particles to repel each other. The
parameter 8 > 0 can be thought of both as a coupling constant which represents the strength
of the interaction and as an inverse temperature if one views Py has a Gibbs measure (as f in-
creases, the measure Py concentrates on the low energy configurations). In the Gaussian case,
V(xz) = ax?, Py describes the joint law of the eigenvalues of a symmetric tri-diagonal random
matrix known as the Dumitriu—Edelman ensemble [11]. In [6], Benaych-Georges and Péché used
the Dumitriu—Edelman representation to show that the local fluctuations inside of the bulk of the
eigenvalues’ process are described by a homogeneous Poisson point process on R as N — 400 with
BN — ~v > 0. This result has been recently generalized by Nakano and Trinh [20] to any potential
V € C(R) with sufficient growth, hence showing universality. In this article, we tackle an analo-
gous problem for a general (singular) interaction g on a n—dimensional manifold X. In particular,
our results apply to any Riesz gas on R" for any n > 1 with a general potential (Corollary 1.5)
and to Coulomb gases on compact manifolds of dimension n > 2. We also discuss the emergence
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of Poisson statistics at the boundary of the gas. This allows us to show that the largest eigenvalue
of the Dumitriu—Edelman ensemble properly rescaled converges to a Gumbel random variable in
the high temperature regime (see Corollary 1.9).

1.1 Model

Let X be a connected differentiable manifold of (real) dimension n equipped with a Riemannian
metric g. Then X is a metric measured space equipped with its geodesic distance dist(-) and with
its Borel o—algebra and volume density w. In local coordinates, this density can be expressed as
dw = v/det gdzy - - - dz,,. We denote by . (X) the set of probability measures on X equipped with
the weak topology. Then, .#(X) is a Polish space. If X is compact, by scaling, we also assume
that w(X) = 1.

We consider a gas of N particles interacting via a two—body kernel g : X x X — (—o0, +o0]
and confined by a potential V : X — (—o0, +00] at inverse temperature 8 > 0. That is for a given

N €N, if x = (z1,...,2n5) € XV is a configuration, we define its energy:
Hn(x) =6 > glwnz)+ > Vi) (1.2)
1<i<j<N 1<j<N

Then, we consider the Gibbs measure on ¥™:

e~ N (%) N
Pyldx] = —5— [ w(d=)), (1.3)
NS
where the partition function
Zg\‘,/) = /e_%N(x)Hj-v:lw(dxj) < +o0. (1.4)

In this article, we are interested in describing the local fluctuations of a random configuration
sampled from Py in the so—called mean field regime where the coupling constant 3 = O(N~1) in
the large N limit. This is also known as the high temperature regime, in contrast with the case
where 5 > 0 is fixed. Our main results show that for a large class of interactions and confining
potentials, as BN — ~ with v > 0, the local statistics are Poisson in the bulk as well as near the
boundary of the configuration of particles. The thermodynamical limit in the regime where f is
fixed and the potential V' = NV is harder to analyze because of the strong correlations between
the particles. Nevertheless, it has been established that the local fluctuations of the Gaussian -
ensembles on R are described by the Sineg point process in the bulk [16, 26] and by the Airyg point
process at the edges [23]. The question of universality of these limits for different potentials has
also been tackled in [7, 8]. Recently, there have also been several considerable advances to describe
the thermodynamical limit for Coulomb and Riesz gases on R? with d > 2. In particular, Leblé
and Serfaty showed that the local statistics are described by point processes which minimize of a
certain free energy functional introduced in [17]. A local law, as well as precise estimates for the
fluctuations have also been obtained by Amstrong and Serfaty in [4]. We refer to the review article
[25] for a comprehensive overview of these developments and the appropriate references. On the
other hand, if 5 = 0, the particles are independent and all the large N properties of the gas can be
inferred from the classical theory of independent random variables. The high temperature regime
is of particular interest since it interpolates between the two aforementioned cases and because of
the competition between the energy and the entropy of the gas, see [1, 14].



In order guarantee that the condition (1.4) holds and that the Gibbs measure satisfies a large
deviation principle as N — 400, one needs to impose certain regularity and growth conditions
on the two—body kernel g and the potential V' of the model. We will work under the following
general assumptions which allow for singular interactions in order to model the repulsion between
the particles.

Assumptions 1.1. We suppose that the kernel g : X x X — [0, +00] and the potential V : X —

[0, +00] satisfy the following properties:

1) V is continuous' on %y = {V < 400} and /e_v(w)w(dx) < +o0.

2) g is symmetric and lower semicontinuous. For any ¢ > 0, there exists § > 0 such that for all
u,x € X, |g(u, z)| < edist(z,u)™" if dist(u,z) < 4.

3) For any k € IN, we can decompose g = gy + g¥ where g < k is continuous, g* > 0 and there
exists p > 1 and a sequence c, — 0 as n — 400 such that /gk(u, )P w(de) <ck for allu € X.
The main example of interaction which satisfies the Assumptions 1.1.2)3) are the Riesz kernels:

for any n > 1 and s € (0,n),

gs(u, ) = |z —ul ™%, z,u € R"™. (1.5)

If n > 3 and s = n — 2, up to a constant, this corresponds to the Coulomb kernel. Then, the
energy (1.2) is that of a gaz of N electric charges at inverse temperature 8 > 0 confined by the
background potential V.

Observe that since we assume that g > 0, the condition 1) implies that the partition function
(1.4) is finite for all N € IN,
Zg\‘,/) < /ef ik V(Ij)HévzlcU(de) <cy where Cp := /e_v(w)w(dx). (1.6)

Let us also record that the condition 3) implies that the kernel g is locally integrable in the sense

that for any compact set K C X and for all u € X, / g(u, z)w(du) < +oo.
K

If g is not bounded from below, as it the case for the two—dimensional Coulomb kernel,
g(u,:z:) :10g|x—u|71, (17)

then we need to modify slightly our assumptions. Let us observe that for any continuous function
¥ > 0, we can always rewrite the energy (1.2) as

) =8 > Blwiz)+ Y Vi) (1.8)
1<i<j<N 1<j<N

where V(z) = V(z) — B(N — 1)¥(x) and §(u, z) = g(u, z) + 9(u) + 9(z). The idea is to choose the
function ¥ in such a way that for all u,z € X,

—g(u,z) < I(u) + 9(z), (1.9)

Moreover, if V' grows sufficiently quickly, then we can also always assume that 1% >0forall N e N
(since BN = O(1) and after possibly adding a constant to V' which does not change the Gibbs
measure (1.3)). In this setting, let us state our assumptions.

IThe set .%y is open and we assume it is not empty. Moreover, we set e~ V(@) =0 forallze {V = +o0}.



Assumptions 1.2. We suppose that the kernel g : X x X — (—o00,+00] satisfies the properties
2) and 3) from Assumptions 1.1 and that there exists a continuous function 9 > 0 so that (1.9)
holds. Then, we suppose that the potential XN/,.; =V — k9 is bounded from below and satisfies the
properties 1) for all &k > 0.

Notation. In the following, we use the notation A <« B if there exists a constant C' > 0
independent of N such that |A] < CB. We also use the notation A < B when A < B and B < A.
For any n € IN, we denote by | - | the Euclidean norm on R™. For any probability measure u on X,
if it exists, we denote by u(z) its density function.

1.2 Law of large numbers

Let us review some of the basic properties of the particle system defined in the previous section.
A convenient way to encode a configuration x € XV of particle is through its empirical measure:

~(x — N
Mgv) =N 12]‘:15%"

We usually ignore the superscript (x) and view [ixy as a random measure under Py. Let us now
recall how to describe the equilibrium properties of the gas. We define the energy functional:

5= [[ ee oudntdn),  pe.a(x), (1.10)

The interpretation is that p represents a cloud of particles and & (u) is the self-energy of this cloud.
Moreover, the potential generated by p € . (R?) will be denoted by

Ut (z) = /g(:c,z)u(dz), zeX.

If the kernel g > 0, then &(u) and Z*#(x) are well-defined for all u € .#(R%). On the
other-hand, when g is not bounded from below, we can consider instead the weighted energy:

= [[ B n@no). e .ax), (1.11)

where g(u, ) = g(u, z) + 9(u) + I(x) as in (1.9).

