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Abstract

We consider a classical system of n charged particles in an external confining potential,
in any dimension d > 2. The particles interact via pairwise repulsive Coulomb forces and
the coupling parameter is of order n~! (mean-field scaling). By a suitable splitting of
the Hamiltonian, we extract the next to leading order term in the ground state energy,
beyond the mean-field limit. We show that this next order term, which characterizes
the fluctuations of the system, is governed by a new “renormalized energy” functional
providing a way to compute the total Coulomb energy of a jellium (i.e. an infinite set
of point charges screened by a uniform neutralizing background), in any dimension. The
renormalization that cuts out the infinite part of the energy is achieved by smearing out
the point charges at a small scale, as in Onsager’s lemma. We obtain consequences for the
statistical mechanics of the Coulomb gas: next to leading order asymptotic expansion of
the free energy or partition function, characterizations of the Gibbs measures, estimates
on the local charge fluctuations and factorization estimates for reduced densities. This
extends results of Sandier and Serfaty to dimension higher than two by an alternative
approach.
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1 Introduction

We study the equilibrium properties of a classical Coulomb gas or “one-component plasma’:
a system of n classical charged particles living in the full space of dimension d > 2, interacting
via Coulomb forces and confined by an external electrostatic potential V. We will be interested
in the mean-field regime where the number n of particles is large and the pair-interaction
strength (coupling parameter) scales as the inverse of n. We study the ground states of the
system as well its statistical mechanics when temperature is added. Denoting x1,...,z, the
positions of the particles, the total energy at rest of such a system is given by the Hamiltonian

Hy(y,.an) = wlz —x) +n > Vi) (1.1)
i#j i=1
where

= — ifd>3
|2 B (1.2)
w(x) = —loglz| if d=2

is a multiple of the Coulomb potential in dimensions d > 2, i.e. we have

w(x)

—Aw = Cd50 (1.3)
with
co = 2, cg = (d—2)|S* ! when d >3 (1.4)

and dp is the Dirac mass at the origin. The one-body potential V : R — R is a continuous
function, growing at infinity (confining potential). More precisely, we assume

lim V(x) =400 itd>3
lim (ﬁ —log |x|> =400 ifd=2.
|z|—o0 2

2



Note the factor n in front of the one-body term (second term) in (LLI]) that puts us in a mean-
field scaling where the one-body energy and the two-body energy (first term) are of the same
order of magnitude. This choice is equivalent to demanding that the pair-interaction strength

be of order n—1.

One can always reduce to this situation in the particular case where the
trapping potential V' has some homogeneity, which is particularly important in applications.
We will not treat at all the case of one-dimensional Coulomb gases (where the interaction
kernel w is |z]), since this case has been shown to be essentially completely solvable a long
time ago [AM Lenll Len2) [BLL K.

Classical Coulomb systems are fundamental systems of statistical mechanics, since they
can be seen as a toy model for matter, containing the truly long-range nature of electrostatic
interactions. Studies in this direction include [SM| [LOL [JTLM| [PS], see [Sex| for a review.
Another motivation is that, as was pointed out by Wigner [Wi2] and exploited by Dyson
[Dys|, two-dimensional Coulomb systems are directly related to Gaussian random matrices,
more precisely the Ginibre ensemble, and such random matrix models have also received much
attention for their own sake. A similar connection exists between “log-gases” in dimension 1
and the GUE and GOE ensembles of random matrices, as well as more indirectly to orthog-
onal polynomial ensembles. For more details on these aspects we refer to [For|, and for an
introduction to the random matrix aspect to the texts [AGZl, [Mehl [Dei]. A recent trend in
random matrix theory is the study of universality with respect to the entries’ statistics, i.e.
the fact that results for Gaussian entries carry over to the general case, see e.g. [TV} [ESY].

We are interested in equilibrium properties of the system in the regime n — oo, that is
on the large particle number asymptotics of the ground state and the Gibbs state at given
temperature. In the former case we consider configurations (z1,...,x,) that minimize the
total energy (ILI)). We will denote
E, :=min H, (1.6)

Rdn

the ground state energy. It is well-known (we give references below) that to leading order
E, = n*Euo)(1 4 o(1)) (1.7)

in the limit n — oo where
el = [, wle = du@dut) + [ Vie)du(o) (18)

is the mean-field energy functional defined for Radon measures p, and po (the equilibrium
measure) is the minimizer of £ amongst probability measures on RY. In this paper we quantify
precisely the validity of (7)) and characterize the next to leading order correction. We also
study the consequences of these asymptotics on minimizing and thermal configurations. By
the latter we mean the Gibbs state at inverse temperature 3, i.e. the probability law

Png(x1,...,2n) = iﬁeng"(zl""’I") dry...dx, (1.9)
Zn
where Zﬁ is a normalization constant, and we are again interested in obtaining next order
expansions of the partition function 78 as well as consequences for the distributions of the
points according to the temperature. This program has been carried out in [SS4] in dimension
d = 2 and here we extend it to arbitrary higher dimension — in particular the more physical
case d = 3, and provide at the same time a simpler approach to recover (most of) the



results of dimension 2. In [SS4] it was shown that the next order corrections are related
to a “renormalized energy” denoted W — so named in reference to the procedure used in
its definition and related functionals used in Ginzburg-Landau theory [BBH. [SST], but the
derivation of this object was restricted to dimension 2 due to an obstruction that we still do not
know how to overcome (more precisely the derivation relies on a “ball construction method”
which crucially uses the conformal invariance of the Coulomb kernel in two dimensions). Here
we again connect the problem to a slightly different “renormalized energy,” this time denoted
W (it is the same in good cases, but different in general) and the approach to its definition
and derivation are not at all restricted by the dimension. They rely on smearing out point
charges and Onsager’s lemma [Ons|, a celebrated tool that has been much used in the proof
of the stability of matter (see [LOJ] and [LiSel, Chapter 6]).

We choose to use an electrostatic/statistical mechanics vocabulary that is more fit to
general dimensions but the reader should keep in mind the various applications of the Coulomb
gas, especially in two dimensions: Fekete points in polynomial interpolation [SaTo|, Gaussian
random matrices which correspond to § = 2 [For], vortex systems in classical and quantum

fluids [CLMP], [SS3, [CY] [CRY], fractional quantum Hall physics [Gir, RSYT, [RSY2] ...

The easiest way to think of the limit (7)) is as a continuum limit: the one-body potential
nV confines the large number n of particles in a bounded region of space, so that the mean
distance between points goes to zero and the empirical measure

1 n
== 6, (1.10)
n =1

of a minimizing configuration converges to a density p. The functional (L)) is nothing but the
continuum energy corresponding to (ILI]): the first term is the classical Coulomb interaction
energy of the charge distribution 1 and the second the potential energy in the potential V.
If the interaction potential w was regular at the origin we could write

Hy(x1, ..., 20) = 12 </Rdv ) dpin (x //RdXRd © — 1) dpin(x) it (y )) — nw(0)
=n*E[pa) (1+0(n™1))

and (7)) would easily follow from a simple compactness argument. In the case where w has a
singularity at the origin, a regularization procedure is needed but this mean-field limit result
still holds true, meaning that for minimizers of H,,, the empirical measure p,, converges to pg,
the minimizer of (L8)). This is standard and can be found in a variety of sources: e.g. [SaTo,
Chap. 1] for the Coulomb kernel in dimension 2, [CGZ| for a more general setting including
possibly non-coulombian kernels, or [Ser| for a simple general treatment. This leading order
result is often complemented by a much stronger large deviations principle in the case with
temperature: a large deviations principle with speed n? and good rate function 3€ holds; see
[PHL, BZ, Har| for the two-dimensional Coulomb case (with § = 2), which can be adapted to
any finite temperature and any dimension [CGZ| [Ser|. This is also of interest in the more
elaborate settings of complex manifolds, cf. e.g. [Berl, BBN] and references therein.

Another way to think of the mean-field limit, less immediate in the present context but
more suited for generalizations in statistical and quantum mechanics, is as follows. In reality,
particles are indistinguishable, and the configuration of the system should thus be described



by a probability measure pu(x) = p(x1,...,x,), which is symmetric under particle exchange:
(w1, Tn) = W(To(1), -+ To(n)) for any permutation o. (1.11)

An optimal (i.e. most likely) configuration p,, is found by minimizing the n-body energy
functional

Z,p] = ) H, (x)p(dx) (1.12)

R n

amongst symmetric probability measures p € P,(R%") (probability measures on R satisfying
(CII)). It is immediate to see that u, must be a convex superposition of measures of the
form &y, . &,y With (z1,...,7,) minimizing H,, (in other words it has to be a symmetrization
of some dx for a minimizing configuration x). The infimum of the functional (I.I2]) of course
coincides with

inf H,(x)u(dx) = E,

HEP(RI) JRdn

and a way to understand the asymptotic formula (7)) is to think of the minimizing p,, as
being almost factorized

n
fhn (21, 2) & p¥ (@, ) = ] o) (1.13)
j=1

with a regular probability measure p € P(RY). Plugging this ansatz into (LI2) we indeed
obtain
T[] = n2€lp) (1+ 0(n ™))

and the optimal choice is p = pg. The mean-field limit can thus also be understood as one
where correlations amongst the particles of the system vanish in the limit n — oo, which is
the meaning of the factorized ansatz.

In this paper we shall pursue both the “uncorellated limit” and the “continuum limit”
points of view beyond leading order considerations. That is, we shall quantify to which
precision (and in which sense) the empirical measure (235 of a minimizing configuration
can be approximated by o and the n-body ground state factorizes in the form ([LI3)) with
p = po. Previous results related to the “uncorellated limit” point of view may be found
in [CLMP| Kiell, [Kie2] IMS|]. Another way of viewing this is that we are looking at
characterizing the “fluctuations” of the distribution of points around its limit measure, in
other words the behavior of n(u, — po) where p, is the empirical measure (LI0). In the
probability literature, such questions are now understood in dimension 2 for the particular
determinantal case f = 2 [AHMI,[AHM?2], and in dimension 1 with the logarithmic interaction
[VV, BEYT1l BEY2]. Our results are less precise (we do not exhibit exact local statistics of
spacings), but they are valid for any §, any V', and any dimension d > 2 (we could also treat
the log gas in dimension 1, borrowing ideas from [SS5| to complete those we use here). We
are not aware of any previous results giving any information on such fluctuations for ground
states or thermal states in dimension > 3.

Most of our results follow from almost exact splitting formulae for the Hamiltonian (LT])
that reveal the corrections beyond leading order in (L)), in the spirit of [SS4]. Let us first
explain what physics governs these corrections. As already mentioned, points minimizing H,,
tend to be densely packed in a bounded region of space (the support of p, that we shall denote



Y)) in the limit n — oco. Their distribution (i.e. the empirical measure) has to follow py on the
macroscopic scale but this requirement still leaves a lot of freedom on the configuration at the
microscopic scale, that is on lengthscales of order n~1/¢ (the mean inter-particle distance).
A natural idea is thus to blow-up at scale n=1/¢ in order to consider configurations where
points are typically separated by distances of order unity, and investigate which microscopic
configuration is favored. On such length scales, the equilibrium measure po varies slowly so
the points will want to follow a constant density given locally by the value of pg. Since the
problem is electrostatic in nature it is intuitive that the correct way to measure the distance
between the configuration of points and the local value of the equilibrium measure should use
the Coulomb energy. This leads to the idea that the local energy around a blow-up origin
should be the electrostatic energy of what is often called a jellium in physics: an infinite
collection of interacting particles in a constant neutralizing background of opposite charge,
a model originally introduced in [Wil]. At this microscopic scale the pair-interactions will
no longer be of mean-field type, their strength will be of order 1. The splitting formula will
allow to separate exactly the Coulomb energy of this jellium as the next to leading order
term, except that what will come out is more precisely some average of all the energies of the
jellium configurations obtained after blow-up around all possible origins.

Of course it is a delicate matter to define the energy of the general infinite jellium in
a mathematically rigorous way: one has to take into account the pair-interaction energy of
infinitely many charges, without assuming any local charge neutrality, and the overall energy
may be finite only via screening effects between the charges and the neutralizing background
that are difficult to quantify. This has been done for the first time in 2D in [SS3| [SS4],
the energy functional for the jellium being the renormalized energy W alluded to above. As
already mentioned, one of the main contributions of the present work is to present an alternate
definition W that generalizes better to higher dimensions. The precise definition will be given
later, but we can already state our asymptotic formula for the ground state energy (minimum
of H,), where oy denotes the minimum of W for a jellium of density 1 in dimension d:

n2-2/d

n2Eluo) + ad/pgwd(az)daz +o <n272/d> ifd>3

E, = (1.14)

1
o] = Jlogn+n (52 = 3 [ pole) og po(e) die ) + o) if d =2

This formula encodes the double scale nature of the charge distribution: the first term is the
familiar mean-field energy and is due to the points following the macroscopic distribution pg
— we assume that the probability uo has a density that we also denote pg by abuse of notation.
The next order correction which happens to lie at the order n2~2/? governs the configurations
at the microscopic scale and the crystallization, by selecting configurations which minimize
W (on average, with respect to the blow-up centers).

The factors involving pg in the correction come from scaling, and from the fact that the
points locally see a neutralizing background whose charge density is given by the value of py.
The scaling properties of the renormalized energy imply that the minimal energy of a jellium
with neutralizing density puo(z) is ad,ugfwd(x) (respectively po(z)as — po(x)log po(z) when
d = 2). Integrating this energy density on the support of yg leads to the formula.

The interpretation of the correction is thus that around (almost) any point z in the support
of po there are approximately po(z) points per unit volume, distributed so as to minimize
a jellium energy with background density po(z). Due to the properties of the jellium, this



implies that, up to a pg(z)-dependent rescaling, the local distribution of particles are the
same around any blow-up origin « in the support of pg. This can be interpreted as a result
of universality with respect to the potential V' in (1), in connection with recent works on
the 1D log gas [BEYT], BEY2, [SS5].

We remark that even the weaker result that the correction in (LI4]) is exactly of order
n2-2/d (with an extra term of order nlogn in 2D due to the scaling properties of the log) did
not seem to have been previously noticed (except in [SS4] where the formula (LI4]) is derived
in the case d = 2).

The next natural question is of course that of the nature of the minimizers of the renor-
malized energy W. It is widely believed that the minimizing configuration (at temperature 0)
consists of points distributed on a regular lattice (Wigner crystal). A proof of this is out of
our present reach: crystallization problems have up to now been solved only for specific short
range interaction potentials (see [Thel BPT, [HRL [Sutl [Rad] and references therein) that do
not cover Coulomb forces, or 1D systems [BL, Kunl [SS5]. In [SS3] it was shown however
that in dimension 2, if the minimizer is a lattice, then it has to be the triangular one, called
the Abrikosov lattice in the context of superconductivity. In dimension 3 and higher, the
question is wide open, not only to prove that minimizers are crystalline, but even to identify
the optimal lattice configurations. The FCC (face centered cubic) lattice, and maybe also the
BCC (body centered cubic) lattice, seem like natural candidates, and the optimisation of W
is related to the computation of what physicists and chemists call their Madelung constants.

This question is in fact of number-theoretic nature: in [SS4] it is shown that the question
in dimension 2 reduces to minimizing the Epstein Zeta function Zpe Alp| ™ with s > 2
among lattices A, a question which was in turn already solved in dimension 2 in the 60’s
(see [Casl, Ranl [Enll [En2| Dia] and also [Mon] and references therein), but the same question
is open in dimension d > 3 — except for d = 8 and d = 24 — and it is only conjectured
that the FCC is a local minimizer, see [SaSt] and references therein. The connection with
the minimization of YW among lattices and that of the Epstein Zeta functions is not even
rigorously clear in dimension d > 3. For more details, we refer to Section B.I] where we
examine and compute WV in the class of periodic configurations and discuss this question.

Modulo the conjecture that the minimizer of the renormalized energy is a perfect lattice,
(LI4) (and the consequences for minimizers that we state below) can be interpreted as a
crystallization result for the Coulomb gas at zero temperature.

Concerning the distribution of charges at positive temperature, one should expect a tran-
sition from a crystal at low temperature to a liquid at large enough temperature. While we
do not have any conclusive proof of this fact, our results on the Gibbs state (L9) strongly
suggest that the transition should happen in the regime 8 o n?/4=1 n particular we prove
that (see Theorem [B] below):

1. If B > n?/d-1 (low temperature regime) in the limit n — oo, then the free-energy
(linked to the partition function Zg ) is to leading order given by the mean-field energy,
with the correction expressed in terms of the renormalized energy as in (ILI4]). In other
words, the free energy and the ground state energy agree up to corrections of smaller
order than the contribution of the jellium energy. We interpret this as a first indication
of crystallization in this regime. Note that for the 1D log gas in the corresponding
regime, a full proof of crystallization has been provided in [SS5].

2. If B <« n?/d-1 (high temperature regime) in the limit n — oo, the next-to leading order



correction to the free energy is no longer given by the renormalized energy, but rather
by an entropy term. We take this as a weak indication that the Gibbs state is no longer
crystalline, but a more detailed analysis would be required.

Note the dependence on d of the critical order of magnitude: it is of order 1 only in 2D.
Interestingly, in the main applications where the Gibbs measure of the 2D Coulomb gas arises
(Gaussian random matrices and quantum Hall phases), the inverse temperature 3 is a number
independent of n, i.e. one is exactly at the transition regime.

In the next section we proceed to state our results rigorously. Apart from what has already
been mentioned above they include:

e Results on the ground state configurations that reveal the two-scale structure of the
minimizers hinted at by (LI4]), see Theorem

e A large deviations - type result in the low temperature regime (Theorem M), that shows
that in the limit B > n?/9=! the Gibbs measure charges only configurations whose
renormalized energy converges to the minimum. When 8 o« n?/%4~! only configurations
with a certain upper bound on W are likely.

e Estimates on the charge fluctuations in the Gibbs measure, in the low temperature
regime again (Theorem [l). These are derived by exploiting coercivity properties of the
renormalized energy.

e Precise factorization estimates for the ground state and Gibbs measure, giving a rigorous
meaning to (LI3]), that we obtain as corollaries of our estimates on charge fluctuations,
see Corollary [l

These results, let us note, should be seen as coming in two groups. The first one reduces
the crystallisation question for the trapped Coulomb gas to the same question for the jellium,
in a suitable weak sense. Roughly speaking, we show that configurations for the trapped
Coulomb gas look almost everywhere locally crystalline at small enough temperature, in
an average sense that we make precise in Sections and Our second set of results
aims at quantifying the deviations from mean-field theory in a stronger sense than that
we use in Sections and Here our results (stated in Section 2.4]), are not optimal,
for example we can only show that particles are localized within a precision O(nil/ d+2),
whereas crystallization happens at scale n~/?. The estimates we obtain are however, as far
as we know, the best of their kind in d > 3. Concerning this second group of results we
finally mention that, although we focus on the low temperature regime, our methods (or close
variants) also yield explicit estimates on the Gibbs measure for any temperature. They can
be used if the need for robust and explicit information on the behavior of the Gibbs measure
arises, as e.g. in [RSY1[RSY?2] where we studied quantum Hall states with related techniques.

Acknowledgments: S.S. was supported by a EURYI award and would like to thank the
hospitality of the Forschungsinstitut fiir Mathematik at the ETH Ziirich, where part of this
work was completed. N.R. thanks Gian Michele Graf and Martin Fraas for their hospitality at
the Institute for Theoretical Physics of ETH Ziirich, and acknowledges the financial support
of the ANR (project Mathostaq ANR-13-JS01-0005-01).



2 Statement of main results

We let the mean-field energy functional be as in (L8). The minimization of £ among P(R%),
the space of probability measures on R?, is a standard problem in potential theory (see [Fro]
or [SaTo| for d = 2). The uniqueness of a minimizer, called the equilibrium measure is obvious
by strict convexity of £ and its existence can be proven using the continuity of V and the
assumption ([L3]) — note that it only depends on the data of V' and the dimension. We recall it
is denoted by pp, assumed to have a density also denoted po(x) by abuse of notation, and its
support is denoted by 3 and usually called the droplet. We will need the following additional
assumptions on pg:

9% is O (2.1)
po is C' on its support ¥ and 0 < m < po(x) < < oo there. (2.2)

It is easy to check that these are satisfied for example if V' is quadratic, in which case ug is
the characteristic function of a ball. More generally, if V € C? then pug(x) = AV (z) on its
support. The regularity assumption is purely technical: essentially it makes the construction
needed for the upper bound easier. The upper and lower bounds to pg on its support ensure
that the “jellium energy with background density po(x)”, which will give the local energy
fluctuation around x € ¥, makes sense .

We note that pg is also related to the solution of an obstacle problem (see the beginning
of Section []), and if V € C? and AV > 0 then the droplet ¥ coincides with the coincidence
set of the obstacle problem, for which a regularity theory is known [Caf].

2.1 The renormalized energy

This section is devoted to the precise definition of the renormalized energy. It is defined via
the electric field E generated by the full charge system: a (typically infinite) distribution of
point charges in space in a constant neutralizing background. Note first that the classical
Coulomb interaction of two charge distributions (bounded Radon measures) f and g,

Difg) = [ wla =@ dgty) (2.3

is linked to the (electrostatic) potentials hy = w * f, hy = w * g that they generate via the
formul

1
D(f,g) = / fhg = / ghy = —/ Vihy - Vhg (2.4)
Rd Rd Cd JRrd
where we used the fact that by definition of w,
—Ahy =cqf, —Ahg=cqg.

The electric field generated by the distribution f is given by Vhy, and its square norm thus
gives a constant times the electrostatic energy density of the charge distribution f:

1
D)= o [ 1hsP

Cd

The electric field generated by a jellium is of the form described in the following definition.

'Here we assume that all quantities are well-defined.



Definition 2.1 (Admissible electric fields).
Let m > 0. Let E be a vector field in R%. We say that E belongs to the class A, if E = Vh
with
—Ah = Cd(Z Nyé, — m) in RY (2.5)
peEA

for some discrete set A C R%, and N, integers in N*.

Note that in [SS3] a different convention was used, the electric field being rotated by /2 at
each point to represent a superconducting current. This made the analogy with 2D Ginzburg-
Landau theory more transparent but does not generalize easily to higher dimensions. In the
present definition h corresponds to the electrostatic potential generated by the jellium and
E to its electric field, while the constant m represents the mean number of particles per unit
volume, or the density of the neutralizing background. An important difficulty is that the
electrostatic energy D(6p,6),) of a point charge density 6,, where 6, denotes the Dirac mass
at p, is infinite, or in other words, that the electric field generated by point charges fails to
be in Ll200‘ This is where the need for a “renormalization” of this infinite contribution comes
from.

To remedy this, we replace point charges by smeared-out charges, as in Onsager’s lemma:
We pick some arbitrary fixed radial nonnegative function p, supported in B(0,1) and with
integral 1. For any point p and n > 0 we introduce the smeared charge

1
50 = —p <f> % 6,. (2.6)

Even though the value of W will depend in general on the precise choice of p, the results in
the paper will not depend on it, implying in particular that the value of the minimum of W
will not either (thus we do not try to optimize over the possible choices). A simple example
is to take p = mﬂB(o,l), in which case

1
o= L g
VTR T
We also define
Kq = cdD((Sél), él)) for d >3, ko= co, Yo = CQD(é(l),éél)) for d = 2. (2.7)

The numbers kg, 72, depend only on the choice of the function p and on the dimension. This
nonsymmetric definition is due to the fact that the logarithm behaves differently from power
functions under rescaling, and is made to ease the formulas below.

Newton’s theorem [LiLol Theorem 9.7] asserts that the Coulomb potentials generated by
the smeared charge 51(,77) and the point charge §, coincide outside of B(p,n). A consequence
of this is that there exists a radial function f, solution to

{—Afn — ¢y (55"’ - 50> in R 29

fr =0 in RAB(0,n).

and it is easy to define the field E,, generated by a jellium with smeared charges starting from
the field of the jellium with (singular) point charges, using fi,:

10



Definition 2.2 (Smeared electric fields).
For any vector field E = Vh satisfying

~div E = ca( Y Nyd, —m) (2.9)
peEA

in some subset U of R, with A C U a discrete set of points, we let

ni=Vh+Y NVfy(x—p)  hy=h+Y Npfylz—p)
pEA peEA
We have
—div By = —Ahy = e 30 N30 —m) (2.10)
peEA

and denoting by ®, the map E — E,, we note that ®, realizes a bijection from the set of
vector fields satisfying (Z9) and which are gradients, to those satisfying ZI0) and which are
also gradients.

Note that the above definition in principle depends implicitly on the set U, whose choice
will be clear from the context in the sequel (most of the time we will take U = R?).

For any fixed 7 > 0 one may then define the electrostatic energy per unit volume of the
infinite jelium with smeared charges as

limsup][ |E,|? := limsup | K|~ 1/ E,|? (2.11)
R—oo JKp R—o00 Kgr

where E, is as in the above definition and K denotes the cube [—R, R]%. Note that the
quantity fKR |En|2 may not have a limit (this does occur for somewhat pathological config-
urations). This motivates the use of the limsup instead, which gives the strongest possible
control on the configuration (see e.g. Lemma ] below). In addition, for the configurations
we obtain as asymptotic limits, the ergodic theorem which we use to exhibit these quantities
will always ensure the existence of a true limit.

This energy is now well-defined for n > 0 and blows up as n — 0, since it includes the
self-energy of each smeared charge in the collection, absent in the original energy (i.e. in the
Hamiltonian (LI])). One should thus renormalize (ZI1]) by removing the self-energy of each
smeared charge before taking the limit n — 0. We will see that the leading order energy of
a smeared charge is kqw(n), and this is the quantity that should be removed for each point.
But in order for the charges to efficiently screen the neutralizing background, configurations
will need to have the same charge density as the neutralizing background (i.e. m points per
unit volume). We will prove in Lemma [B1] that this holds. We are then led to the definition

Definition 2.3 (The renormalized energy).
For any E € A,,, we define

Wy (B) = limsup { (B2 = m(sauw(n) + alons) (2.12)
R—o0 KR
and the renormalized energy is given by

W(E) = limiglf W, (E) = lim inf <lim sup][ E,[* — m(kqw(n) + ’)/2]1d22)> :
n— Kg

n—0 R—oo

2As in [SS3] we could define the renormalized energy with averages on more general nondegenerate (Vitali)
shapes, such as balls, etc, and then prove that the minimum of ¥V does not depend on the shapes.
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It is easy to see that if E € A,,, then E’ := m!/41E(m~1/%) belongs to A; and

Wy(BE) = m?=2/9W, /4 (E) W(E) = m> " YW(E) ifd >3 )13
Wy(E) =m (anl/d (E') — % log m) W(E) =m (W(E') — Zlogm) if d =2, (213)

thus the same scaling formulae hold for infz . One may thus reduce to the study of W(E)
on A;, for which we have the following result:

Theorem 1 (Minimization of the renormalized energy).
The infimum
agq:= inf W(E) (2.14)
EcA;
is achieved and is finite. Moreover, there exists a sequence (Ey)nen of periodic vector fields
(with diverging period in the limit n — oo) in Ay such that

W(E,) = ag as n — 0. (2.15)

We should stress at this point that the definition of the jellium (renormalized) energy we
use is essential for our approach to the study of equilibrium states of (III). In particular it
is crucial that we are allowed to define the energy of an infinite system via a local density
(square norm of the electric field). For a different definition of the jellium energy, the existence
of the thermodynamic limit was previously proved in [LN], using ideas from [LiLell Lile2].
This approach does not transpose easily in our context however, and our proof that ay is
finite follows a different route, using in particular an unpublished result of Lieb [Lie2]. The
existence of a minimizer is in fact a consequence of our main results below (see the beginning
of Section [@). A direct proof is also provided in Appendix [Al for convenience of the reader.