Recall that for any v € #(X), the relative entropy (or Kullback-Leibler divergence) with
respect to v is defined by

/log(p) dp if dp = pdv

+00 else

H(ulv) = ) we M (X). (1.12)

The function p — H(u|v) can be though of as a distance from p to v as can be seen from
Lemma A.1. The reference measure that we consider are

vy (dz) = C;lefv”(z)w(dsc) where ‘N/.Y =V -9 for v2>0. (1.13)

Under the Assumptions 1.2, we can choose C, > 0 (increasing) such that v, is a probability
measure. The relevant functional to describe the equilibrium configuration of our particle system
as BN — v and N — 400 is the free energy:

Fo(w) = 26 () + Hlul,), e a(%) and v 0. (1.14)



This might seem like a slightly unusual way to define the free energy, but observe that it has the
following properties: %, > 0 and it is lower—semicontinuous, so that it attains its minimum and
all minimizers are absolutely continuous with respect to v, (and a fortiori v). Moreover, it follows
from formula (A.1) below that there exists a constant ¢, > 0 such that for any p € .#(R") with

a density p < vy,

T (1) = %g(u) + H(ulvo) + ¢y < +o0. (1.15)

The following Law of large numbers for the empirical measure can be extracted from the
literature (it basically follows from the large deviation principle in [12]).

Proposition 1.3. Let us suppose that the Assumptions 1.2 hold and that the free energy (1.14)
has a unique minimizer denoted by p, € A (X). Then under Py, the empirical measure [iy
converges in probability to ji, as BN — v and N — +o00. Moreover, the equilibrium measure
L Satisfies

fio(dz) = L te 7" 0=V @y(dz), L, >0. (1.16)

For completeness, we review the important steps of the proof of Proposition 1.3 in Section A.1
of the Appendix. In particular, we carefully derive the self-consistent equation (1.16) which char-
acterizes the minimizer(s) of %, (see Proposition A.2). It turns out that under the assumptions
of Proposition 1.3, the equilibrium potential % #~ is continuous on X so that the equation (1.16)
is satisfied by the equilibrium density for all x € X. Proposition 1.3 implies that for any function
f € C(X) which is uniformly bounded and for any ¢ > 0,

NETEMPN[‘/fdMN_/deV

If the limiting temperature v = 0, the equilibrium density is po(z) = Ly le=V(®) and it is the
(unique) minimizer of the relative entropy H(-|po), so our notation are consistent. Note that if
the kernel g > 0, then ¥ = 0 and v, = po. Then, we inferred from the equation (1.16) that
0 < %" <« 1, so that the equilibrium density satisfies p(z) < e=V®) for all x € X and for any
~ > 0. In fact, under the Assumptions 1.2, we easily obtain he estimate for all x € X,

> e:| =0. (1.17)

e V) <y (z) < e V), (1.18)

see (A.7) below. Finally, the issue about the uniqueness of the minimizer of the free energy in the
case of the Riesz (1.5) and log (1.7) gases is addressed at the end of Section A.1.

1.3 Local fluctuations

In this section, we present our main result concerning the local fluctuations of the system of
particles defined in Section 1.1. Let us fix a point E € % and let U be a normal neighborhood
of F in % and ¢ : U — R™ denotes a normal coordinates chart. Then, we define the local point
process around E as
EN = Z 6N1/"LP($]‘)' (119)
z;eU

Our main result states that =y converges in distribution to a (homogeneous?) Poisson point process
on R™ as the number of particles N — 400 and NG — ~.

2 The reference measure on R™ is the Lebesgue measure and we refer to Definition A.6 in the appendix for the
definition of a Poisson point process. In fact, one could use any C! chart to define the local point process (1.19),
then the limiting Poisson process would also be homogeneous but its intensity need not be given by the equilibrium
density pu~(E) at E € Sy .



Theorem 1.4. Fiz v > 0 and suppose that the Assumptions 1.2 hold and that the free energy
(1.14) has a unique minimizer p., € A (X). Then, under Py, En converges in distribution as
N — 400 and N — 7 to a homogeneous Poisson process on R™ with intensity p(E) > 0.

Theorem 1.4 confirms that as expected, Poisson statistics describe the local fluctuations of a
Coulomb gas in the mean field regime. However, by analogy with the 1-dimensional case studied
in [14], we still expect some correlations between the particles in the sense that the global fluc-
tuations of the equilibrium remain non-trivial® as N3 — v > 0. Moreover, in view of the result
from [3], one expects that Poisson statistics describes the microscopic behavior of S—ensembles
regardless of the confining potential as long as the inverse temperature § — 0 as N — +o0.

Observe that it follows from the estimate (1.18) that p(E) > 0 if and only if E € .y, so that
the limiting process is non trivial. The proof of Theorem 1.4 is given in Section 2 and it relies only
on the Assumptions 1.2 for our particle system and the Law of large numbers from Proposition 1.3.
For completeness, we review briefly the concept of convergence for point processes in Section A.2.

Coulomb gas in the Euclidean case. Our main applications of Theorem 1.4 is to deduce
universality of local fluctuations for Coulomb and Riesz gases on R™ for any n > 1. Let us recall
that the Riesz kernels on R™ are given by gs(u,z) = |z —u|~® for an exponent s € (0,n). Then, we
consider the Gibbs measure (1.2)—(1.3) on (R™)" with interaction kernel g5 and a general potential
V :R™ — [0, +0c0] such that e=V € L!(dx) where dx denotes the Lebesgue measure. In this case,
we obtain the following result which describes the local fluctuation of the system of particles in
the bulk as N3 — ~.

Corollary 1.5 (Riesz gases — bulk fluctuations). If V is continuous on %y = {V < 400}, then
for any fired E € #y, the point process En = Zjvzl ON1/n(z,—p) converges in distribution as

N — +o00 and NS — v with v > 0 to a homogeneous Poisson point process on R™.

The proof of Corollary 1.5 consists in verifying that the free energy (1.14) has a unique minimizer
and that the Riesz kernels gq satisfy the Assumptions 1.1.2)3) if we set g5 = gs A k for k € IN.
Since gs > 0 is a positive-definite translation-invariant kernel, the free energy .#, = 2& + H(-|u0)
is strictly convex, so that it has a unique minimizer — see Lemma A.4 in the Appendix for a precise
claim. Moreover, the Assumptions 1.1.2) clearly holds and the function gs j are continuous and it
holds for all k € IN, p < n/s and u € R™,

/gf(u,x)pdx = / lz| 7P da = Q k= (/5P (1.20)
| <k—1/s

where €2,, denotes the volume of the unit ball in R"™.

We also obtain the analogous result for log gases in dimensions n = 1,2. Let us denote for
z,u € R™,
g(x,u) =log|z —u|™! and I x) = log(1 + |z|), (1.21)

so that the condition (1.9) holds. Like (1.20), we easily verify that the log kernel g satisfies the
Assumptions 1.1.2)3) if we set g, = g A k for k € IN. Moreover, by Lemma A.5 in the Appendix,
in dimensions 1 and 2, the free energy (1.14) has a unique minimizer p, € .#(X) for any v > 0.
Thus, we obtain the following result directly from Theorem 1.4.

3We mean that these global fluctuations are not described by a white noise as it is the case when 8 = 0.



Corollary 1.6 (Log gases — bulk fluctuations). Suppose that V is continuous on the set Sy =
{V < 400} and that for all k > 0,

inf {V(z)— rd - d eV (®)q : 1.22
xér}V{ (z) — kd(z)} > —00 an /|x| e x < 400 (1.22)

Then, for any E € S, the point process En = Zjvzl ON1/n(z,—E) converges weakly as N — +00
and NS — ~ with v > 0 to a homogeneous Poisson point process on R™.

Coulomb gas on compact Riemannian manifolds. This particle system has been introduced
in [12] and further studied in [13]. Tt consists of a Gibbs measure (1.2)—(1.3) where the interaction
kernel g is the Green function of the Laplace-Beltrami operator on a compact manifold X of
dimension n > 3. This means that in distributional sense, Ag(-,z) = —d, + 1 for every z € X.
The Green function g is symmetric, lower semicontinuous and it satisfies [ g(x, u)w(du) = 0 for
all u € X. Important other properties (which relies on the compactness of X — see [5, Chapter 4])
include that g > —cx for a constant cx and that

g(r,u) < dist(w,u)*". (1.23)

Moreover, it holds for any function f € L?(X),

0<&(f) = / / o, 2) F(2) f(2)w(d2)o(dn) < |12,

This follows from the fact that the kernel g defines a positive compact operator on the Hilbert
space L?(X). In fact &(f) = 0 if and only if f is constant. By (A.8), this implies that the energy
functional & is strictly convex on .#(X) and that its unique minimizer is the volume density w.
Then, by Lemma A.1, the free energy 7, (u) = 36 (1) + H(u|po) is also strictly convex, so that
it has a unique minimizer p, € Z(X). Since g is bounded from below and X is compact, we can
consider the case where V' = 0 in which case the equilibrium measure p, = w for all v > 0. Using
the estimate (1.23), it is immediate to verify that g satisfies the Assumptions 1.1.2)3). Hence, by
Theorem 1.4, for any E € X, the point process (1.19) converges as N — +oo and NS — v to
homogeneous Poisson process on R™ with intensity 1.

1.4 Boundary fluctuations

In this section, we focus on the FEuclidean case X = R”™ for n > 1 and for simplicity we consider
the potential V' (z) = |z|* for a o > 0. In this case, since the equilibrium measure y., is radial and
decays at oo, the particles fill in a ball with a large radius and we can study the local fluctuations
in the vicinity of the boundary of this ball for large N. Then, we typically expect to observe
an inhomogeneous Poisson point process. By adapting the proof of Theorem 1.4, we obtain the
following result for Riesz gases.

Theorem 1.7 (Riesz gases — boundary fluctuations). Suppose that V(z) = |z|* for x € R™ and
a>0. Foranyv € S"~ 1, letyp € SO(n) such that (e1) = v and set py (z) = ny (v+a™tny*P(z))
where

B /e n(a —1)loglog N log(a™L.)
ny = (log N)!/ (1 a2 logN  alogN ) (1.24)
N

and L is as in (1.16). Then, the point process En = 35, 6(/);[1(%) obtained by zooming around

the point nyv converges in distribution as N3 — v and N — 400 to a Poisson point process with
intensity 0(x) = e~ 1"* on R™.



Theorem 1.7 follows from a result, Theorem 3.2, given in Section 3 which can be applied to
any non—negative interaction kernel which decays at oo and to a general potential V. However,
since the assumptions of Theorem 3.2 are technical and depend strongly on the growth of V at
oo, we have decided to focus on a concrete example in this section. It is should be noted that
the difference with the case of independent particles (v = 0) come only from the last term in
the definition of the radius (1.24) where the constant L. from the self-consistent equation for the
equilibrium density appear instead of Lg. This is a consequence of the fact that the Riesz kernel
(1.5) decays to zero at co. For the log kernel (1.7) in dimension n = 1,2, we obtain an analogous
result but the radius ny of the ball where the particles are confined for large N depends on the
temperature .

Theorem 1.8 (Log gases — boundary fluctuations). Suppose that V() = |z|* for x € R™ and
o> 0. Foranyv € S"™!, let ¢ € SO(n) such that (er) = v and set pn (x) = gy (v+a™ ny*P(z))
where

BN —n(a—1)loglog N log(a"Lv)) (1.25)

— (log )/ (1
v = (log N) + a? log N alog N

N
j=1
the point nyv converges in distribution as N3 — v and N — 400 to a Poisson point process with
intensity 0(x) = e~ 1"* on R™.

and L is as in (1.16). Then, the point process Exy = 6(/)&1(%) obtained by zooming around

The proof of Theorem 1.8 is also given in Section 3 (see Theorem 3.4). Let us observe that
since o (z) = nyvv + " t(log N)Y oty (z) (1 + O(%)), it is not possible to replace SN by v
on the RHS of (1.25) without information on the rate of convergence as N — ~.

Theorem 1.8 with n = 1 and « = 2 describes the fluctuations for Gaussian S—ensemble (1.1)
near the edges in the regime SN — ~ with v > 0 as N — 4o00. In particular observe that for any
teR,

Py [EN(t, +o0) = O] =Py [no particle > ny + L}

2nN
=Py|

t
ax x; < .
j=1,...N j = TN + 277N}

Since the random variable =y (t,4+00) converges to a Poisson random variable with mean A(t) =
j;+oo e~ %dx, this implies that for any ¢t € R,

i . _t ] = _ _ ot
yim B[ max oy <ot 5] = e (= M) = exp(—e ™),
This shows that in the high temperature regime, the largest eigenvalue of the Gaussian S-ensemble
suitably normalized converges to a Gumbel random variable.

Corollary 1.9 (Edge fluctuations for Gaussian S—ensemble). Consider the ensemble (1.1) with
V(x) = 22 in the regime where BN — v with v > 0 as N — +oo and let

En = 2(\/10gN max ; — logN) — % loglog N + log(2L.,)
J=1,..,
where Ly, > 0 is as in formula (1.16). Then the random variable {n converges in distribution to a
standard Gumbel random variable (with distribution function exp(—e~*%) on R).

The question of the fluctuations at the edge of the Gaussian f—ensemble in the high temperature
regime has been raised in [2]. Then, it was proved in [21, Theorem 1.1] that if SN < ﬁ, then
&N converges to a Gumbel random variable. Corollary 1.9 gives an extension of this result in the



regime where SN ~ . Finally, let us mention that in the regime where 5 — 0 and SN — +o0,
using the tridiagonal random matrix representation of the Gaussian S—ensemble, Pakzad obtained
in [22, Theorem 1.1] a large deviations principle at speed SN for the largest eigenvalue. This
implies that in this regime, the largest eigenvalue to v/2 in probability. However, we still expect
to observe that the largest eigenvalues has Gumbel fluctuations around /2 — see the discussions
in [2]. This is in contrast with the regime where g > 0 is fixed and the fluctuations are described
in terms of the stochastic Airy operator [23].

Acknowledgments. G.L. is supported by the SNSF Ambizione grant S-71114-05-01. G.L.
thanks Trinh Khanh Duy for interesting discussions about the problem studied in this article.

2 Proof of Theorem 1.4

Throughout this section, we assume that SN — v as N — +oo for 7 > 0 and that the interaction
kernel g and the potential V' satisfy the Assumptions 1.2. Without loss of generality, we also
assume that SN < k for all N € N for a fixed x > 0 and that the potential V,; > 0. Moreover, we
rely only on the fact that the empirical measure fiy converges in probability to p, € #(X).

The first step of the proof of Theorem 1.4 consists in obtaining a (uniform) bound for the
density of state py. As, we see in Section 2.1, this is a rather straightforward consequence of
the Assumptions 1.2. Then, in Section 2.2, we use this bound to deduce the convergence of the
correlation functions of the local point process (1.19) and complete the proof of Theorem 1.4. The
argument to obtain this convergence is inspired from [6, 20].

2.1 Estimates for the density of state
We define the density of states (or first marginal of Py) by

e*ji”N(u T2,...,ZN)
o (u) Z:/—W(d$2)"'W(dIN), ue X,

For any N € N, py is a probability density function on X.

First, let us observe that by Jensen’s inequality, we immediately have a lower bound for the
partition function (1.4). Indeed, by (1.15), the reference measure duy = Ly e™Vdw satisfies
F(po) > 5& (o) and this implies that

N
i=1

N

> Ly exp <— 5/Zg(ﬂfi — ;) Huo(dﬂfz‘)>

i<j i=1
=LY exp ( — N—ﬁ(N{l)é”(uo))

Since F;(10) > 0, this shows that if S(N — 1) < &,

78 > L e NFnlo), (2.1)



Moreover, if f € L'(v,) is a non—negative function, then by (1.9) and (1.13), we obtain the

trivial estimate N

Proposition 2.1 (Wegner estimate). Let V(z) = V(z)— B(N —1)d(z) for = € X. For any N € N

and for all u € X, B
pn(u) < e VW

where the implied constant depends only on k > 0.

Proof. We can suppose that N > 2, otherwise the estimate is trivial. By definitions, we can rewrite

28 = 20,8 [ B e D S0 29
and for all u € X,
AN N
pr(u) = =7y Bt e (2.4)
N

Let us check that the random variable [ g(u,-)dfiy—1 is integrable with respect to the probability
measure Py_1 X pg. On the one-hand, it follows from the Assumptions 1.1.3) that

En—1| [ g+(u,)diin—1|po(du) <1+ [ [ g'(u,x)po(du)pn(da)
felf | Il

<1 +Cgl( / gl(u,x)pw(d:v)>1/p( / ev(z)w(dx)) v

<1 (2.5)

by Hélder’s inequality and using that V' > 0. On the other hand by (1.9) and (2.2), we have
/IEN,l {/g(u, ~)dﬁN1]u0(du) < /ﬂ(u)uo(du) +Eyn {/ﬁdﬁ]\/] < 400

where we used that /19(u)(du) < 400 since V, satisfies the Assumptions 1.1.1) for any s > 0.
Hence, by applying Jensen’s inequality, it follows from (2.3) that

7(V)

% 2 LO exp (— B(N — 1)EN_1 [/%#Odﬁ]\/’_l]>.