In [SS3| [SS4] a different but related strategy was used for the definition of W (in di-
mension 2). Instead of smearing charges out, the “renormalization” was implemented by
cutting-off the electric field E in a ball of radius n around each charge, as in [BBH]. This
leads to the following definition, which we may present in arbitrary dimension (the normaliz-
ing of constants has been slightly modified in order to better fit with the current setting):

Definition 2.4 (Alternative definition [SS3), [SS4]).
We let A, denote the subclass of A, for which all the points are simple (i.e. N, =1 for all
p € A.) For each E € A,,, we define

1
W(E) = limsup ——W(E, xk) (2.16)
R—oo |KR|

where, for any E satisfying a relation of the type [29), and any nonnegative continuous
function x, we denote

W(E,x) = lim XIEP = cqw(n) > x(p), (2.17)
10 JRNUper B(p.n) peA

and {XKp}r>0 denotes a family of cutoff functions, equal to 1 in Kl//\VJRfl, vanishing outside
Kpgr and of universally bounded gradient.
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In addition to the way the renormalization is performed, between the two definitions the
order of the limits » — 0 and R — oo is reversed. It is important to notice that for a
given discrete configuration, the minimal distance between points is bounded below on each
compact set, hence the balls B(p,n) in Kr appearing in (ZI7) are disjoint as soon as 7 is
small enough, for each fixed R. On the contrary, the smeared out charges 51(,77) in the definition
of E, may overlap. In fact, we can prove (see Section B.I) at least in dimension 2, that if
the distances between the points is bounded below by some uniform constant (not depending
on R) — we will call such points “well separated”, in particular they must all be simple —,
then the order of the limits » — 0 and R — oo can be reversed and W and W coincide (in
addition the value of W then does not depend on the choice of p by Newton’s theorem). An
easy example is the case of a configuration of points which is periodic. But if the points are
not well separated, then in general W and W do not coincide (with typically W < W). An
easy counter example of this is the case of a configuration of well-separated points except
one multiple point. Then computing the limit 7 — 0 in W immediately yields +o0c0. On the
contrary, the effect of the multiple point gets completely dissolved when taking first the limit
R — o0 in the definition of W. At least an immediate consequence of (14 (or Theorem
below), by comparison with the result of [SS4], is that we know that minz W = ming, W in
dimension 2.

One of the advantages of W is that it is more precise: in 2D it can be derived as the
complete T-limit of H,, at next order, while W is not (it is too “low”), see below. It also
seems more amenable to the possibility of charges of opposite signs (for example it is derived
in [SS3| as the limit of the vortex interactions in the Ginzburg-Landau energy where vortices
can a priori be positive or negative). The main advantage of W is that it is much easier to
bound it from below: W, is bounded below from its very definition, while proving that W
is turned out to be much more delicate. In [SS3] it was proven that even though the energy
density that defines W (E, x) is unbounded below, it can be shown to be very close to one
that is. This was a crucial point in the proofs, since most lower bound techniques (typically
Fatou’s lemma) require energy densities that are bounded below. The proof in [SS3] relied on
the sophisticated techniques of “ball construction methods”, which originated with Jerrard
[Jer] and Sandier [San] in Ginzburg-Landau theory (see [SS1, Chapter 4] for a presentation)
and which are very much two-dimensional, since they exploit the conformal invariance of
the Laplacian in dimension 2. It is not clear at all how to find a replacement for this “ball
construction method” in dimension d > 3, and thus not clear how to prove that the local
energy density associated to W is bounded below then (although we do not pursue this, it
should however be possible to show that W itself is bounded below with the same ideas we
use here). Instead the approach via VW works by avoiding this issue and replacing it with
the use of Onsager’s lemma, making it technically much simpler, at the price of a different
definition and a less precise energy. However we saw that W and W have same minima (at
least in dimension 2) so that we essentially reduce to the same limit minimization problems.

2.2 Main results: ground state

Our results on the ground state put on a rigorous ground the informal interpretation of the
two-scale structure of minimizing configurations we have been alluding to in the introduction.
To describe the behavior of minimizers at the microscopic scale we follow the same approach
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as in [SS4] and perform a blow-up: For a given (x1,...,z,), we let 2} =n'/%z; and

W (x (Zé , — po(n l/d;c')> : (2.18)

Note here that the associated electric field VA!, is in LfOC(Rd,Rd) if and only if p < %, in
view of the singularity in Vw around each point. One of the delicate parts of the analysis
(and of the statement of the results) is to give a precise averaged formulation, with respect
to all possible blow-up centers in ¥, and in this way to give a rigorous meaning to the vague
sentence “around almost any point z in the support of g there are approximately po(x)
points per unit volume, minimizing W with background density po(z)”.

Our formulation of the result uses the following notion, as in [SS3| [SS4], which allows to
embed (R?)™ into the set of probabilities on X = ¥ x Lfoc(Rd,Rd), for some 1 < p < %.

For any n and x = (z1,...,7,) € (RY)" we let i,,(x) = P,,, where v,, = > | §,. and P, is
the push-forward of the normalized Lebesgue measure on X by

T — (m, Vi, (nY 4z + )) :

Explicitly:

This way i, (x) is an element of P(X), the set of probability measures on X = £ x L} (R4 R%)
(couples of blown-up centers, blown-up electric fields) that measures the probability of having
a given blown-up electric field around a given blow-up point in 3. As suggested by the
above discussion, the natural object we should look at is really i,(x) and its limits up to
extraction, P.

Due to the fact that the renormalized jellium functional describing the small-scale physics
is invariant under translations of the electric field, and by definition of ,,, we should of course
expect the objects we have just introduced to have a certain translation invariance, formalized
as follows:

Definition 2.5 (T)(,)-invariance).
We say a probability measure P on X is Ty)-invariant if P is invariant by (v, E)
(z, E(\(x) +-)), for any MN(x) of class C* from ¥ to R.

Note that T),)-invariant implies translation-invariant (simply take A = 1).

Definition 2.6 (Admissible configurations). We say that P € P(X) is admissible if its
first marginal is the normalized Lebesgue measure on 3, if it holds for P-a.e. (x,E) that
E e Zuo(x)f and if P is Ty, -1nvariant.

Assumption 22] ensures here that pg(z) > 0 for any z € X, so that the class Xw(m) makes
sense.
Our main result on the next order behavior of minimizers of H,, is that

m}inn2/d72 (Hn(x) —n2E[po] + (g log n) ]ld:2) . min VNV(P)
admissible

where we define

’E‘/W )dP(x,E), (2.20)
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if P is admissible, and 400 otherwise. The function W is precisely what we meant by “the
average with respect to blow-up centers” of W.
We note that, in view of the scaling relation ([2I3]), we may guess that

1 _
N —minW | g ifd >3
min W =§;:= Cii A Rdl (2.21)
P admissible — minW — = / 140 ]Og 1o if d=2.
2 A, 2 R2

Note that the minima on the right-hand side exist thanks to Theorem [Il Also, the left-hand
side is clearly larger than the right-hand side in view of the definition of W, that of admissible,
and (2.13]). That there is actually equality is a consequence of the following theorem on the
behavior of ground state configurations (i.e. minimizers of (L)) :

Theorem 2 (Microscopic behavior of ground state configurations).
Let (x1,...,2,) € (RD™ minimize H,,. Let b, be associated via ZI8) and P, = in(x1,...,2x)
be defined as in ([219]).

Up to extraction of a subsequence we have P, — P in the sense of probability measures
on X, where P is admissible and, if d > 3,

—~ 1 _
ILm n?/4=2 (Hn(z1, ... 20) — n*E[po]) = W(P) =& = —min W ,ug 2/d(:c) dzr, (2.22)
n—00 Cd Ay
respectively for d = 2,
. _ n
nhﬂnolon ! <Hn(x1, ) — n2E o) + 5 log n>
—~ 1 1
—W(P) =& = W~ 5 [ ola)logpole) da, (223
C2 A 2

P is a minimizer OfW and E minimizes W over ./_élm(x) for P-a.e. (z,E).

Note that the configuration of points itself depends on n, i.e. we have slightly abused
notation by writing (x1,...,z,) instead of (z,...,z}).

The statement above implies (LI4]) and is a rigorous formulation of our vague sentence
in the introduction about the double scale nature of the charge distribution. Note that since
P is always admissible, the result includes the fact that the blown-up field around x is in the
class ./Tlm(x), i.e. has a local density po(x).

If the crystallization conjecture is correct, and if the only minimizers of W are periodic
configurations, this means that after blow-up around (almost) any point in 3, one should see
a crystalline configuration of points, the one minimizing W, packed at the scale corresponding
to po(x). Note that in [RNS] a stronger result is proved in dimension 2: exploiting completely
the minimality of the configuration, it is shown that this holds after blow up around any point
in 3 (not too close to 9% however), and that the renormalized energy density as well as the
number of points are equidistributed (modulo the varying density po(x)). The same results
are likely to be proveable in dimension d > 3 combining the present approach and the method
of [RNS].

The proof of Theorem [2] relies on the following steps:
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e First we show the result as a more general lower bound, that is, we show that for an
arbitrary configuration (x1,...,z,), it holds that

. _ n —~
liminf 0?42 (Hy(@1, ... wn) = n*E[uo] + (5 log n ) L) = W(P) = o(n)
with P = lim, o P,,,. This relies on the splitting formula alluded to before, based
on Onsager’s lemma, and the general ergodic framework introduced in [SS3| [SS4] and
suggested by Varadhan, which allows to bound first from below by W, instead of W,
for fixed 7.

e Taking the liminf, o requires showing that W, is bounded from below by a constant
independent of 1 (and then using Fatou’s lemma). This is accomplished in a crucial step,
which consists in proving that minimizers of W, have points that are well-separated:
theirdistances are bounded below by a constant depending only on ||ug||z. This relies
on an unpublished result of Lieb [Lie2], which can be found in dimension d = 2 in [RNS,
Theorem 4] and which we readapt here to our setting. This allows to complete the proof
of the lower bound.

e We prove the corresponding upper bound inequality only at the level of the minimal
energy. The reason is that the proof relies on an explicit construction, based on the
result of the previous step: we take a minimizer of YW and we “screen” it, as done in
[SS3l [SS4] [SS5]. This means we truncate it over some large box and periodize it, in
order to be able to copy-paste it after proper rescaling in order to create an optimal
configuration of points. This screening uses crucially the preliminary result that the
points are well separated. At this point, we see that arbitrary configurations cannot
be screened: for example if a configuration has a multiple point, then truncating and
periodizing it would immediately result in an infinite YW, and obviously to an infinite H,,!
We note also that if the upper bound inequality was holding for any general admissible
P, this would mean that W is the complete I'-limit (at next order) of H,. But in
dimension 2 at least, it has been proven in [SS4] that the corresponding I'-limit is W.
By uniqueness of the I'-limit, this would mean that [ W dP = [ W dP for all admissible
probabilities P. But we know that (at least in dimension 2) W and W are not equal, so
there remains to know whether their average over admissible probabilities can coincide.

e Combining the lower bound and the matching upper bound immediately yields the
result for minimizers.
2.3 Main results: finite temperature case

We now turn to the case of positive temperature and study the Gibbs measure (L9). We
shall need the common assumption that there exists 51 > 0 such that

fefﬁlv(:”)/Q dr < 0o when d > 3
Vi) (2.24)

fefﬁl(T*logM) dr < oo whend=2.

Note that this is only a slight strengthening of the assumption (LI]).
By definition, the Gibbs measure minimizes the n-body free energy functional
2
Fogli = [ nG0Ha s+ [t og (i) ax (2.25)
Rdn /8 Rdn
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over probability measures p € P(R%). Tt is indeed an easy and fairly standard calculation
to show that the infimum is attainedd at P, 5 (cf. (L9)) and that we have

. 2
E, 8 = inf fn,ﬁ[u] = fn,ﬁﬂpn,ﬁ] -~

log Z5. 2.26

where Zﬁ is the partition function normalizing P, 3.

As announced in the introduction, we will mainly focus on the low temperature regime
B > n?/4=1 where we can get more precise results. We expect that crystallization occurs when
B> n?/91 and that 8 < n?/4"1 should correspond to the liquid-crystal transition regime.
Since they are the main basis of this conjecture, let us first state precisely our estimates
on the n-body free energy defined above. In view of (220, estimating log Z8 and F, 3 are
equivalent and we shall work with the later. We need to introduce the mean field free energy
functional

Flul = Elu] + % / plog (2.27)

with minimizer, among probabilities, pg. It naturally arises when taking p®™ as a trial state
in [225). Note that for fn > 1, this functional is just a perturbation of (L&) and ug
agrees with 10 to leading order (results of this kind are presented in [RSY2, Section 3]). For
convenience we will restrict the high temperature regime in Theorem [Bto 3 > Cn~! in order
that the last term (entropy) in the mean-field free energy functional stays bounded above by
a constant H The results below do not depend on C.

Theorem 3 (Free energy/partition function estimates).
The following estimates hold.

1. (Low temperature regime). Let B := limsup,, Bnt=2/4 and assume 0 < B < +oo.
There exists Cg > 0 depending only on V' and d, with limg_, C5 =0 and Coo = 0 such

that

lim sup n?/d=2

n— o0

Fo = n*Eluo) — n*~% d£d( < Cj (2.28)
respectively if d = 2 and B > c(logn)~! for n large enough with ¢ > 0,

limsupn !
n—oo

where &g is as in (Z21)).

2. (High temperature regime). If d > 3 and an~l<p< con?/d-1 for some c1,co >0, we
have for n large enough,

F, 5 —n*Eluo) + glogn - ngg‘ < Cp, (2.29)

2
Fhp5—n*Elug) — ?n pglogug| < Cn?7%d, (2.30)
R4
respectively if d = 2 and cyn™' < B < ca(logn)~! for some c1,cy > 0
9 2n
Fug = n7Elug] =~ | mslogpug) < Cnlogn, (2.31)
Rd

where C' depends only on V' and d.

SRemark that the symmetry constraint (CII) is automatically satisfied even if do not impose it in the
minimization.
“The opposite case is in fact somewhat easier, see [RSY2 Section 3].

17



The leading order contribution to (Z28)-(231]) has been recently derived, along with the
corresponding large deviation principle, in [CGZ] under the assumption 8> n~'logn in our
units. In this regime one may use either E[ug| or £[uo] for leading order considerations, but
when 3 oc n 7! it is necessary to use the former.

In the regime 3 > n2/d-1 ([228]) says that the free energy agrees with the ground state
energy (compare with (LI4])) up to a negligible remainder, and this is the only case where
we prove the existence of a thermodynamic limit. We conjecture that this corresponds to
a transition to a crystalline state. On the other hand, [Z30) shows that for 8 < n?/4-1
the effect of the entropy at the macroscopic scale prevails over the jellium energy at the
microscopic scale. This alone is no indication that there is no crystallization in this regime:
One may perfectly well imagine that a term similar to the subleading term in (LI4]) appears
at a further level of approximation (one should at least replace g by ps but that would
encode no significantly different physics at the microscopic scale). We believe that this is
not the case and that the entropy should also appear at the microscopic scale, but this goes
beyond what we are presently able to prove. Note that when d > 3, the fixed 5 regime is deep
in the low-temperature regime, and so we do not expect any particular transition to happen
at this order of inverse temperature.

The case d = 2, in which we re-obtain the result of [SS4] is a little bit more subtle due to
the particular nature of the Coulomb kernel, which is at the origin of the nlogn term in the
expansion. As in higher dimensions, comparing (L.I4]) and (2:29]) we see that free energy and
ground state energy agree to subleading order when 5 > 1, which we conjecture to be the
crystallization regime. The estimate (231]) shows that the entropy is the subleading contribu-
tion only when 8 < (logn)~! however. It is not clear from Theorem [ what exactly happens
when (logn)™' < B < 1. We expect entropy terms at both macroscopic and microscopic
levels to enter. For the regime 5 oc 1 (the most studied regime, e.g. [BZ]), one can see the
further discussion in [SS4] and Theorem H below.

Our next result exposes the consequences of (2.28])-([2.29) for the Gibbs measure itself.
Roughly speaking, we prove that it charges only configurations whose renormalized energy
W is below a certain threshold, in the sense that other configurations have exponentially
small probability in the limit n — oco. This is a large deviations type upper bound at speed
n2-2/d but a complete large deviations principle is missing. The threshold of renormalized
energy vanishes in the limit 8 > n%%! showing that the Gibbs measure charges only
configurations that minimize the renormalized energy at the microscopic scale, which is a
proof of crystallization, modulo the question of proving that minimizers of W are really
crystalline. Our precise statement is again complicated by the double scale nature of the
problem and the fact that the renormalized energy takes electric fields rather than charge
configurations as argument. Its phrasing uses the same framework as Theorem [2] in terms
of the limiting probability measures P, which should now be seen as random, due to the
temperature. In fact we also prove the existence of a limiting “electric field process”, as
n — 00, i.e. a limiting probability on the P’s, which is the limit of the push-forwards of IP,, 3
by iy,.

We will consider the limit of the probability that the system is in a state (x1,...,2,) € A,
for a given sequence of sets A, C (RY)" in configuration space. Associated to this sequence
we introduce

A ={P € P(X):3x, € A,, P,, — P up to a subsequence} (2.32)
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where P, is as in (2I9) with x = x,, and the convergence is weakly as measures. A, can
be thought of as the limsup in the sense of sets of the sequence of sets i, (Ay,).

Theorem 4 (Microscopic behavior of thermal states in the low temperature regime).
For any n > 0 let A,, C (Rd)" and A be as above. Let 3 > 0 be as in Tf_zeorem [3 &4 as
in 221). There exists Cz depending only on' V' and d such that Cz =0 for 8 = oo and

log P, 5( Ay,
limsupiog s )g—é<

msup ——ros 5 | inf W(P)—gd—()ﬁ). (2.33)

PecAx

Moreover, for fived B > 0, letting I% denote the push-forward of Py g by i, (defined in
@&I9)), {P,g}tn is tight and converges as n — oo, up to a subsequence, to a probability
measure on P(X) which is concentrated on admissible probabilities satisfying W(P) < £3+Cj.

2/d—1

Note that the error term Cz becomes negligible when 8 > n This means as an-

nounced that the Gibbs measure concentrates on minimizers of W in that regime. When
B = Bn?/41 we have - instead a threshold phenomenon: the Gibbs measure concentrates on
configurations whose W is below the minimum plus CB' For the 2D case, a partial converse
to [233)) is proved in [SS4], establishing a kind of large deviation principle at speed n in the
regime 8 > 1, but with W instead of WW. A full LDP should involve an additional entropy
term and is still missing.

2.4 Estimates on deviations from mean-field theory

Our methods also yield some quantitative estimates on the fluctuations from the equilibrium
measure. We again focus on the low temperature regime for concreteness but if need arises our
methods could work just as well in the opposite regime, with less hope of optimality however.
The following estimates are insufficient for a crystallisation result, as noted before, but they
set bounds on the possible deviations from mean-field theory in a stronger sense than what
has been considered so far, namely by estimating charge deviations and correlation functions.

We will estimate the following quantity, defined for any configuration (x1,...,z,) € R
D(z,R) := vy(B(z, R)) — n/ 1o, (2.34)
B(z,R)

i.e. the deviation of the charge contained in a ball B(z, R) with respect to the prediction
drawn from the equilibrium measure. Here

Up = iémi. (2.35)
i=1

Note that since i is a fixed bounded function, the second term in (Z34) is of order nR¢, and
typically the difference of the two terms is much smaller than this, since the distribution of
points at least approximately follows the equilibrium measure.

For pedagogical purposes we only state two typical results:

1. the probability of a large deviation of the number of points in a ball B(x, R) (i.e. a
deviation of order nR%) is exponentially small as soon as R > n~1/(@+2),
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2. the probability of a charge deviation of order n in a macroscopic ball B(z, R) with

R = 0O(1) is exponentially small.

We deduce these results from sharper but more complicated estimates similar to [SS4, Eq.
(1.47) and (1.49)], see Section Actually these contain a whole continuum of results of
the type above: the larger the scale at which one considers the deviations, the smaller they
are allowed to be. If need be, any scale R satisfying n=1/(#+2) < R < C can be considered,
and deviations on this scale are exponentially small, with a rate depending on the scale. We
believe that the two results mentioned above are a sufficient illustration of our methods and
we proceed to state them rigorously, along with an estimate on the discrepancy between v,
and the equilibrium measure ngug in weak Sobolev norms. Below W ~14(Q) denotes the dual
of the Sobolev space Wol’q/(Q) with 1/¢+1/¢' = 1, in particular W11 is the dual of Lipschitz
functions.

Theorem 5 (Charge fluctuations).
Assume there is a constant C > 0 such that 3 > Cn?/?=1. Then the following holds for any
r € RY,

1. (Large fluctuations on microscopic scales). Let Ry be a sequence of radii satisfying

R, > Cgr n_d+r2 for some constant Cr. Then, for any A > 0 we have, for n large
enough,
Po s (1D(, Ro)| > M) < CemCn /(O =0, (2.36)

for some C' depending only on dimension.

2. (Small fluctuations at the macroscopic scale). Let R > 0 be a fized radius. There is a
constant C depending only on dimension such that for any X\ > 0, for n large enough,

P, 5 <|D(az,R)| > Anl_l/d> < Qe CPn* ™/ (min(A2RZ~ MR220)-C) (2.37)

3. (Control in weak Sobolev norms). Let R > 0 be some fized radius. Let 1 < q < d%‘ll and

define
tog=2 ! <1
ad d q
tyg=3 L >0
a.d dq

There is a constant Cr > 0 such that the following holds for n large enough, and any A
large enough,

3
Pnp <an = npiolly-1a(py) = Antq’d) < Qe POrN A, (2.38)

As regards ([Z38), note that only estimates in W59 norm with ¢ < d%‘ll make sense, since

a Dirac mass is in W14 if and only if ¢ < d%dl (hence the same for v,). In view of the

values of the parameters t, 4 and fq,d defined above, our results give meaningful estimates for
any such norm: a large deviation in a ball of fixed radius would be a deviation of order n.
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Since tg 4 < 1, equation ([2.38) above implies that such deviations are exponentially unlikely
in W14 for any ¢ < %, in particular in W11 for any space dimension.

The proof of Item 3 is based on a control in W12 of 7, — ug, where 7, is the regularization
of v, with charges smeared-out on a scale n~1/?. This is another instance where the method
of smearing out charges makes the proof siginificantly easier than in [SS4], replacing the use
of a “displaced” energy density [SS2] and Lorentz space estimates [SeTi).

Finally we state some consequences for the marginals (reduced densities) of the probability

(T9). Let us denote

szk)ﬁ(xla---,ﬁk) = / Pn,g(ml,...,xk,x/) dx’. (2.39)
’ x/eRd(n—k)

Remark that since IP,, g is symmetric w.r.t. exchange of variables, it does not matter over

(k)

which n — k particles we integrate to define P 3 (particles are indistinguishable). The value

Pgﬂg(ml, ...,xp) is interpreted as the probability density for having one particle at x1, one
particle at xo, ..., and one particle at .

Corollary 6 (Marginals of the Gibbs measure in the low temperature regime).
Let R > 0 be some fized radius, 1 < g < ﬁ. Under the same assumptions as Theorem [,
there exists a constant C > 0 depending only on the dimension such that the following holds:

e (Estimate on the one-particle reduced density).

|

e (Estimate on k-particle reduced densities). Let k > 2 and ¢ : R% — R be a smooth
function with compact support, symmetric w.r.t. particle exchange. Then we have

p(! < cplVidta — o (1), (2.40)

= o
g~ Ho W—ta(Br)

/]de (P’(j% B Mg@k) 80' <C (k:nl_l/d—l/q + kzn_1>

sup ... sup |[[Ve(z1,...,25-1, - ) ppgay, (2:41)
x1€ERY zp_1€ER?

where 1/p=1—-1/q.

As our other results, Corollary [6] concerns the low temperature regime. One may use
the same technique to estimate the discrepancy between the n-body problem and mean-field
theory in other regimes. When n becomes small however (large temperature), in particular
when 3 ~ n~! so that entropy and energy terms in (2227 are of the same order of magnitude,
a different method can give slightly better estimates. Since this regime has been considered
for related models in several works [MS| [Kiell Kie2, [CLMP], it is worth mentioning that
quantitative estimates in the spirit of ([2.40)-(2.41]) can be obtained in total variation norm.
We refer to Remark in Section [II] for details on this approach, which is in a slightly
different spirit from what we have presented so far.
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2.5 Organization of the paper

In Section B, we smear out the charges at scale n for fixed n and we use Onsager’s lemma to
obtain a sharp “splitting formula” for the Hamiltonian, in which the leading order and next
order contributions decouple. We also obtain a control on the charge fluctuations and on the
electric field in terms of the next order term in the Hamiltonian.

In Section Ml we start taking the limit 7 — 0 in the estimates of the previous section, and
prove the lower bound on the energy via the ergodic framework of Varadhan presented in
[SS3]. This assumes the lower bound on W,,.

In Section [l we use the result of [Lie2] to reduce to points that are well-separated and
deduce a lower bound on W, independent on 7. This requires a “screening result”, which
will also be used in Section [6] where we prove an upper bound for the minimal energy by the
construction of a precise test-configuration. This finishes the proof of Theorem [2

In Section [l we apply all the previous results to the case with temperature, and deduce
Theorems Bl @ and

Appendices [A] and [B] respectively contain a direct proof of the existence of a minimizer
for the renormalized energy functional and a discussion of the relation of the two versions of
the renormalized energy functional.

3 Splitting formulae and control on fluctuations

In this section, we start to exploit the idea of smearing out the charges and Onsager’s lemma
in a way similar to [RSY2]. We also explore easy corollaries that can be obtained for fixed
7. Since the smearing our procedure turns out to have no effect on the energy of configura-
tions with well-separated points we start by discussing these particular configurations in the
following subsection.

3.1 Preliminaries and well-separated configuraions

We start with a lemma that shows that if E € A, and W(E) < oo then the density of points
is indeed equal to that of the neutralizing background, i.e. m. From now on, for any E € A,,

we denote by v the corresponding measure of singular charges, i.e. Zpe A Npop.

Lemma 3.1 (Density of points in finite-energy configurations).
Let E € A, be such that W,(E) < oo for some n < 1, and let v = —div E + m. Then we

v(KR)
Kpg|

have limp_sso =m.

Proof. First we show that
-1 d=1
V(Kp_2) < mlKn|+CRT [Bylpogen  v(Knit) > mlKn |- CR'T [Eyllaen- (3.1)

To prove this, first by a mean value argument, we find ¢t € [R — 1, R] such that

/ B, < / B, (3.2)
0Kt Kg

5We could easily prove the same result with averages on balls or other reasonable shapes.
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Let us next integrate (ZI0) over K; and use Stokes’s theorem to find

Je

where 7 denotes the outer unit normal. Using the Cauchy-Schwarz inequality and ([B.2]), we
deduce that

D NS —m|Ky| = —/ E, 7, (3.3)
0K,

peEA t

[ S mitil| < RS Byl (3.4)
K pEA

Since n < 1, by definition of v and since the 61(,77) are supported in B(p,n), we have v(Kpr_9) <
T, 2open Npél(;n) < V(KR41) in view of the definition of v = ) N,d,. The claim (3II) follows.

Since Wy(E) < +oo we have [ |E,[? < C,R? for any R > 1. Inserting this into (B.1),
dividing by |Kg| and letting R — oo, we easily get the result. O

We next turn to configurations with well-separated points. We will need the following
scaling relation, which can be obtained from (2.3]) and (Z71]) by a change of variables:

{ Dy, 0))) = Sw(n) ifd>3 35)

DY, 6y = wln) + 2 = 2w + 2 ifd=2.

Lemma 3.2 (The energy of well-separated configurations).
Assume that E = Vh satisfies

—Ah = Cd(Z dp — a(m)) (3.6)

peEA

in some subset U C R?, for some a(x) € L¥(U), and A a discrete subset of U, and
i i —p'|, mindist(p, OU) | > ng > 0. 3.7
min (pg)}gA lp — 1| min dis (p )> > 10 (3.7)
Then, we have
/U B, — #(ANU)(kqw(n) + y2la=z) = W(E, 1y) + #ANU)oy(Walle @y,  (3.8)
where o,(1) = 0 as 1 — 0 is a function that depends only on the dimension. Moreover,

W(E,1y) > —C#(ANT), (3.9)

where C > 0 depends only on the dimension, 2 (hence the choice of smearing function p),
llal| e and ng.