Zn2a

Note that we used the symmetry of the kernel g. Moreover, it follows from the estimate (2.5) that
En_1 {f %”UdﬁNl} < C for a universal constant C' > 0. This implies that if (N —1) < &, then

8
ijvlﬁ;l < 1. By (2.4) and (1.9), this shows that the density of states satisfies

pn(u) < Ey_q[e™” zin 8(w25)] g~V (u)
< By [# D051 060 V),
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where V(u) = V(u) — B(N — 1)d(u). Finally, by Jensen’s inequality again, it holds for any
N>r>1,

B o7 5 900) < (B 00§ = ()
N |€ < N|€ _ Zg\‘z/) ,

where we used that the function ¥ > 0 and SN < k. Using the upper-bound (1.6) (applied to the
potential V, = V — k¢ which satisfies the Assumptions 1.1.1)) as well as the lower-bound (2.1),
this shows that for any N > r > 1,

Ey [ ZE 0] < O(k)". (2.7)
By combining the estimates (2.6) and (2.7) with » = 1, this completes the proof. O

Remark 2.1. If the empirical measure [iy = p in probability as SN — v and N — +oo, then
PN = [y in the same regime. Thus, if p is absolutely continuous, it can be inferred from the
uniform bound of Proposition 2.1 and Lebesgue differentiation theorem that its density p, < v.

Let us also record the following consequence of the Law of large numbers and Proposition 2.1.

Proposition 2.2. If f : X — (—o00,+00] is a lower semicontinuous function which is bounded

from below, then as BN — 7,
o S~ s .
}\}YBiIgEN[/deN} _/fdﬂ'v

Moreover, for any lower semicontinuous function f € L*(v,), we have as BN — 7,

/fdﬁzv—/fduv] —0.

Proof. Without loss of generality, we can assume that f > 0. By Skorokhod’s representation
Theorem and Proposition 1.3, there exists a sequence of random measures vy taking values in
A (R?) with the same law as fiy such that vy = p, almost surely as N — +oo (for the topology
of weak convergence). By Portmanteau’s theorem, since the function f is lower—semicontinuous,
almost surely as N — 400,

lim EN |:
N—+o00

liminf/fdl/]\;2/fduV (2.8)

N—+o00
Then, by by Fatou’s Lemma, this implies that

- > '
] 0] > 0
This proves the first claim (the RHS is allowed to be +00). For the second claim, we can still

assume that f > 0 and observe that by Remark 2.1, f € L'(v,). Then, for a given small ¢ > 0,
observe that (2.8) implies that if N is sufficiently large (depending only on € > 0), then

H/deN /fd“”} <€+E[/deN} /fduw (2.9)

Moreover, since f is lower semicontinuous, there exists a sequence of continuous functions 0 <
fr < k such that fr 7 f pointwise. By (1.17), it holds for any k € N,

lim E[ / fkduN] = / Fudpy (2.10)

N—+oc0
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and by Proposition 2.1 as SN < k,
B[ [ - ] = [0 - fiepoxttn) « [0 - famtan. @1
Since f € L*(v), the RHS of (2.11) converges to 0 as k — +o0 and, by (2.10), this implies that
limsupE[/fduN} < /fd,u,y
N—+o00
By (2.9) and since € > 0 is arbitrary, this proves the second claim. O

2.2 Convergence of the correlation functions

Let us define the random function
N 1
X () = [glu )iy = £ 5 glusy),  uex, (212)

This function is the potential generated by the empirical measure iy and it is lower semicontinuous.

Let us denote the marginals of the probability measure Py by (pg\];));::l . That is for any integer
k< Nandu= (ug,...,u) € X*,
(k) e~ TN (U150 Uk T 150, TN )
py’ (u) = / 7 w(dzgt1) - w(dzy). (2.13)
N

Then pg\}) corresponds to the density of states and let us observe that according to (2.12), we can
rewrite for any k=1,..., N,

7V)
P (u) = —ZJ\([x;)ke_%(U)EN—’“ [ BNV-R T Xvk)] |y e X, (2.14)
N

Fix F € “ and a normal neighborhood U of E. It follows from formula (A.14) in the
Appendix A.2 that the correlation functions of the local point process (1.19) satisfies for any fixed
keNas N —» 4+

BP0 = o] (07 @ N7V, T @) (14 0(1), (2.15)

uniformly for all x = (z1,...,7,) in compact subsets of (R™)* . Our goal in this section is to

establish that for any & > 1, Rg\/;) — 1y (E)* as N — +o00 and BN — « for almost all x € (R")"
and to deduce Theorem 1.4. Our first and main Lemma deals with the asymptotics of the random
potential Xy .

Lemma 2.3. Fiz u € X and let uy € X be any sequence such that uy — u as N — 4o0. We
have as BN — =,
i _ Hey —
i s st -] =0

where UM (u) = /g(u, x) i~y (dx) is the equilibrium potential.

12



Proof. We claim that for any fixed u € X, the function x +— g(u,z) lies in L!(v,). Indeed, under
the Assumptions 1.1.3), by Holder’s inequality, it holds for any k& € N,

/gk(u,x)yﬁ(dx) < /gk(u,:zr)eff/“(m)w(dx)

< ([ war ) Up( / eW%(dx))l/q <o

where we also used that \N/,Y > 0 and that \N/,i satisfies the Assumptions 1.1.1). In addition, since
lgk(u, )| < k +9(u) + J(x) by (1.9), it holds that for all k¥ € IN,

(2.16)

/’gku:tll/ﬁdx <</€+/19 ~()(dgc)
< k/ei r /6@y (de) < +oo (2.17)

where we used that k + 9 < ke?/F at the second step. Hence, since g is lower continuous, by
Proposition 2.2, we obtain that for any fixed u € X, as SN — 1,

NETOOENUXN %M(U)” =0

So it remains to show that if uy — w in X | then

N1—1>r—Il-looEN [‘XN UN) XN(’U,)” =0. (218)

By the triangle inequality, we have
ENUXN(UN) X (u <ENU|g un,-) |dUN] /\g un, ) — g(u, )| pn (2)w(dz).
By Proposition 2.1, as SN < k, this implies that

EN“XN(UN) <</’g (un,z) — g(u, x) ]1/,.; dz). (2.19)

Observe that since ¢ is continuous, the implied constant in the estimate (2.17) are uniform for

all u in a compact set of X. Hence, since gy, is continuous, by the dominated convergence Theorem,
it holds for all k£ € IN,

Nl_i)riloo/‘gk(uN,x) —gk(u,x)|y,<(dx) =0.

Moreover, by (2.16), it holds uniformly for all u € X and for all k € IN,
/gk(u,x)l/,i(dx) < cj.
By combining these estimates with (2.19), we obtain that for all k € IN,
llifrii—llEENUXN (un) — XN(u)” < cg.

By assumptions, since ¢ — 0 as k — 400 this proves (2.18). O
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From Lemma 2.3, we can deduce the asymptotics of ratios of partition functions.

Corollary 2.4. Fizr k € N and u € X*. For anyi € {1,...,k}, let un,; be a sequence such that
un,; = u; in X as N = 4+00. We have as BN — v,

lim Ey [e—ﬂN i XN(UN@)} — eV i UM (ua),
N—+oco

Moreover, it holds for any fized k € IN,

N—+oc0
where the constant Ly, > 0 is as in (1.16).

Proof. Tt follows immediately from Lemma 2.3 that under our assumptions, as N — +o0,
BN X (uni) = ¥y % (wi) (2.20)

in probability (with respect to Py). Moreover, by (1.9) and using the estimate (2.7), it holds for
any r > 1,
Ex [e—rBN Sk XN (uNZ)] < 'k Sk ﬂ(uN’i)EN [erkB Zj.vzl ﬂ(mj)}
- 2.21
< Crkern Zle ﬂ(uN’i), ( )
where the constant C' > 0 does not depend on kK € IN and r > 1. Since ¢ is continuous on X,
this shows that the random variables e AV Tia X (un,i) lie in L"(Py) for any » > 1, N > rk and
u € X*. Consequently, we deduce from (2.20) that for any fixed k € IN and u € X*,

Jlim B [em P S )] = o S 0, 222)

For the second claim, let us observe that by integrating formula (2.14), we obtain for any k €
{1,...N =1},
z\)

7

= /EN_k [e—B(N—k) Yio XN*"(“i)}e_%’“(“)w(dul) - w(dug).
N-k

From (1.8), we have J4,(u) > Elef/,{(ui) and using (2.21) with » = 1 and uy; = u,, it holds for
any u € X", ~

EN—k[ B(N—k) Sk Xn_ k(uk)] i, (a) < Cke~ i Vie(ui) (223)

By Assumptions 1.2, the RHS of (2.23) is an integrable function on X*. Since for almost every

ue xk e W) o= X V() a5 B -5 0, it follows from (2.22) and the dominated convergence
theorem that for any fixed k € IN, as SN — =,

=k (vt w4V (u))
NLHEOO Z(V / w(duy) -+ w(dug).
By (1.16), since p~ is a probability measure, this completes the proof. O

Remark 2.2. It follows from formula (2.4) and Corollary 2.4 with k = 1, that the density of states
satisfies for all u € X, as BN — 7,

— "l % (w) =V (u)
i, () = Li'e '

Since we also know that py = p, in the same regime, this gives an alternative proof of the
self-consistent equation (1.16) which is satisfied by the equilibrium density p..
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We are now ready to complete the proof of our main result, Theorem 1.4.