Proof. We recall that by definition of E, (cf. Definition Z2)) we have

E,=E+) Vf)(z-p).

peEA
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Since the B(p,no) are disjoint and included in U, and f;, is identically 0 outside of B(0,7) we
may write for any n < 79, and any 0 < a < 7,

/ B, = / EP + #(AND) / V5,2
U\UpeaB(p,a) U\Upea B(p,a) B(0,7)\B(0,a)

+2 Vfy(x—p)-E. (3.10)

pEA

/B(pm)\B(pvoé)

First we note that, using Green’s formula, and © denoting the outwards pointing unit normal
to dB(0, ) we have

/ IV fl? = —/ FoV o7+ cd/ Fu67.
B(0,7)\B(0,a) 0B(0,a) B(0,7)\B(0,a)

By Green’s formula again and the definition of f;, we have

/ an-ﬁ:—cd/ 5((]n)+cd:cd—|—oa(1)
AB(0,a) B(0,)

as o — 0, and combining with the fact that f, = w * 5577) —w (see its definition (2.8])) we find

)

V2 = —cafy(a) + g wx oMY 6 — ey [ wol™ +o,(1).  (3.11
n n 0 0 0
B(0,7)\B(0,) R? Re

We next observe that ¢g [pa <w * 5((]77)) 5677) = cdD(5(()n) , 5((]77)) and [pq w6(()n) = w % 5(()77) (0), thus,
inserting into ([B.I1), we find

/ IV fol? = —cqw * 5(()77) (@) + cqw(a) + kKqw(n) — cqw * 5577) (0) 4 04 (1)
B(0,m\B(0,2)
= —2cqw * 5(()77) (0) + cqw(a) + cdD(é(()n) , 5871)) +04(1), (3.12)

)

in view of the fact that for fixed n, w * 5(()77 is continuous at 0. On the other hand, using

Green’s theorem and (3.6]) we have

Vi —p) B = —cd/

B(p,n)\B(p;x)

fo@ = pa@) dz — f) / E. 7.

/B(p,n)\B(p,a) 9B(p,a)

First we note that

fn(x - p)a(:c) dx

< callall / U@ < oo (D),
n

)

/B(p,n)\B(p,a)

where 0,(1) depends only on p and d. To see this, just notice that we have |f,| < |w| and the
Coulomb kernel w is integrable near the origin. Secondly, by Green’s theorem again we have

[ Ber=cit Ofala).
OB(p,a)
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Inserting these two facts we deduce

/ V(@ —p) - E = cafy(a) + O(|la] L= a’w(a)) + |lal| o 0y (1).
B(pn)\B(p,2)

Combining this and BI12), (I0), B.3), and again f,(a) = w * 5((]77)(0) —w(a) + 04(1), we
find

/ B, = / B + #(A N U) (rqw(n) +12lazs — caw(a) + (1)
U\UpeaB(p,a) U\UpeaB(p,a)
4 Jlallzoy(D)#(A N U) + O(lallz=afy(a))#(A N D).

Letting o — 0, ([B.8]) follows by the definition (2.17)).

The proof of [B9) is a toy version of “ball construction” lower bounds in Ginzburg-
Landau theory, made much simpler by the separation of the points. From (B.6]) and the
Cauchy-Schwarz inequality, we have, for any p € A,

7]0/2 1 2
/ |E|22/ ﬁ(/ E-17> dt
B(p,3m0)\B(p,n) n [Sa—1[t 9B,
) n0/2 1 s
> Cd/17 W(l — [lal[zee [BE[t)= dt > cq(w(n) —w(mo/2)) — C  (3.13)

where |B?| is the volume of the unit ball in dimension d, and we have used the definition of
¢q, and C depends only on |lal|z~ and d. We may then absorb cqw(ny/2) into a constant
C > 0 depending only on ||al|ze~, 79 and d. Since the B(p, %170) are disjoint and included in
U, we may add these lower bounds, and obtain the result. ]

3.2 Splitting lower bounds

We start by discussing the problem of minimization of £ defined in (L8]). Direct variations
of the form (1 — t)ug + tv for v € P(RY) and ¢ € [0,1] yield that the unique minimizer of &
(note that & is strictly convex), denoted g, solves

huo"‘%:C::
huo—l—%zc::

(E[mol + D (o, po))  g-e. in Supp po

(3.14)
(Elpo] + D (o, o)) q-e.

NI e

where g.e. means “outside of a set of capacity 07, and h,, = w * ug is the potential generated
by uo. More precisely, the variations first yield that ([3I4]) holds for some constant ¢ on the
right-hand side of both relations. Then, integrating the first relation against pg yields that

%4 V
C:/ (huo+§)dM0=D(Mo,M0)+/5dM0
R4

which identifies ¢ as the right-hand side in ([B.I4]). It turns out that these relations can also
be shown to characterize uniquely po (by convexity). For more details, as well as a proof of
the existence of 1 if the assumptions (LH]) are verified, one can see [Ero], [SaTo, Chap. 1] in
dimension 2, or [Ser]. It turns out, although this is rarely emphasized in the literature, that
the solution pg is also related to an obstacle problem, in the following sense: the potential
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hy, generated by pig can be shown (for a proof, one can refer to [ASZ], the proof is presented
in dimension 2 and for V' quadratic but carries over to dimension d > 3 and general V with
no change) to solve the following variational inequality:

Vu e IC, / Vhy, - V(u—hy,) >0 (3.15)
R4
where
1 (md 14
K ={ue H,.(R*),u — hy, has bounded support and u > —3 +¢, qe.}.
This happens to characterize a classical obstacle problem with obstacle ¢ := —% + ¢ (for

general background on the obstacle problem, one can see [KiSt]). We then denote

Y L (o) + Do, o)) (3.16)

C=lwo+ 5 =3

and note that in view of (BI4), ¢ > 0 and ( = 0 in ¥. Because hy, is a solution to the
obstacle problem with obstacle ¢, the support of ug, that we denote X, is contained in the
so-called “coincidence set” where h,, = ¢ i.e. the set {( = 0}. Equality between these sets
happens for example V € C? and AV does not vanish on the coincidence set. We observe
that in all cases the set {( = 0} is bounded since h,, behaves like w at infinity and (LI
holds.

1/d

We next turn to recalling our blow-up procedure: 2’ = n'/%z, x}, = nY/dg;. For a configu-

ration of points (x1,...,x,) we let here and in the sequel, as in (ZI8)),
hyp = w * <Z Oz, — nm)) W (2) = n¥ 4 hy, (2) = w = (Z Ozt — ,uo(nfl/dx/)), (3.17)
i=1 i=1
and for ¢ and 7 related by ¢ = n~Y%, we let
I g :=w * <Z 5&? — nu()) o (') = n? 4, o(x) = w (Z 5;2’) - uo(nfl/dx')).
i=1 i
We also denote .
V= 0. (3.19)
i=1

Our first splitting result is the equivalent of [SS4, Lemma 2.1].

Lemma 3.3 (Exact splitting).
For any n > 1 and any (z1,...,2,) € (RO, letting h!, be as in BIL), we have

g 1 1
Hy(z1,...,2,) = n?E[po] + 2n2§(mi) — —nlogn + —W (Vh], 1g2) ifd=2
i—1 2 €d

nl-2/d

=n’Euo] +2n Y C(x) + W (Vh!, 1ga) ifd>3. (3.20)
i=1

Cd
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Proof. Exactly as in [SS4, Lemma 2.1], we can show that
Hy (21, ... an) = n2Euo) +2nZC +— W (Vhn, Lga). (3.21)
A change of variables yields that

/ Vi =204 IV,
Rd\U'gzl B(x, ,7]) Rd\U'gle(x;J]nl/d)

and subtracting off ncqw(n) from both sides, writing w(n) = w(nn/?) + +logn in dimension
2 and w(n) = w(nn/?)n¥?=1 in dimension d > 3, and letting  — 0, we are led to

W(Vhp,Iga) = W(Vhy,, 1ga) — “4=logn if d =2 (3.22)
W (Vhp, Iga) = n'=2/4W (VhH.,, ]1Rd) if d=3. '
Inserting this into (3.21]) yields the result. O

In [SS4] W was then bounded below locally. As already mentioned, we do not know how
to do this in dimension d > 3 (due to the lack of an efficient “ball construction” method) so
we resort to a second type of splitting, using the smearing out of charges.

A crucial ingredient in our approach is that the electrostatic energy of a configuration
of positive smeared charges is always a lower bound for the energy of the corresponding
configuration of point charges, with equality if the smeared charges do not overlap. This
is the so-called Onsager lemma, which one can find for example in [LiSe, Chapter 6]. We
reproduce it here for sake of completeness.

Lemma 3.4 (Onsager’s lemma).
For any nonnegative distribution p such that fRd L=n, any n, any T1,..., T, € R and any
£ >0, we have

> w(w; - < Z NENTEDY 5&?) — D(p. ) +2 > D(,89) =D, 61)
ij i=1 i=1

(3.23)
with equality if B(x;,0) N B(x;,0) = &, for all i # j.
Proof. Tt is based on Newton’s theorem, see [LiLol Theorem 9.7], which can easily be adapted
(¢

to any dimension, and asserts in particular that for any ¢, w * d;

follows from this that
> w(w—axy) =Y DY, 60 (3.24)
i#] i#]

with equality if min;; |x; — ;| > 2¢. Indeed, by Newton’s theorem we have

/<w*5§j)) 5 g/(w*émi)6§? :/@mé’?) 8o, §/(w*5mj)5mi.

We then write

ICED SEED SEO) ERTED SETEARS SELR S SEL )

i#£]
and from this relation and ([B:24]), the lemma easily follows. O

) < w = w * y pointwise. It
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Smearing-out charges comes with a cost, that we quantify in the following lemma.

Lemma 3.5 (The cost of smearing charges out).
For any pn € L®(RY) and any point x, we have

D (1,0, = 89| < 022 a1 (3.25)

where C' depends only on the choice of p in (28] and the dimension.

Proof. Without loss of generality, we may assume x = 0, and write
Dipsbo = 3) = [(w— w8 @)n(o)

By Newton’s theorem, the function w — w * 586 is nonnegative and supported in B(0,/). In
dimension 3, we may just write that in particular it is smaller than wlpg ), and so we may
write

[ dr
[DGs 20 =] < Wil [ i < Ol

In dimension 2, we write

/ \w—w*ét(f)] :/
R2 B(0,¢)

dx

1 Y
~toglel + 75 [ logle ~ slo(Y)dy

= (2 /
B(0,1)

where we have used the changes of variables z = fx’, y = {3/, and we conclude in the same
way. ]

dx = C1?

—log |2/ +/10g 2" =y |p(y') dy

From these two lemmas we deduce

Lemma 3.6 (Splitting lower bound).
For any n, any 1, ...z, € R, letting hy, o be as in (BIR), we have

1 n
Hy(an, . oan) 2 € ol — ( [ ¥k = a0 + mm) 203 Clag)~Cn 2,
R i=1
(3.26)

where C' depends only on the dimension. Moreover, equality holds if min;4; |x; — x| > 20.

Note that compared to Lemma it is an inequality, and not an equality, and it has an
error term, however it achieves the same goal. Indeed, as we will see, points in minimizing
configurations are well-separated so that there is equality in ([B.26]) and no information is lost
in the end.

Proof. We proceed as in [RSY2, Proof of Thm 3.2]. First, applying Onsager’s lemma above
with ¢ and p = nug, and using [B.3]), we find

Zw(mi —x;) > D (n,uo — Zn:éyi),n,uo — ié;?)
i#j i=1 i=1

— 12D (po, pio) + 20y Do, 80) —nD(6, 65", (3.27)
i=1
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with equality if the B(z;,¢) are disjoint. We then use Lemma B3] the fact that g is a fixed
L function and (3.I6]) to obtain

271le(#0,69(3€_)) = 27’L2D(M0’ 5%) +0 (’I’LZEQ) _ 27’L2 huo(xi) ) (n2£2)

= n? (E[po] + D(po, po)) + 2n Z C(z;) — nz V(z;) +0 (n*?). (3.28)

i=1 i=1
Combining ([3:27) and (3:28]), and observing that in view of (2.4]) and (3I8]), we have
n n 1
D (o= Y0 i =300 ) = = [ [P
i=1 i=1 €d JRe
we thus obtain
n
Hy(z1,...,2,) = Zw(ml —xj)+ nz V() >
i#j i=1

1 n
n2E[o] + — / Vhnel? + 20 C(a:) = nD(8Y”,8)) + O (n?e).
€d JRre i—1

Since £ = n~'/%y and ([B3) holds, we obtain the result.
O

Combining this lower bound with our blow-up and noting that by a change of variables

we have
/Rd [Vhp|? =nt=2/4 /Rd IV, I (3.29)

we obtain the following rephrasing:

Hy(21,...,2,) — n?E[uo) + <g log n> Tgoy > n?2/d (Jn(xl, cey ) — an) + 2“2((%‘)
i=1
(3.30)

where we have written

1 /1
In(T1, .. ) = o <E y |Vh;w|2 — (kqw(n) + 72]ld2)> .

Remark 3.7. Tuking for example n = 1, and using that ¢ > 0, it immediately follows from
the above that

Hy(x1,...,x,) — n?E[po] + (g log n> Lg—g > —Cn?72/d (3.31)

where the constant depends only on the dimension. This provides a very simple proof of this
fact.
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3.3 Controlling fluctuations

The key ingredient in the proof of Theorems [ is the fact that the energy density (square of
the local L? norm) of the electric field generated by the smeared charges provides a control
of the deviations we are interested in. We start by formalizing this idea in two lemmas
which, thanks to the smearing out method, provide significantly simpler alternatives to the
estimates of [SS4] [SeTi]. Note that the following considerations do not require that p be the
equilibrium measure.
We start with a control on the fluctuations of the number of points (i.e. total charge) in
a given ball:
D(2',R) = v, (B(2',R)) — / o (3.32)
B(z',R)
where
Ho = po(n~ M%)

Note that the quantity (234]) used in Theorem [l is
D(z,R) = D(z/, Rn*/%) (3.33)

where 7’ is the blown-up of z. For this reason we do not feel the need for a new notation and
we will use the above for fluctuations either at the microscopic or macroscopic scale.

Lemma 3.8 (Controlling charge fluctuations).
For any 1, ...,x, and hln,n given by BID), for any 0 <n <1, R>2 and 2’ € R, we have

D(z',R)? . D(z',R)
2 i )
/Rd [Vhyo° > C—57=—min (1, ——— |, (3.34)

where C' is a constant depending only on d.

Proof. In the proof, C' will denote a constant depending only on d that may change from line
to line. We distinguish two cases, according to whether D := D(z/, R) > 0 or D < 0, and
start with the former. We first claim that for all ¢ such that

D\
R4+n<t<T:= ((R+n)d+%> (3.35)

for some well-chosen constant C', it holds that
- / Y, 7> %dD (3.36)
OB(a' t)

where 7 is the outwards pointing normal to dB(z’,t). Indeed, by Green’s formula

- Vi, -ﬁ:/ — AR, :cd/ 5 — !
/33(1«/,15) i B(a',t) " B(a' ) ; i 0

> cgD(2', R) — Cd/
B(x',t)\B(z',R)

wo > cgD(x',R) — C (td - Rd> > “p
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if ¢ satisfies (B:30]). We have used the positivity of the smeared charges and the fact that
is bounded in L (22). Then, integrating in spherical coordinates and using the Cauchy-
Schwarz inequality as in ([B13)), we find

2
T 1
viL, > [ V0l [ g ey T )
/Rd‘ o B(z!,T)\B(«/,R+1) i t=Ren 1S\ Jop @ "

T T —
> CD? / L _op {10% 2 if Cf =2
t

=R+n =t ’Sdil, (R4m)d—2 — Td—2 ifd > 3.