Proof of Theorem 1.4. Recall that U is a normal neighborhood of F € %, and that ¢ is the
normal coordinate chart in U. In particular (U) = {& € R™ : || < 6} for a § > 0. Let us fix
a large ball £ C R™. According to (2.14) and (2.15), if N is sufficiently large (depending on K),
the correlation functions of the local process Zy satisfy for any fixed £ € IN and uniformly for all
x € Kk,

k zy” _B(N—k) Sk un ) . — w
R®(x) = z?{)k]EN*’“ [e7BNV=R) 2icy X r(un.)] g = Hicun.nuni) (1 4 o(1)), (2.24)
where uy; = ¢~ '(2;/N'/™) for i € {1,...,k}. Notice that uy; — E for all i € {1,...,k} as
N — +00, so that by Corollary 2.4, as BN — 7,

Ngr«rkloo Ey [e—B(N—k) =1 XN—k(uN,i):I — k%" (E) (2.25)

Moreover, it follows from the Assumptions 1.1.2) that for any x € K* with z; # --- # xy,,

lim :%ﬂk(uNﬁl, BN 7'UJN,k) = kV(E), (226)
N —+oc0

where we used that by definition of the normal coordinates, dist(uy ;, uy ;) = |v; — ;|N~1/", so
that

Hdist(uNﬂ-, uN_,j)”|g(uN_,i, ’U,N)j)|
s — x|

Blg(uni,un ;)| < (2.27)

and the RHS of (2.27) converges to 0 as N — 4o00. Note that we also used the continuity of
the potential V' to obtain (2.26). By combining (2.25), (2.26) with (2.24) and using the second
asymptotics from Corollary 2.4, we conclude that for any fixed k € IN and for almost all x € ¥,

lim RE\]/C) (x) = L;ke_k(v%w(EHV(E))

N +too (2.28)
= Hy (E)k

The second step follows from the equation (1.16) for the equilibrium density.

Finally, from (2.24) and using the estimate (2.23) as well as the fact that V,, > 0, we obtain
that for all x € K,
(k) k Z?ka
RN (l’l,...,l'k) <C Z—57
N
where the constant C' > 0 does not depend only on & € IN. By Corollary 2.4, this shows that
uniformly for all x € IC¥,
RW (2, .. a) < C2F. (2.29)

According to Lemma A.8, if we combine the limits (2.28) with the estimates (2.29), we have proved
that the local process Zn converges in distribution as N — 400 to a homogeneous Poisson point
process on R™ with intensity u (E). O
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3 Local fluctuations near a boundary point

The goal of this section is to prove Theorem 1.7 and Theorem 1.8. Like in Section 2, we assume
that BN — v as N — +oo and that SN < k for all N € IN for a fixed x > 0. We work under the
following general conditions.

Assumptions 3.1. Let X = R™ and v > 0. Let us suppose that the interaction kernel g > 0
satisfies the Assumptions 1.1.2)3) and that gi(z,u) = 0 as x — 400 for all u € R™ and k € IN.
In addition, suppose that V : R™ — [0,+00) is continuous, C? outside of a compact set, that
eV € LYR") and let Ex € R™ be a diverging sequence which satisfies the following conditions:
VV(EN) = ayvn with ay >0, |luy|| =1 and it holds as N — +oo,
Ne~V(EN)
— =1, UN — U, and an|En| — +oo. (3.1)
Loy
Finally, let on(z) = En + a;,lw(:v) where ¥ : R™ — R™ be a diffeomorphism with Jacobian
F(¢) =1 and suppose that for any compact set & C R"™, as N — 400,

ay” sup |V2V (en(2))|| = 0. (3.2)
reX

Let us point out that we assume that the interaction kernel g decays at oo and that these
assumptions are very similar to those of Lemma A.9 which deals with the case of i.i.d. parti-
cles. They are slightly technical but they apply to a large class of potentials V € C?(R™), even
though constructing the sequence En could be difficult. By adapting the method of the proof of
Theorem 1.4 presented in Section 2, we obtain the following result.

Theorem 3.2. Suppose that the interaction kernel and the potential V : R™ — [0, +00) satisfies

the Assumptions 3.1. Then, the point process Zn = Zjvzl 6%?[1(%) obtained by zooming around

the point En converges in distribution as BN — v and N — 400 to a Poisson point process with
intensity 0(x) = e~ U¥®) on R™.

In order to prove Theorem 3.2, we relie on the following Lemma.
Lemma 3.3. Under the Assumptions 3.1, for any x € R", Xy (¢on(z)) = 0 in L1 (Py).

Proof. By (2.12), the random function Xy > 0 on R™, so it suffices to show that Ex [Xn(¢n)] — 0
as N — +oo where on = on(x) (z € R™ is fixed). By Proposition 2.1, we have

Ex [Xn(pn)] = / gl uon (du)

< / g(en,we "V Wdu.

Fix a k € IN. Since 0 < gx < k, and gr(pn,u) — 0 as N — +oo for all u € R™ (in particular,
the last condition in (3.1) implies that |¢x| ~ |En| which diverges as N — +00), we deduce from
Lebesgue’s dominated convergence theorem that

: —V(u) —
Nl—lg-loo gr(pn,u)e du = 0.

Hence, it follows from the Assumptions 1.1.3) and Holder’s inequality that

limsup Ex [Xn(¢n)] < ci.
N —+oc0

Since ¢y — 0 as k — 400, this completes the proof. O
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Proof of Theorem 3.2. According to formulae (2.14), (A.10) and using the change of variables
(A.12), the correlation functions of the point process 2 = E;\Ll o ol (zy) ATC given by for all fixed
k€ IN and x € (R™)*,

(V) —kn
RY (x) = _ZZJEVV—; B [e™ PN Ty X (on (@0)] o= Hilon (@) w(m))f(V!aN (3.3)

N—Fk)!

where we used that the Jacobian of the map pn equals to o™ on R™. Let us fix k € IN and a

compact set L C R™.
First, according to Lemma 3.3 and since the random function Xy_; > 0, we obtain that as
BN = 7,
EN_k[e—B(N—k)Zle XN—k(SDN(mi))} 1. (3.4)

Second, note that the first condition in (3.1) implies that a}, < N. So, using the Assump-
tions 1.1.2), we have for z; # z;, 1,5 € {1,...,k}, as BN <,

—n

Belen (@), on(x;)) < keN oy (i) — o (a5))|
= keay N Hap () — ¥(x;)]
<L e|p(w) — Y(x5)].

Since this holds for arbitrary small € > 0, we obtain that as N — +o0,

Belen(xi), on(z;)) — 0.

Moreover, we verify by a Taylor expansion that the conditions (3.1)—(3.2) from the Assumptions 3.1
imply that as N — oo,
Ne—V(en ()
S L 0(a) =YW@ (3.5)
Lyag

where the convergence is uniform for 2 € K. Then, it follows that for almost all x € ¥,

_ k —V(un,i)
. —H(unaun ) Nlag™ o Ne R p—
Nl—lg-looe % (un 1 N.k) (Nka)! - Nl_lg.loo Ll T =L [T, 6(x). (3.6)

By combining (3.4), (3.6) with Corollary 2.4 in formula (3.3), we obtain that for almost every
x € K*, as BN — v and N — +o0,

k k
RV (x) — [15,8(z2). (3.7)
Finally, since the convergence (3.5) is uniform, Xy_; > 0 and g > 0, we deduce from (3.3) that
there exists a constant C(x) > 0 (which depends only on the parameter x) such that for all x € k¥,

7V
2ok < C(r).
N

R (x) < C(n)*

According to Lemma A.8, the previous estimate and (3.7) show that the point process =y =

Zévzl d,-1(,,) converges in distribution as N — 400 to a (non-homogeneous) Poisson point process
N

on R™ with intensity 6. O

We can apply Theorem 3.2 to the Riesz kernels (1.5) to deduce the asymptotics from Theo-
rem 1.7.
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Proof of Theorem 1.7. It suffices to verify that the potential V(x) = |z|* and the sequence Ey =
nnv satisfy the Assumptions 3.1. We have ay = anj'\‘fl) and by a Taylor expansion, we verify

that J\ﬁe;ifav — 1 as N — 400, so that the conditions (3.1) holds. Moreover, the Hilbert—Schmidt
YN
norm of the matrix V2V satisfies as ny — +o0,

V2V (en@)ll = av/la = D2 +n—Tlon (@), zeR"

= (a—l) +n—1ny" (1—!—(9(77]?,0‘)), x e X,

where the last error term is uniform. This implies that

aN sup HV V(cpN )H <y

Upon observing that by construction, v-¥(x) = ey -« for all z € R"™, this completes the proof. O

Theorem 3.2 can only be applied to an interaction kernel g > 0 which decays away from the
diagonal. Our next result applies specifically to the log kernel (1.21). Let n = 1 or 2 and for
u,x € R",

gz, u) =loglz —ul™",  I(u) =log(1 + |u]).

We also let V : R™ — R be a C? potential which satisfies the conditions (1.22).

Theorem 3.4. Let Exy € R"™ be a diverging sequence which satisfies the following conditions:
VV(EN) = ayvn with ay >0, |luy|| =1 and it holds as N — +oo,

Nef\/(EN)JrBNlog\EN\
=1, UN — U, N~ 'log(an) =0 and ay|Eyx| — 4+oco. (3.8)

n
L,a%

Let pn(z) = Ex + ay't(z) where ¢ : R™ — R" is a a diffeomorphism with Jacobian ¢ (1) = 1

and suppose that the condition (3.2) holds. Then, the point process Zn = Z “l(ay) CONVETgEs

6
Jj=1
in distribution as BN — v to a Poisson point process with intensity 0(x) = e‘”'w(””) on R™.

The only substantial difference in the proof of Theorem 3.4 compared with that of Theorem 3.2
lies in the following Lemma.

Lemma 3.5. Under the assumptions of Theorem 8.4, for any x € R"™, the random variable
Xn(on(z)) +log|EN| converges in L*(Py) to 0 as N — +00.

Proof. For simplicity, we denote oy = ¢n(z) and ny = |En|. In particular, the last condition in
(3.8) implies that |pn| ~ ny and ny — +00 as N — +oo. First observe that according to (2.12),
we have

log 1

X (o) + log x| < / fin (du)

so that by Proposition 2.1,

log PN v, (du) (3.9)

X I
N [|Xw(on) + lognx|] < / ~

where v, is the probability measure (1.13). Since ny — +00, using the last last condition in (3.1),
we have for any fixed u € R"”,
$YN —

log

u’—>10g|v|=0.
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Since log™ ‘“"N—;"’ <log (2+ %) <log(2 + |u|) where we used that ny > 1 and |on| < 29y if N
is sufficiently 7iabrge, by Lebesgue’s dominated convergence theorem, this implies that as N — 400,

/1og+ L\ vy (du) — 0.
nnN

In fact, by the same argument, we obtain that for any k € IN,

—1

/‘k/\log PN Uy (du) — 0. (3.10)
NN
On the other-hand, by a change of variables,
/log Ll ’ 1oy —ul<e—Fny Ve(du) = C;l log|z|_1n}€,e_v~(“’N+Z"N)dz.
N |z|<e—*

From the conditions (1.22), there exists a constant ¢, € R such that inf,cgn {\7,{ (u) —nloglul} >
—c, so that B
e VRN < x|y Iy + 2]

Observe the RHS converges to [v + 2|71 < (1 —e™1)7! as N — 400 uniformly for all |z] < e 1.
This shows that for any k& € N,

limsup/log pN

-1
u‘ 1oy —ul<e—Fny Ve(du) <</ log |2|~*dz (3.11)
N—+oc0

|z|<e~*

where the implied constant depends only on the parameter x. Hence, since the RHS of (3.11)
converges 0 as k — 400, by combining this estimate with (3.10), we conclude that as N — +o0

/

From the estimate (3.9), this completes the proof. O

YN —U
NN

log v(du) — 0.

Proof of Theorem 3.4. We proceed exactly as in the proof of Theorem 3.2, except that we need to
be slightly careful with uniformity of the limits as the interaction kernel g is not positive. Let us
fix k € IN and a compact set K C R™. First, by Lemma 3.5, we obtain that for any fixed x € K,
as BN — 7,

En_x [efB(N*k) Sk Xnok(en(2:)—kB(N—F) log |EN|] 1. (3.12)

Indeed if we let £y := B(N — k) Zle (Xn—k(pn(zi))+1log |En|), then £y — 0 in probability and
we claim that e =¥ € L"(Py_j) for any r > 1. This last claim follows from (1.9) and the estimate
(2.7). Namely, we have for any r > 1,

En_s I:e—’rfN} < e"B(N—F) i (ﬂ(%N(m))—log\EN\)EN_k [erk,@(N—k)fﬁdﬁN,k}

< Oy Sl (9(en(@)-tog |EnI),

Now, using the last last condition in (3.1), we see that 9(on(x;)) — log|En| — 0 uniformly for all
x € KF since pn(2;) ~ |En| as N — +oc0. This implies that for any k¥ € N and r > 1,

En_i [efrﬁ(ka) >k (XN—k(wN(xi))‘f’log'EN‘)} < O(H)Wk (3.13)
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Formula (3.3) for the k'" correlation function still holds, so that using the asymptotics (3.12) and
Corollary 2.4, we obtain for all x € KF, as N — +o0,

—kn
R () = PN 108 1Pl (o) spn(en) Ml (1 4 (1),

Note that we used that N~ !log|Ex| — 0 as N — +oco for otherwise the first condition in (3.8)
cannot be satisfied since the potential V(u) grows faster than xlog |u| for any x > 0 (see the first
condition (1.22)). Since Blogany — 0 (see the third condition in (3.8)), we have for z; # z;,
i,j€{1,...,k}, as BN — 7,

Bglen(zi), pn(x;)) = B(g (@), ¥(x;)) +logan) = 0.
Moreover, we verify by a Taylor expansion that the conditions (3.8) and (3.2) imply that as N — oo,

Ne—V(en(@)+8Nlog|En|
- = O(x) = eV, (3.14)

Lyag
where the convergence is uniform for 2 € K. Then, this implies that for almost all x € ¥,

k k
N —V(pen(z))+BN log |En|
lim RE\?)(X) = lim ¢ = | |9(xl)
N—+o00 N—oo -2 L,ao% iy

Finally, since the convergence (3.14) is uniform and using the estimate (3.13) with » = 1, by
formula (3.3), we also obtain the uniform bound RE\];) (x) < O(k)3 for all x € KF. By Lemma A.8,
this show that the point process =y = Zjvzl 6%;1 (z;) Converges in distribution as SN — ~ and
N — +00 to a (non—-homogeneous) Poisson point process on R™ with intensity 6. [l

We easily deduce Theorem 1.8 from Theorem 3.4.

Proof of Theorem 1.8. It just suffices to verify that the potential V(z) = |x|® satisfies the condi-
—V(nnyv)+BN lognn
Lya%

1 with ay = omj‘\‘fl. The other conditions are easily verified as in the proof of Theorem 1.7. O

tions (1.22), (3.8) and (3.2). The sequence 7y is constructed in such a way that ¢

A Appendix

Before discussing the properties of the equilibrium measure and the law of large numbers, let us
recall the following basic properties of the relative entropy (1.12).

Lemma A.1. For any v € 4 (X), the function H(:|v) > 0 is lower semicontinuous and strictly
convez. The level sets {H(:|v) <t} are compact for all t > 0 and H(p|v) = 0 if and only if p = v.

Moreover, since py < v according to (1.13) and (1.16), we have
H(plpo) = H(ulrr) + 7/1901# —1og(C, /L),
where both sides could be +oo. This implies that for any p € #(X) with /19du < +00,
F (1) = 26 (1) + Hlulpo) +10g(C, /Lo), 7> 0. (A1)
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A.1 Large deviation principle and properties of the equilibrium measure

The goal of this section is to go over the proof of Proposition 1.3. The methods that we use are
classical (see e.g. [12] and reference therein), but since our model is slightly more general than
those previously studied in the literature, we go over the main steps of the proof. Let us recall
that under our assumptions, the free energy (1.14) is non—negative and it attains its minimum. At
first, we verify that all minimizers have nice regularity properties and satisfy the self-consistent
equation (1.16). Then, we show that under Py, the empirical measure fiy satisfies a large deviation
principle whose rate function is (up to a constant) the free energy .%,. This is much stronger than
the statement of Proposition 1.3. Finally, we review that for the Riesz and log gases on R", the
free energy has a unique minimizer.