There only remains to note that in view of ([B.33]) and the fact that n < R/2, we have

D 1/d D
log )d> > ' min(1,

T
R+ Og< Teli R

1 1 1 D d—2 ! . D
d—2  md—2 — aa |- (1t d > - min(1, =5)
(R+n) T (R+n) 2C(R+n) R R

to conclude the proof in the case D > 0.
If D <0 the computation is the same, except that we set

T= ((R—n)d—%>l/d,

and use that for any T <t < R —1

—/ Vi, V= / — Al < caD = C(R = %) < 2D
OB(z’,t) B(x',t)

2
/ Vhy,, 7| >CD?
OB(z’ ) ’

again. We then integrate the energy density on B(z', R—n)\ B(2/,T) and argue as before. [

so that

The method of smearing out charges also provides a very convenient way to control the
L7 norms of the electric field.

Lemma 3.9 (Controlling electric field fluctuations).
For any 1, ...z, and hy, ., by, given by BIT), for any 1 < q < d;fl, any 1 >n >0 and any
R > 0, we have

|Vh,

nHLq(KR) < ’KRll/qflm HV%

J7HL2(KR) + Cq,nV;L(KR—Fn) (3.37)

d_d d—1
<C(Rs 2+R> )HVh;wHLQ(KM) + CynlliollzeRY, (3.38)

where Cy, depends only on q and n and satisfies Cy, — 0 when n — 0 at fived q, and C
depends only on d.
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Proof. Recalling the definition ([2.8]) we have
Vhy, = Vh,, =Y V(- ;)
i=1

and thus
|’v}L;l|’Lq(KR) = HVh;mHLq(KR) + V;L(KR‘HZ) vanHL‘I(]Rd)

where we used that if © € Kr and n < 1, then f,(z — ;) = 0 if 2; € (Kg4y)®. A simple
application of Holder’s inequality then yields

1/q—1/2
HV}L;WIHLQ(KR) < |Kg|Y HVh;l,nHLQ(KR)
and concludes the proof of the first inequality, with Cy, = [V f,|| La(rd) - Bounding then

V), (KR4n) exactly as we did for (BI]), we deduce

|Vh,

nHLq(KR) S ‘KR‘l/q_l/Q HVh;L

d—1
,nHL2(KR) + Cq,n”NO”LO"‘KR’ +CR 2 HVh;L,r]HLQ(KRH)a

and (B3.38)) follows. O

4 Lower bound to the ground state energy

In this section, we will start to take the limits n — oo and 1 — 0, and we provide the lower
bound part of Theorem 2] by proving the following:

Proposition 4.1 (Lower bound to the ground state energy).

Let (x1,...,2,) € (RO, let h!, be associated via BIT), and let P, = in(x1,...,2,) be
defined as in (ZI9). Then {P,, }, is compact for the weak topology of probability measures on
X and any P which is the limit of an extracted subsequence of P, is admissible and satisfies

lim inf n%/ 42 <Hn(:r31, o n) — n2E o) + (ﬁ log n) ]ld:2> > W(P) (4.1)
n—00 2

Lower bounds corresponding to (2.22)) and (2Z23]) follow from the above and ([2Z.21).

The proof of Proposition [ will occupy all this section and a large part of the next.
More precisely, this section is devoted to the connection between the original problem and
the renormalized energy at fixed 7, using the general strategy for providing lower bounds for
two-scale energies developed in [SS3| [SS4]. For a lower bound, it is then sufficient to use a
lower semi-continuity argment (Fatou’s lemma) to pass to the limit 7 — 0. In this last step
we will need the fact that 1V, is bounded below independently of 5. The proof of this is
postponed to Section [l

4.1 The local energy

The next step is to study the liminf when n — 0 of % Jga ]Vh'm]]Q and make the two scale
structure apparent. This is a general fact, simple application of Fubini’s theorem. Let us
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pick a smooth cut-off function x with integral 1, support in B(0,1) and which equals 1 in
B(0,1/2). We use it like a smooth partition of unity, writing

Vh, [ = X(x —y)dz ) |V, | dy
R >1 R >1

d Rd
= / x(x) ‘Vh'nm(x + y)|2 dydx
Rd JRd

> [ @)+ o) dyde
nl/dE Rd

= n\El][Z /]Rd x(x) ‘Vh;m (ynl/d + x) ‘2 dxdy (4.2)

where we simply dropped a part of the integral that we guess will be irrelevant and changed
variables. The last line should be interpreted as the average over blow-up centers y of the
local electrostatic energy around the center. Indeed, because of the cut-off x the integral in
x is limited to a bounded region, which means we are integrating the square of the original
(non blown up) electric field on a region of size n~'/¢ around y. The last line is in a form
that we can treat using the abstract framework of [SS4, Theorem 7]. We will interpret the
integral in x as a local energy functional, and deduce from a I'-convergence and compactness
result (with limit depending on ) on this functional a lower bound to ([£2]). Note that this
is also reminiscent of ideas of Graf-Schenker [GS| when they average over simplices.

The following result shows the coercivity of the “local” energy [ x !Vh'n,,7 (ynt/4 + ) 2,
which is needed to apply the framework of [SS3,[SS4]. In particular we need to prove compact-
ness of the electric fields and that their limits are in the admissible classes of Definition 211

Lemma 4.2 (Weak compactness of local electric fields).
We pick a sequence of blow-up centers y, — y € R Assume that for every R > 1 and for
some n € (0,1), we have

sup/ |Vh%’n(n1/dyn +9)2 < CyR- (4.3)
Br

n

Then {V (n'/ %y, + )}, is locally bounded and up to extraction converges weakly as n — oo,
in the sense of measures, to
v= Z Ny,

pEA

where A is a discrete set and N, € N*.
In addition, there exists E € LT (R? R?), p < d%‘ll, E, € L} (RYLRY), with E, = &,(E),

loc loc
such that, up to extraction of a subsequence,

d
VR, (nM %y, + ) = B weakly in LP (R R?) forp < T ¥ N, (4.4)

loc

and
Vh'nm(nl/dyn +:) = E, weakly in L} (RYRY) as n — . (4.5)
Moreover E = Vh, and if y ¢ 0%, we have
~Ah(z) = eqlw(z) ~ mo(y) (1.6

hence E € "Ttuo(y)-
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Proof. Given R > 1, by a mean-value argument, there exists ¢ € (R — 1, R) such that for all
n’

/8 [V gy £ )P <
t

from which it follows that (with a different constant)

Vhy, (0 Yy, + ) -
OBt

S Can'

But, by Green’s formula and [B.I7) the left-hand side is equal to

/ 36l (nty,, + a') / 110 (yn +n~V4%") da’
Bt ‘ Bt

By @22) it follows that, letting v}, := vl (nYdy, + ), we have

vy (Br-1) < Cyllpoll o R + Ciy g.

This establishes that {v/,} is locally bounded independently of n. In view of the form of v/,
its limit can only be of the form v = N,6,, where N, are positive integers, and A is a
discrete set.

Up to a further extraction we also have ([&H) by (£3) and weak compactness in L? . The
compactness and convergence (£4]) follows from Lemma [B:9] The weak local convergences of
both v/, and VA, (n'/%y, + -) together with the continuity of g away from 0% (cf. (Z2)),
imply after passing to the limit in (BI7) that E must be a gradient and that (@8] holds.
Finally E, = ®,(E) because ®,, commutes with the weak convergence in L} (R? R?) for the
Vh! (n'/%, + -) described above. Indeed by definition

peEA

©,(Vhy, (M My, + ) = V), (0 Py, + ) = Vi, (0 Yy + ) + > V(= p)
pEA,

where A, is the set of points associated with v/ (n'/%y, + -). Since by assumption all
these points have limits, one may check that the sum in the right-hand side converges to
> pen VIy(- = p), at least weakly in L, . Using in addition the convergences (EL3]) and (E.4)
we deduce

E,=E+) Vf( —p)

pEA

ie. E, = ®,(E) as desired. O

4.2 Large n limit: proof of Proposition 4.1]

We now have the tools to pass to the double-scale limit at fixed . The subsequent limit
1n — 0 will use the following result, whose proof is postponed to Section

Proposition 4.3. W, is bounded below on A; by a constant depending only on the dimension.

Proof of Proposition [{.1} As announced, we first fix n > 0 and let n — +o00. We start from
(£2) and apply the framework of Theorem 7 in [SS4]. In the notation of that paper we let
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G=Yand X =X x LZQOC(Rd,Rd), and take e = n~ Y% For A € R? we let 0 denote both the
translation x — x + A and the action

0L \E=Eo#,.
Accordingly the action TY' is defined for A € R? by
T (x,E) = (x + )\n_l/d, Eo 9>\) .

We then define a functional over X starting from the local electrostatic energy (the y-

integral in (£2))

[ xRy 9= h, o+,

£u(7,Y) = (4.7)
400 otherwise.
Then (2] is naturally associated with an average of f,, over blow-up centers in X:
Fo(Y) = ]l £, (2, 0,,1/4())) da. (48)
b
Indeed if F,,()) # 400, we have
1
F,(Y)<—=— [ |Vh,, % 4.9
O) < 15 L1900l (19)

Theorem 7 in [SS4] was precisely designed to deduce results at the macroscopic scale (on
F,,) from input at the lower scale (on f,). We now check that its assumptions are satisfied,
i.e. that coercivity and I'-liminf properties follow from

VR, limsup/ £.(T5 (2, V) dX < 400, x, € 2. (4.10)
Br

n— o0

But using the definitions above this condition is equivalent to

VR and Vn > ng, V), = Vh;%n(nl/dﬁ +-) and limsup/x ¥ 1, | Vnl? < +00 (4.11)

n— o0

where ng is a large enough number. This implies that the assumption ([£3]) of Lemma
is satisfied. Up to extraction of a subsequence we may also assume, since z, € ¥ which is
compact, that x,, — z,, and we may apply Lemma Thus we have Y,, — ), weakly in

L%OC(Rd,IR{d), with all the other results of that lemma, which proves that the compactness

assumption of [SS4, Theorem 7] is satisfied. Moreover, this weak convergence implies that

n—o0

liminf £, (2, V) > / X(y)]y*]2 = f(z., Vi) (4.12)
R4

by lower semi-continuity, where

/]Rd XW|Vl?(y)dy  if z. € D\OY and Vi = ®,(E) for some E € A (2.
Bz Y =10 if € 0%

+00 otherwise.
(4.13)
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This is the T-lim inf assumption of [SS4, Theorem 7] and we may thus apply this theorem
to pass to the limit n — oco. Let

Frn = ][z 02, Vb, ,(n¥/ ) 4T

or in other words the push-forward of the normalized Lebesgue measure on ¥ by
x — <x, Vh'nm(nl/dx + )) .
Theorem 7 of [SS4] yields that
e P, , converges to a Borel probability measure P, on X
e P, is T)(y)-invariant and its marginal with respect to z is ﬁdxm
e P,—a.e. (z,E) is of the form lim, oo (Tn, 0,1/a, Vn),

and moreover

liminf F,(Y,) > /f(x,y)dPn(x,y) :/<lim ]é(R f(2,0,)) d)\> dP,(z,Y)  (4.14)

n—00 R—o0

where f is defined in ([AI3]). It is also a part of the result (consequence of the ergodic theorem)
that the limit R — oo in the above exists. From (£I3]), and since 0¥ is of Lebesgue measure
0 (by assumption ([2.I)) we also see that for Py-a.e. (x,)) it must be that Y = ®,(E),E €

Ao()> and £(2,Y) = [pa x(1)|V]*(y) dy. Combining @J) with @I) we get

n—oo

hmmf—/ \Vh;“?\Q > \E!/ ( lim ][ X * L,V ) dP,(x,)). (4.15)
Kpg

Since x * 1 g, > 1k, , we can replace this by

hH_l)lIle/ \Vh;”]\z > \E!/ < hm][ D)]Q> dP,(z,Y). (4.16)

Now the above is true for all » > 0. From the convergence P, , — F,, and since the bijection

®,, commutes with the convergence in ([@4) (see the proof of Lemma [2)), we may check that

P, (as defined in (219)) converges weakly to P (independent of 7), the push-forward of P, by

e, L, for any 1. By the above results on P,, and Lemma2] we deduce that P is admissible.
Moreover, by definition of the push-forward, (A1) means that

hmlnf—/ \Vh;”]\z (kqw(n) +y21l4=2)

n—oo n

>3 [ (i £ 1w = Gt +nlia)p(e) ) dP(.B)

R—o0

where we have used the fact that [y = 1 and the first marginal of P is the normalized
Lebesgue measure on ¥. Combining with (3.30)) and the definition of W,, we obtain

. _ n by
lmint 02/ (HaGo ) = %€l + (3 1ogn) 1as) > 20 [ (B) aP (e, B) - o
(4.17)
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To conclude, there remains to let n — 0 in the above. Indeed, for P-a.e. (z,E), E € ./_4%(33).
Since i is bounded and independent of 7, the scaling property (213]), (Z2]) and the uniform
lower bound on A; of Proposition B3] thus imply that W, (E) is bounded below independently
of n for P — a.e. (x,E). We can then simply use Fatou’s lemma, to deduce that

by
lim inf n?/4=2 (Hn(xl, o) — n2E o) + <g log n) ]ldzg) > =l /lim inf W, (E)dP(z,E),

n—r00 Cd n—0

which is ([@1]), by definition of W and W. O

Remark 4.4. Note that the positive term 2n Y " | ((x;) has been discarded in [B30) and
never used in the lower bound, so it can be reintroduced as an additive term in the right-hand
side of (A1), which will be useful when studying the Gibbs measure in Section [7.

5 Screening and lower bound for the smeared jellium energy

In this section we prove Proposition [4.3], whose statement we recall:

Proposition 5.1 (Lower bound on the smeared jellium functional).
W, is bounded below on Ay by a constant depending only on the dimension.

In view of the definition (2I2]), the method will consist in bounding from below the
minimal energy over a sequence of cubes of size R — oco. For that we prove

e that by minimality we can reduce to configurations with simple and well-separated
points (at least away from the boundary of the cube), i.e. at distances bounded below
independently of n and R. This is done in Section [(B.I] via an argument adapted from a
Theorem of E. Lieb [Lie2] for the case n = 0 (whose statement and proof can be found

in [RNS)).

e that we can “screen” efficiently such a configuration, i.e. modify it close to the boundary
of the cubes to make the normal component of the electric field vanish on the boundary
of the cube and make the points well-separated all the way to the boundary of the cube,
at a negligible energy cost. (The vanishing normal component will in particular impose
the total number of points in the cube). This is carried out in Section

e Once this is done, we will be able to immediately bound from below the minimal energy
on these large cubes via Lemma [3.2]

In all this section K is a hyperrectangle whose side-lengths are in [2R,3R|. For the
actual proof of Proposition we need consider only hypercubes but we will need more
general shapes later in the paper.

5.1 Separation of points

Let us consider the following variational problem:

F, r = inf { / |Vh|?, =Ah = cd(ZNpéé”) - 1) in Kp, for some discrete set A C KR}.
Kgr
peEA
(5.1)
Obviously F, g > 0 and the infimum exists. We do not address the question of whether there
exists a minimizer. Note that the points p may in principle depend on 7.
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Proposition 5.2 (Points “minimizing” F), p are well-separated).
Let A be a discrete subset of Kr and h satisfy

—Ah = cd(ZNpég’) — 1) =cq(pp —1) in Kg. (5.2)
peEA

Denote AR = AN Kr_1. There exists three positive constants ng,ro, C' such that if n < ng, R
is large enough and one of the following conditions does not hold:

¥peAp N,=1 (5.3)
Vp € AR, dist(p, Ar \ {p}) > 70,

then there exists A a discrete subset of Kr and an associated potential h satisfying

AR = cd(z N80 — 1) in Kg (5.5)
peA

/ |vﬁ|2g/ |Vh|? - C.
Kg Kg

What this proposition says is that if two points in the configuration are too close to one
another (independently of R and 7), one can always find another configuration with strictly
less energy. In other words, in a minimizing sequence for F; r one can always assume that
(E3)-(@4) hold for some rg > 0 (depending only on d). Note that the failure of (B.3]) may be
seen as an extreme case of the failure of ([5.4]). Without loss of generality we may thus prove
the result when (5.4)) fails and NV, = 1 for all p.

such that

We start with a lemma that gives explicitly the variation of [, K |Vh|? when one point
in the configuration is moved and the variation of the potential is chosen to satisfy Dirichlet
boundary conditions. We shall denote Gr the constant ¢, times the Green-Dirichlet function
of the hyperrectangle Kg:

{—AxGR(x,y) = cqoy(x) if v € Kp and y € Kg (5.6)

Gr(z,y) =0if x € KR or y € OKp.

Note that Gg is a symmetric function of z and y: Gr(z,y) = Gr(y,z). Associated to the
Green-Dirichlet function is the quadratic form

DR(M7V)://K . (dz)G gz, y)u(dy) (5.7)

defined for measures p, v, that plays a role analogue to (23]).
We will consider specific variations of F}, r that can be expressed in terms of Gg:

Lemma 5.3 (Variations of F), g).
Let h, A and pp be as in Proposition [.2. Let x € A and y € K and define

A=A\ {z}) U {y}
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with an associated h = h + h where the variation h is defined as the unique solution to

— AR = cq(85" = 5 in Kg 58)
h=0 on OKg. .
We have
B2 — 2 (m s\ _ (m 5
/KR VA /KR\Vh] + eaDp (5y 6 ) caDr <5m ¢ )

+2¢4Dp <,Uh — 50 —1,5(m — 59(;7)) . (5.9)

Proof. Let us first note that h is an admissible trial state for F, g since we immediately check
that it satisfies (B.5]). Expanding the square, integrating by parts the cross-term and using
the Dirichlet boundary condition for A in addition to Equation (5.2]) we obtain

/ \viLP:/ yvm2+/ VA2 +2 | Vh-Vh
Kgr Kr Kpgr Kr

:/ |Vh|2+/ |vh|2—2/ hAR
Kn Kr Kr

:/ |Vh|2+/ |Vh|2+2cd/ h(pn — 1).
KR KR KR

We now use the Green representation of h to write

hz)= | Gr(z,2)0W()d — | Gr(z,2)60(2)dz" = hy(2) — ha(2).
Kgr Kpgr

We then have (using the Dirichlet boundary condition again to integrate the cross term by
parts)

/ IVh|? = / |Vhe|? +/ |Vhy|* =2 | Vhy-Vh,
Kg Kg Kp Kr

= caDR(8", 6y") + caDr(8;", 0") — 2caDR (85", 5,")
and

[ 1) = DR 620 1) = D6 60,3060~ 1)+ Dl 49,59,
R

Putting everything together yields the desired result. O

The next step is to remark that for large R we should have Gr(z,y) ~ w(x —y). It is
then natural to expect that the difference between the self-interactions

Dr (52(/17)’5?(477)) — Dp <5¥7)75§3n)>

should be small, at least if the points x and y do not approach the boundary of the domain
and thus do not see the Dirichlet boundary condition. On the other hand we can rewrite

D8 — 800, — 6 — 1) = / 500 b / S hy ~ ha(y) — ha(z)  (5.10)
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where

he:= | Gr(,y) (,Uh — o — 1) (y)dy. (5.11)

Kpg

Were we dealing with the case of point charges n = 0, the variation would thus reduce to
hz(y) — hy(z). Lemma is then a rephrasing in our context where charges are smeared
out of the well-known fact that the condition for optimality is that the charge at = lies at
the minimum of the potential h, generated by all the other charges and the neutralizing
background.

We thus carry on with estimates of the Green-Dirichlet function that will allow us to make
this intuition rigorous in the case of smeared out charges. We will use the well-known fact
that Gr(z,y) may be written as the sum of the Green function of the whole space w(z — y)
and a regular part. Important for us is the fact that the regular part is uniformly bounded
on Kp with a bound independent of R, such that we will be able to focus on the singular
part w(z — y) when estimating the variation in the right-hand side of (&.9).

Actually, when d = 2, things are a little bit more subtle due to the fact that the Green
function does not decay at infinity. Our estimate (5I3]) is thus different in this case, but still
sufficient for our proof.

Lemma 5.4 (Estimates on the Green function).
e [fd > 3, there exists a constant Cq, independent of R, such that

|Gr(z,y) —w(z —y)| < Cq (5.12)

for all x,y € Kr with min(dist(z, 0Kg), dist(y, 0KR)) > 1.
e [fd =2, there exists a constant Cq, independent of R, such that

Gr(z,y) —w(z —y) + w@ —y)| < Co (5.13)

where y' is the reflection of y with respect to OKg. In particular, if dist(y,0Kgr) > 1 and
x, 2’ € B(y,c) for some constant c, then

[(Gr(z,y) = Gr(,y) — (w(z —y) —w(a’ —y))| < C. (5.14)
for some C. depending only on c.

Proof. The proof of (BI2) is a well-known argument: Since Gr(x,y) = Ggr(y,z) we may
restrict to the case where dist(y, 0Kgr) > 1 and consider Gr(z,y) and w(z — y) as functions
of z only. Now, by definition Gg(.,y)—w(.—y) is harmonic in K and hence (by the maximum
principle) reaches its maximum and minimum on the boundary of K. The Green-Dirichlet
function is zero there and in view of the assumption that dist(y, 0Kr) > 1 we have

oin (—w(@—y)) = -C

independently of R and

xrerg}z(R(—w(x —vy)) < —w(CR) =0

when R — co. We used the asumption d > 3 in the last equation.
To prove (B.I3)), we fix y € K and note that the function

f(z,y) = Grlz,y) —w(x —y) +w(z —y)
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is harmonic as a function of z € Kp since A,Gr(z,y) = Ayw(z—y), Agw(r—y') = —cidy (x)
and y' ¢ Kr. We thus know that f(x,y) reaches its maximum and minimum on the boundary

BKR:

inf log [z~ vl < f(z,y) < sup log it ]

< , 5.15
w€dKp  |v—y| vcokny 1T =1 (5.15)

where we used the Dirichlet boundary condition for Gg(.,y) and the definition of w when
d = 2. Next we observe that, ¥’ being the reflection of y with respect to 0Kg it holds that

2=yl < |z —y|
for any x € OKpR and thus f(z,y) < 0 for any x,y € Kr. For a lower bound we note that
|z — /| <|x—y|+ |y — | with equality when x,y and y" are aligned, in which case
o=yl _ =yl _, vy
|z — /| = —v| L+1ly—yl/2

where L is one of the side-lengths of the hyperrectangle Kr. By assumption 2R < L < 3R,
which implies that |y — 3’| < 3R and we easily conclude that inf,epx, log ‘lf:j,l‘ is bounded
below independently of R. Plugging in (5158 concludes the proof of (BI3]). The estimate
(EI4) follows immediately by noting that, if dist(y, 0Kg) > 1 then |Vw(. — ¢/)| is bounded

above independently of R in Kg. O

We can now give the main idea of the proof of Proposition (5.2} following [Lie2] for singular
charges. Suppose there are two points, say 0 and = in A, very close to one anothelﬁ. Then
one can decrease the energy by sending x to some point y with dist(0,y) > dist(0,x) and
changing the potential as described in Lemma As we will prove below, it is sufficient
to consider only the contribution of the charge at 0 and of the background at some fixed
distance thereof to bound from above the variation of the potential h, defined in (GI0).
Then, if the distance dist(0,z) is really small to begin with, Lemma [5.4] tells us that we can
approximate the variation (5.I0) in the potential A, using the Coulomb potential w(z — y).
This observation leads us to the definition

v, = /R (.= 2) (53’7) - nBM)) (2)dz (5.16)

of the potential generated (via the Green function w of the full space) by a unit charge at 0
smeared out at scale n and a disc of constant opposite density of charge, where we choose
rg3 < 1 so that |B(0,r3)| < 1.

We now observe that V,, is radial and decreasing. It is also obviously independent of R
and gets closer and closer to Vp, independent of 7, when 7 is small. Since Vj(r) — 400 when
r — 0, one can make V; (y) — V;)(x) arbitrarily negative if + — 0 while y stays bounded at a
fixed distance away from 0. This is the content of the following

Lemma 5.5 (The jellium potential close to a point charge).
For any M > 0 there exists min(%,rg) > ro > 11 > 0 such that for any small enough n and
any r < ri, we have

Viy(ra —n) = Vy(r+n) < =M. (5.17)

STranslating the whole system we may always assume that 0 € A
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Proof. By Newton’s theorem, we have V(1) = Vy(r) for r > 7, thus since V,, is decreasing,
we have V;(r) > Vo(n) for r < n. Thus, since we will always choose n < r; < ry, we can
study only Vp, which is readily computed by taking advantage of the radiality of the charge
distribution:

Vo(r) = (1 — |B(0,r)]) w(r) + S} / wt)t i 0 <7 <y
B(0,r3)\B(0,r)

Vo(r) = (1 = |B(0,73)|) w(r) if r > rs,

by Newton’s theorem again. Simple considerations show that Vp(r) — +oo when r» — 0 and
that Vj is decreasing. The result follows. O

We can now proceed to the
Proof of Proposition [5.2.

As announced, we work assuming N, = 1 and (&.4) is violated. Without loss of generality
(we may always translate K without changing the energy) we assume that 0 € A and that
there exists some point x € Ar close to 0. We will prove that if dist(0,z) < r;, where r; is
as in Lemma [5.5] one can decrease the energy by moving z to a certain point y € 9B(0,72).

Since we assume dist(0,0Kg) > 1, and since 1 < %, we have B(0,71) C Kg_j/5. We pick
some y, to be chosen later, and let A be the corresponding modified configuration, with an
associated potential i as in Lemma The variation of the energy is given by (59, which
we estimate using (0.12) (respectively (BI4) when d = 2): for the first two terms we may

write
‘DR (5§n),5§ﬁ)) — Dp (5:97)’5&77))‘ <C </5¥7) _,_/557)) <C

since the contribution of the singular part w(z —y) to the Green function Gg(x,y) yields the
same contribution for both terms. We thus have

/ |Vh|? — / |Vh|? < 2¢4Dg (,Uh — 6 — 1,67 — 5;@) +C (5.18)
Kgr Kgr

where C' is independent of R and 7. We may then focus on proving that the first term of
the right-hand side can be made arbitrarily negative. For that purpose, we start from (G.10),

(II) and, following [Lie2], we decompose

he = Vo i + o™

VmR = GR(., Z) (5(()77) — ]lB(O,rg)) (z)dz
Kpg

hrem — GR(? Z) Z 5](777) —1 + ]13(077,,3) (Z)dZ (519)
Kr peA\{,0})

We further define the n-averaged function h;"™(2) = hrem*é(()n), and note that since —AR™™ >
0 in B(0,73), and r9 < 73, we have —Ah."™ > 0 in B(0,72), at least if 1 is small enough. By
the maximum principle A5*™ reaches its minimum on B(0,r2) at the boundary and we now
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choose y € 0B(0,72) to be (one of) its minimum point(s). Then, in view of (5.I0), we have

D (o — 8 = 1,650 = 5 = hiem(y) — haem (o / SOV, o — / SO0V,

< /63(]7)%,3 —~ /5§;7>va < /557)%7 ~ /55;”1/,7 +C’

(5.20)

where on the second line we have used (512) (respectively (5.I4]) when d = 2) by replacing
Gr(x,y) by w(xz — y) in the terms involving V;, r. Assuming now that we have chosen M =
2(C + ¢4C") in Lemma 5.5, where C' is the constant in (BI8) and C’ that in (520), we have

Vy(ra —n) = Vy(ri +n) < =20 — 20",

Using that V}, is radial and decreasing, we deduce that, since we assumed |z| < 71 and |y| = 7o,
we have

/557)% ~ /5§;7>V,7 < —20 -2C".

Combining this with (Z.20) and (B.I8), we have thus obtained [;. |Vh|? - Jic, IVh]* < =C
for some C' > 0. This proves the proposition, with r¢g = ry. l l
O

5.2 Screening

Starting with a configuration of points modified according to Proposition we are able to
modify it further and “screen it” as announced.

Proposition 5.6 (Screening a configuration of points).