Proposition A.2. Suppose that the Assumptions 1.2 hold and let p, € A (X) be a minimizer of
the the free energy #.,. Then the potential %"+ is continuous on X and p~ has o density with
respect to w which satisfies for all x € X,

o () = CJle V@), (A2)

Proof. Since v > 0 is fixed, we denote V= ‘N/,Y and v = v, to simplify notation. Without loss of

generality, we can also assume that V > 0. Then, observe that if 1 is absolutely continuous with
respect to w, by (1.12) and (1.13), we have

H(p|v) :/ulog,udw+/‘~/du+log(]7, (A.3)

where both sides could be +co. Moreover, under the Assumptions 1.2, we have dog(u) < +00 so
that _
P (1) < F(v) = 3E(W) < +oc.

Consequently, 1 is absolutely continuous with respect to v and we denote by u. its density with
respect to the reference measure w.

Step 1. Let us verify that w(z € S : py(x) = 0) = 0. Otherwise, we can choose a bounded
measurable set A C {z € Sy : py(z) = 0} such that w(A) > 0. Then, p = (1 —€)p, + €14 is
a probability density for every 0 < € < 1 where € = €/w(A) and we verify from (1.14) and (A.3)
that

Zim = 38w+ -0 [

= Z5(1y) + eloge + O(e),

(YN/ + log 1) Ay + €log(€) + 6'/ Vdw + log C,
A

c

where we used that g(u) = g(uv) + O(e) and / (IN/ + log p) dpy = /(XN/ + log pty) dpy +
_AC

log(1 — €)1y (A). If € > 0 is sufficiently small, this leads to %, (1) < %, (1), which is clearly a
contradiction. This shows that any minimizer . is equivalent to the reference measure pp.

Step 2. Let us derive the so—called Euler-Lagrange equation. Fix a function ¢ : X — [—1, 1] such
that [ ¢dp, = 0 and p = (1 + €d)u is a probability density for any € € (—1,1). Then, we verify
that

x| _ = / (Y& +V +log )6 dpe, (A4)
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where % (u) = /E(u, z)p~(dz) and we used that

/ / &1, 0)]$(20) [ 6(0) 1t () () < & (p1) < +00.

It easily follows from (A.4) and the fact that p., is a minimizer of the free energy %, that there
exists a constant T, € R such that

pry(z € X 1% () + V(z) + log piy(z) = 1) = 0. (A.5)

Step 3. Let us show that the equation (A.5) holds for all 2 € X. Since U >0, (A.5) implies
that p(z) < v(z) for w almost every x € X, by Step 1. Since /ﬂ(z)y(dx) < 400, this implies
that for all u € X,

V() = 2" (W) +9w) + [ Do) (do) (A6)

where both sides could (a priori) be +o0o. However, we can easily infer from the Assump-
tions 1.1.1)3) that the equilibrium potential % #» is continuous. Indeed, if w, is any sequence
which converges to v in X as £ — 400, then for any k,¢ € IN,

|21 (ue) — UM (u)| < /}gk(w,x) — ge(u, )| py (dz) + 322 { /gk(u,x)ev<z>w(dx)}

< /‘gk(uz,ﬂi) — ge(u, z)|v(dz) +Ck</e“/(1)w(d$)) 1/q

where ¢ = £ > 1 and we used Holder’s inequality. Since the functions g are continuous and
lg(z,u)| < k + J(x) + I(u), by the dominated convergence theorem, this implies that for any
ke NN,

limsup |% "7 (ug) — %" (u)| < ck.

L—+o00
As ¢ — 0 as k — 400, this proves the continuity of Z*+ and by (A.6), the function U is
also continuous on X. From (A.5) and since V is continuous, this shows that log 1, equals to a
continuous function almost everywhere. This establishes that the equilibrium density . satisfies
the following equation for all z € X,

py(2) = T2 @)=V (@),

By (A.6) and since V(z) = V(z) — y9(z), we obtain that the density 1~ satisfies the equation
(1.16). This completes the proof. Let us observe that the Assumptions 1.2, the equilibrium
potential satisfies for all u € X,

UM (u) <14

A7
UM (u) <I(u) + ¢y /19(55)74(‘155) o

where we have used (1.9). This justifies the estimate (1.18). O
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Large deviations. We now turn to the proof of the large deviation principle for the empirical
measure. Under the Assumptions 1.1 (¢ = 0), the energy %y (x) > 0 for any configuration x € XV
and the function (1.10) is lower semicontinuous. Then, the large deviation principle follows readily
from [12, Corollary 1.3 and Section 2]. If the interaction kernel g is not bounded below, the
situation is slightly more complicated and we give a few details for the convenience of the readers.

Proposition A.3. Suppose that v > 0 and that the Assumptions 1.2 hold. Under Py, the sequence
of empirical measures [iny satisfies a large deviation principle with speed BN? and rate function
v~ 1%, (up to a constant).

Proof. Let us observe that by (1.3) and (1.13), we can rewrite

e BN Wn(x) N
Pyldx] := ———— [[ v (day),

Zy
j=1
where 0 < Zfy < 400 and

I =N Y glanay)+ O S ),

BN?Z
1<i<j<N 1<j<N

Then, according to [12, Theorem 1.2], we just need to verify that % is the positive temperature
macroscopic limit of #x. Fix a small € > 0. We can assume that N is large enough so that
(1—e)y<B(N—-1)< (1+ e)”y. Then, an immediate computation shows that for any p € (%),

/WN(X) = p(dzy) = // (u, v)p(du)p(dv) + _Bﬁ(zjg_ D /19(u)u(du
<3 / [ & outun(an + 1= [owat

This implies that #j satisfies the upper limit assumption from [13, (A.2)]: for any u € 4 (%),
limsup/V/N(x)Hj.Vzlu(dxj) <~ LE(p).
N—+oc0

Similarly, we verify that

Wy(x) > N2 Z (i, z) Net — 1_6 Z Iz5)

1<i<j<N 1<j<N

Ll N T 6/ gy €
5 [ B et AR @) - 1 [ o - 5

where the last term comes from the diagonal. Then, for any given u € .# (%), if (V) is a sequence

of configurations such that the empirical measure u( X 1 as N — 400, since g and 9 are lower
semicontinuous functions, by the Portmanteau Theorem, the previous bound implies that

timin a0 > 5 [ [ 80 n e p@uutn) - 2 [ dwntn).

As e > 0 is arbitrary, we obtain that #j satisfies the lower limit assumption from [13, (A.1)]:
under the above conditions,

liminf #n(x) > g"\(,u)

N—+oc0

Since SN — v € (0, +00), by [13, Corollary 1.3], this completes the proof. O
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From the previous large deviation principle, it follows that if the free energy %, has a unique
minimizer p, € #(X), then fin — 1, in probability as N — 4o00. Together with Proposition A.2,
this completes the proof of Proposition 1.3.

Convexity of the free energy. Finally, let us quickly discuss the issue of uniqueness of the
minimizer of the free energy (1.14) in the case of the Riesz and log gases. Once more, the following
Lemmas are classical.

Lemma A.4. Let g be as in (1.5), = {f € LY(R™) : &(c|f|) < +oo where ¢ = /|f(x)|dx}
and //gs x,z) (z)dzdz, fe 2.

Then & is mon—negative and strictly convex on 2. Moroever, for any v > 0, the free energy
Fo(p) = 38 () + H(plpo) for p € A (R™) has a unique minimizer p., € A4 (R").

Proof. The first claims regarding the positivity and convexity of the energy & follow from [18,
Theorem 9.8] — This Theorem is stated and proved only in the Coulomb case s = n — 2 for n > 3,
but these properties are true for any n € IN and s € (0, n) with the same proof. We already noticed
that the function %, is lower-semicontinuous and positive on .Z (R™), so it attains its minimum
and any minimizer p is absolutely continuous with respect to po (otherwise .#, (i) = +00). In
particular, u € 2, so that by strictly convexity of both & and H(:|p9) (see Lemma A.1) on 2, we
conclude that the minimizer of the free energy %, is unique. [l

In the following Lemma, we assume that n =1 or 2, g and ¢ are as in (1.21).

Lemma A.5. Let 2 = {f eL'(W / |log |z — 2|~ f(2) f(x)]|dzda < —i—oo} nd

(f) = //10g|:17 — 2|7 f(2) f(x)dzde, fe 2.

Then &(f) >0 for all f € 2N { [ fdz = 0} and & is strictly convex on 2N .4 (R™). Moreover,
under the Assumptions 1.2, the free energy (1.14) has a unique minimizer j € A4 (R").

Proof. Tt is well-known that if f € 2, f has compact support and [ fdz = 0, then &(f) > 0
and &(f) = 0 if and only if f = 0. For a proof of this claim, we refer to [9, Lemma 6.41] when
n = 1 and [24, Lemma 1.8] when n = 2. By a standard approximation argument, we can show
that this property holds true for all f € 2 with [ fdz = 0. Moreover, by straightforward algebraic
manipulations, we have for any probability density functions fo, f1 € £ and t € [0, 1],

E((A—=t)fo+th) — (1 —=1)E(fo) —t&(f1) = —t(L = )E(fr — fo)- (A.8)

This shows that the energy functional & is strictly convex on 2 N .Z(R™). Consequently, by
(1.11), the weighted energy functional & is also strictly convex on 2 N .#(R"). Recall that the
free energy 7, (n) = %@g(u) + H(p|v,) attains its minimum and that all minimizer(s) satisfy the
equation (A.2). In particular, for all minimizer(s), the density p, < v, — see the estimates (A.7)
at the end of the proof of Proposition A.2 — so that by assumptions, 1, € 2. From the strict

convexity of & and H(-|v,) (see Lemma A.1), we conclude that the free energy .#, has a unique
minimizer. g
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A.2 Point processes on manifolds

Definition and correlation functions A (simple) point process is a random measure of the
form Z = > ., 0x where A is a countable subset of X with no accumulation points. We refer to
[15] for the construction of such random processes. The law of a point process is characterized by
its Laplace functional

W(f) = E[eiE(f)] for all Borel function f : X — [0, +00).
We can define the correlation functions (R(k))zzol of the point process = through its Laplace
functional:

“+o0 k
1 s
() =1+ o /3€ [[ (e = 1) R®) (day, -, day). (A.9)
k=1 i=1
A priori, the k" correlation function R*) is a measure on the product space X*. It turns into a den-
sity function if it is absolutely continuous: R*) (dxy,--- ,dzg) = R¥ (zq,- -, 2p)w(dxy) - - - w(dzy).

For instance, if 5 = Zjvzl 0y, and (A1,...,An) has a (symmetric) joint distribution Py, then
we verify that

N N k
UN(f) =Enle =] =14 (k> / [I (e 79 —1)Py[da, ... dzw],
k=1 XN

so that the correlation functions of the process =y are given by for k € IN,

k N!
]%gv)(dz[:17 ,d,Tk) = 1kSNm /}:ka ]P’N[dxl,...,dx]v]. (AlO)

Another important example is a Poisson point process. We will rely on the following definition.

Definition A.6. If 0 is a Radon measure X, we say that Z is a Poisson point process with intensity
0 is its Laplace functional satisfies

w(p) = ([ = nocan) ).

This immediately implies that the correlation functions of X are given by R(’“)(dxl, ceydag) =

Hle 0(dz;) for all k € IN. Moreover, we say that = is a homogeneous Poisson point process with
intensity 0 > 0 if its intensity 6 is constant.

Weak convergence. Let us also review the notion of convergence in distribution for point
processes.

Definition A.7. We say that a sequence Zn of point processes (with Laplace functional ¥n) on
X converges in distribution to a point process = (with Laplace functional v) if for any function
f:X = [0,400) continuous with compact support, Yvn(f) = ¥(f) as N = 4o0.

It is also easy to give a necessary condition for the convergence of point processes in terms of
its correlation functions.
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Lemma A.8. For any N € NU {co}, let Zx be a point process on X with correlation functions
Rg\];)(xl, ..., xk). Then, En convergence in distribution to 2 if for any k € IN, Rg\l,c) (x) — RrY) (x)

for almost all x € X* and for any compact set K C X,

sup Z o /}C R¥ (2. .., 2 )w(dzy) - - w(day) < +00. (A.11)

NelN

Proof. The conditions of Lemma A.8 imply that for any continuous function f : X — [0,400)
with support in K, ¥n(f) — ¥(f) as N — 400 by the dominated convergence theorem and since
le=f —1] < 1g. a

Let us also observe that if RE\?) (x) — Rr% (x) uniformly for all x in compact sets of X* and the

correlation functions R%) are locally integrable, then the condition (A.11) is satisfied.

Change of variables. Let us record that 1f UC Xisanopensetand ¢ : U - R" is a 1-1
map, then we can define a new point process = = ),y 0p(x) on R”. Almost surely, this point
process is supported on the set V = ¢(U) and its correlation functions are given by the push—
forward gpﬂR(k)}U = R® forall k > 1 (since R™) is a measure on XF, this notation means that
R™) is first restricted to U** and the push—forward is defined through the product map ©*F). In
particular, if (¥, g) is a Riemannian manifold and R(®) have densities with respect to the volume
form w, this implies that for almost all x € (R™),

R®(x) = RW| (¢ (x1), o (@) [IEL; 7 (@) /det g (x) (A.12)
where ¢ is the Jacobian of ¢! and the density R® is defined with respect to the Lebesgue
measure on (R™)*. Observe also that since R(k)’U(ul, coug) = R®) (uy, . up) 1y, upeu, the

RHS of (A.12) does not depend on how we extend the map ¢~! outside of V . Formula (A.12)
can be checked directly from (A.9) and the change of variables formula and the fact that for all
Borel function f : R™ — [0, +00),

B(f) = E[e 2] = E[e~2U Vo] — (f|y 0 ).

Correlation of the local process. Using the notation (2.13) and formula (A.10), under Py,
the correlation functions between the particles are given by 1y<n (NL_',C), pg\l,c) (u) for u € X*. Hence,

by (1.19) and formula (A.12), the correlation functions (with respect to the Lebesgue measure) of
the local point process =y = Zw cu Oni/n o(z;) which is obtained by zooming at a microscopic
scale around the point F are glven by for any k=1,..., N,

RE\];) (X) = (NN‘kypN)’U ul? T 7uk)Hi:1f(xi) detg(x), X € (Rn)k (A.l?))

where u; = =~ (x; /NY/") fori = 1,...,k and ¥ denotes the Jacobian of the corresponding map.
Observe that because ¢ is a normal coordinate chart, u; = Expy(z;/N*/") and g(0) = I,,, so that
it holds as N — +o0,

N 7 (z;) —» 1 and det g(x) — 1

uniformly for all z1,...,2; in compact sets of R™. According to (A.13), this shows that the
correlation functions of the local process satisfies for any fixed k € IN as N — 400,

RO = o] (67 /N, o™ e /NYM) (14 0(1)) (A.14)

uniformly for all x in a compact set of (R™)¥.
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Edge scaling limit. First, as a toy example, let us consider the case of N i.i.d. particles dis-
tributed according to a probability density function ¢(u) = ¢ le V(W where V € C*(R™ —
[0,4+00]) and ¢ > 0 is a normalizing constant. Then, the law of the particles is the Gibbs measure
(1.3) with 8 = 0 and the equilibrium density and ¢. This implies that for large IV, the density of
particles decay away from 0 and we are interested in describing the local limit near the boundary
of the droplet. Let us record the following simple Lemma.

Lemma A.9. Choose a sequence (En)nen in R™ such that VV(EN) = ayvn where ay > 0,

lonll =1 and as N — 400,
Ne—V(EN)
egin —1 and UN — V. (A.15)
aN

Let on(z) = En + aj't(z) where 1 : R — R™ is a continuous map with Jacobian ¢ (1) = 1
and suppose that for any compact set & C R"™, as N — 400,

ay Sél)e/ V2V (en(2))|| — 0. (A.16)

Then, the point process Zn = Zjvzl 5%? ()

in distribution to a Poisson point process with intensity 0(x) = e~V ¥(®) with respect to the Lebesque
measure on R™.

obtained by zooming around the point En converges

The proof of Lemma A.9 is an immediate consequence of Lemma A.8 and the change of variables
formula (A.12). Indeed, since we are in the Euclidean case and det oy = ay”, by (A.10), the
correlation functions of the process =y are given exatcly by for all k =1,... N,

RY (%) = ¢ Fad I 6 (en (@), x € (RME.

Moreover, since V is C? at Ey, by a Taylor expansion and using the conditions (A.15)-(A.16), we
obtain the asymptotics as N — +o0,

C*la]—VnN¢(S0N(x)) N e*“"‘,ﬁ(:ﬁ)

which holds uniformly for all z in compact sets of R™. This shows that RE\];) (x) = Hlee*“'w(zi)
uniformly on compact subsets of for (R")*, so that the claim follows from Lemma A.8.
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