There exists ng > 0 such that the following holds for all m < ng. Let Kgr be a hyperrectangle
such that |KRg| is an integer and the sidelengths of Kg are in [2R,3R]. Let E, = Vh, be a
gradient vector field with h, satisfying (5.2) with (&3)-(©4) satisfied and

/K |E,|* < CR (5.21)
R

Then there ezists A a configuration of points and E an associated gradient vector field (both
possibly also depending on n) defined in Kr and satisfying

—divE = cd<z 5, — 1) in Kg (5.22)
peA
E-7=0 on0Kpg (5.23)

such that for any p € A

min (dist(p,A\{p}),dist(p, aKR)) > 10 (5.24)

=10
with ro as in ([&4), and
| OB [ o (5:25)
Kn Kg
as R — oo, where E,, = ®, (E) and the o(R?) depends only on 1 and the constants in (53),

ED. G2D.
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Property (5.23]) is crucial in order to be able to paste together configurations defined
in separate hyperrectangles. It also implies (integrating (5.22]) over Kpr and using Green’s
formula) that the number of points of the modified configuration is ezactly equal to the volume
of the domain:

#A = |Kgl, (5.26)

which is also important for the proof of Proposition
The proof proceeds by modifying the configuration of points in the vicinity of 0Kg:

1. We first select by a mean-value argument a “good boundary” 0K; on which we control
the L? norm of E, (i.e. the energy density), and at a distance 1 < L < R from the
boundary of the original hyperrectangle.

2. We will not move the points whose associated smeared charges intersect K;. Instead,
we isolate them in small cubes and leave unchanged all the points lying in I'= the
union of K; with these small cubes. A new configuration of points is built in Kp\I'. It
is built by splitting this set into hyperrectangles and using on each some test vector-
fields (obtained by solving explicit elliptic PDEs) whose energies is evaluated by elliptic
estimates similarly to [SS3, Sec. 4.3]. The test vector-fields are then pasted together.

3. It is more convenient to first “straighten” the boundary of I'. We pick some « such
that I' C Ky, and put points in Ky, \ ' so that neither the energy nor the flux at
the boundary are increased too much. To obtain a control on those quantities, it is
important that no smeared charge intersects the boundary of I' to begin with, whence
the second step.

We start with the preliminary lemmas containing the elliptic estimates which provide the
elementary bricks of our construction.

Lemma 5.7 (Adding a point without flux creation).
Let K be a hyperrectangle of center 0 and sidelengths in [l1,ls], with lo > 13 > 0, and let
m = 1/|K|. The mean zero solution to

{ —Au=cq(dp —m) inK

Vu-v=0 on K
satisfies
lim / [V, |* — kqw(n)| < C
7]—)0 K

where C' depends only on d,li,lo and m.

Proof. It is a very simple computation, similar for example to arguments employed in the
proof of Lemma O

Lemma 5.8 (Correcting fluxes on hyperrectangles).
Let K be a hyperrectangle with sidelengths in [1/2,31/2]. Let g € L*(0K) be a function which
is 0 except on one face of IC. Let m be defined by

m=1-c;' K™ / g (5.27)
oK
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and assume |m — 1| < 1/2. Then the mean zero solution to

(5.28)

—Au=cy(m—1) inK
Vu-v=g on OK

satisfies
/ |Vul|? < Cl/ g2, (5.29)
K oK
where C' depends only on d.
Proof. We may write u = u; + us where

—Au; =¢g(m—1) in K
Vu -v=g on 0K

with g a constant on the face of K where ¢ is nonzero, and zero otherwise (integrating the
equation we find g = ¢4(m — 1)I) and

—Aug =0 in IC
Vug -V =g—g on K.

First we note that by (B.27) and the Cauchy-Schwarz inequality we have

1 —d—1 1/2
cbm—11< o [l < a7 (/ gz) . (5.30)
"C’ oK oK

Next we observe that u; can be solved explicitly: if the face where g is nonzero is included

in {z1 = 0} (after translation and rotation), then u; () = 2+t (21 —1)? and we may compute
/K |Vui|?> < Cm —1)219713 = C(m — 1)21472, (5.31)

Secondly, by scaling we check that
/’C|VU2|2 < Cl||Vug - ’7||%2(a/c) <Cl (HQH%%@K) + (m — 1)2525d_1) (5.32)
Combining (£31]), (£32]), and inserting (5.30]), we obtain the result. O

Proof of Proposition [20. We set two lengths [ and L such that 1 < | < L < R as R — oo,
and to be determined later. In all the sequel we denote by C; a generic constant which is a
multiple (by a universal factor) of the constant C' of (5.21]).

- Step 1: We find a good boundary. First we claim that there exists ¢t € [R — 2L, R — L] such
that

/E)K |E,|* < C1RY/L (5.33)
t

and

/ |E,|* < C1RY/L. (5.34)
K1\ Ki—1

Indeed, since (B.21)) holds, we may split K1 \Kr_or into L/2 “annular” regions of width 2.
On one of them (5.34]) must hold, and by a mean-value argument we may also shift ¢ so that

G33) holds.
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Since we assume (5.3)—(E4) and since L > 1, the boundary 0K intersects balls B(p,n)
with p € A which are all at distance > %ro > 0 from all other such balls (for that it suffices
to take ny < ro/4). Without lo.g. we assume g < 1. Let Ay denote the set of p’s for
which B(p,n) N 0K; # @. For each p € Ag, let K,(p) denote the hypercube of sidelength s
centered at p. By a mean-value argument similar to the above, and using (5.34) we can find
s € [ro/16,70/8] such that

> / |E,|* < C1RY/L. (5.35)
a

pEN Ks(p)

We now denote I' = Ky U (Upep,Ks(p)). By construction 0I' does not intersect any B(p,n)
and we have

/aF |E,|? < C1RY/L. (5.36)

By perturbing this construction a little we may define the resulting set I" such that |I'| € N
and (B.30) still holds.

- Step 2: definition of E in Kito. First we define E to be @;1(En) in I', that is we set

E:En_ Z fole—p) inT

peANT

where A is the set of points corresponding to E,, as in (£.2) and f, is defined as in (Z8]). We
note that this definition is unambiguous and coincides with the restriction to I' of @, YE,)
since OI" does not intersect any B(p,n).

We next wish to extend E to Ky o\I'. We take a > 1 to be such that |K;4o\I'| is an
integer. Since |T'| € N by construction and |Kp| € N by construction we thus have

‘Kt-i—oc‘ < N and ’KR \ Kt—i—oz‘ S N. (537)

Then Ky, \I' can be split into a disjoint union of hyperrectangles of volume 1, whose side-
lengths are all bounded below by 7/8, and bounded above by 1, i.e. by universal constants.
In each of these hyperrectangles we apply Lemma [5.7] with m = 1. Since the normal deriva-
tives of the functions obtained that way are zero on the boundary, their gradients can be
glued together into a global vector field, and no divergence will be created at the boundaries.
More precisely this means that there exists a vector field X defined in K4, \I' and satisfying

_div X = cd( 36— 1) in Kpio\D
pEAL

for some set A; equal to the union of the centers of these hyperrectangles, and

AT\NXH%gQﬁdl (5.39)
t+a

since the energy cost given by Lemma [5.7] is proportional to the volume concerned. Next we
claim that we can find a vector field Y satisfying div Y = 0 in K;;,\I' and g defined over
OKi1q such that Y -7 = g on 0Ky, while Y -7 = E, - ¥ on 0I' and

/ f§0/!&P§aﬁﬂu (5.39)
0K ita or
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and

/ [V|? < C1RY/L. (5.40)
Kipo\l

To see this, we may split K;1,\I" into hyperrectangles IC; which all have one face included in
OI" and one face included in 0K}, and whose sidelengths are all bounded above by 2 and
below by 7/8. Then we solve in each K;

Vu; -V =E, -7 on dK; NIl
Vui U= g; on (9ICZ N 8Kt+a
Vu;, - 7=0 else on K;

where g; is the unique constant that makes the equation solvable. It is straightforward to check
that falCmaKHa g? < C OKC,MOT |E,|?> (again by Green’s formula applied to the equation).
Defining g on K1, as g = g; on 0Ky, N OK;, we then have (539]). Since u; is harmonic,
we also have the estimate

| il <tV Ay <€ [ B

Ki oKC;Nor

Defining now the vector field Y to be Vu; on each IC;, we see that Y satisfies the desired
properties and that (.40 holds.

We finally set E=X+Yin Ko\l Tt satisfies —div E = cq (szAl 0p — 1) and, since

no divergence is created at the interface 0I', the vector field E now defined in the whole on
Ky still satisfies

~

—divE = Cd(zpeAlu(FmA) Op — 1> in Ktta (5.41)
Eﬁzg on 8Kt+a.

Moreover, in view of (5.38]) and (.40), we have
/ E,|” < / |E, >+ C,R¥™" + CRY/L. (5.42)
t+a r

Note that by construction the distances between the points in A; U (I' N A) are all bounded
below by rg/8. We now discard the notations used for this step, except for the conclusions
E.41)-(5.42) and (B.39).

- Step 3: correcting the fluxz. We construct a new domairﬂ IV on the boundary of which we
make the flux vanish. This uses Lemma [5.8] in an essential way to construct a configuration
in "\ Kiyq.

First we split 0K, into O((R/1)%~!) hyperrectangles (of dimension d—1) I; of sidelength
€ [1/2,31/2]. For each of them we consider a hyperrectangle (of dimension d) included in
KR\ Ko which has one side equal to I;. By perturbing the sizes of the sides, we may have
a hyperrectangle with aspect ratios in [1/2,3/2] (so all sides have sizes in [[/2,3[/2]). This
forms a disjoint collection C; (we use the same notation as in the previous step, even though

"We have I' C Ko C IV C Kg. Of these sets, only K1 and Kg are hyperrectangles.
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it does not correspond to the same rectangles). We let g; be the restriction of g on 0K, to
I;, and let m; be defined by

cd(mi - 1)|’CZ| == —/ .gi- (543)

3

Let us check that |m; — 1| < 3. Using the Cauchy-Schwarz inequality and (539) we have

Ca vz 1/2 /2
calm; — 1] < I~ </ gf) <1 % </ 92> < Clil/%dﬂ%. (5.44)
K, K ta LY

It is clear that we may choose
I<I<L<R (5.45)

such that this is o(1) as R — oo, which we do from now on. Since m; ~ 1 and |K;| ~ C1¢ > 1
it is also clear that we may perturb once more the sizes of the sides of IC; to ensure in addition
that m;|KC;| € N, with the previous conditions preserved. We may then apply Lemma [5.8 over
IC;, this yields a u; satisfying

—Au; = cg(m; — 1) in K;
Vu; -V = g; on I
Vu;-v=0o0n dK;\ I;

| wupzar [ g
ICi I;
where C depends only on d.

We next split each K; into hyperrectangles of sides € [1/2,3/2] and of volume m; !, which
is possible since by construction m;|K;| € N. On each of these hyperrectangles we apply
Lemma [571 Pasting together the Vu’s given by that lemma yields an X; defined over K,

such that
—div Xi = Cq (Zk 53% — ml) in ICZ
X@' -v=0 on OICZ

and

Also, denoting (X;), = ®,(X;), it follows from the fact that [m; — 1| < 3 that

/ (Xi)pl* < Oyl (5.46)
Ki

We note that by construction, all of these z’s are at distance at least 1/2 of 9K; hence, since
n < 1/2, the balls B(zx,n) do not intersect OK;.
Defining now Y; = X; + Vu; in K; we have obtained a solution of

—divY; =c4 (> 0z, — 1) inK;
Y, V=g on JK;

and

Joor<e [ 1mPee [ vup<opicr| g (5.47)
ICi i ICi OK;

(3
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The new domain I'" is Ky, UU;K; and we may paste the Y; constructed above to obtain a Y
satisfying

—divY =¢4(}; 05, —1) inI’

Yi-v=g on 0K 1o

Y;‘ -7=0 on BI”GKtJra

- Step 4: completing the construction. There remains to complete the construction in Kp\I" =
KR\ (Kitq UUK;). To this end, note that (5.43]) implies

oY milkl ~ e k= [ g
i i OKita

whereas integrating the first equation of (B.41]) yields

/ g € cgN
aKt«H:x

because by construction |Kyi,| € N. Since we have also ensured m;|KC;| € N we deduce that

> IKi| € N. Recalling (537) we deduce that
|Kp\(Kita UUK;)| € N.

We may thus tile Kg\ (Ko UU;K;) by hyperrecangles volume 1 ands sidelengths € [1/2,3/2]
on which we apply Lemma 5.7 with m = 1. We paste together the gradients of the functions
obtained this way. It gives a contribution to the energy proportional to the volume i.e. of
CRY L. We also paste this with the Y;’s of the preceding step. It gives a final vector field
E defined in Kp\Kitq, satisfying

—divE = ¢q (X, 00, — 1) in Kp\Ky1a

=y on 0K iq
0 on 0Kp.

Here all the points = are at distance > % > 7 from 0K¢io. The energy of E can now be

controlled as follows:

Ktto

J I e e e D O M e e A
Kr\Ktya i ok ’
< Cy(RIL+IRY/L). (5.48)

Combining with (541)), we have thus obtained an E on all K, satisfying (5.22)-(5.23). Using
((422), (548) and the conditions | < L < R we have

/ B, < / B, ? + Cy(RIL + IRY/L) < / B, + o(RY),
Kgr Kr Kgr

- Step 5: making B a gradient. E satisfies (B22)) but is not necessarily a gradient. We
claim that we may add to it a vector-field X to make it a gradient, while still having (5.22])—
(5.23]), and decreasing the energy. It is standard by Hodge decomposition that we may find
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X satisfying div X = 0in Kp and X -7 = 0 on 0Kg, and such that E := E+Xisa gradient.
Then E still satisfies (5.22)-(5.23)), and we note that

| BpE=[ B[ ap-2f B
Kg Kg Kgr Kgr

Since E is a gradient and thus E,, too, and since div X = 0 and X - 7 = 0 on dKp, we find
that the last integral vanishes, and so

[ EEs [ B
Kgr Kr

This last operation has thus not increased the total energy and the vector-field E satisfies all
the desired conclusions. O

An immediate consequence of the screening process is the following

Proposition 5.9 (Periodic minimizing sequences).
Given n > 0 small enough, for any R large enough and any hyperrectangle Kg of sidelengths
in [2R, 3R] such that |Kr| € N, there exists an E satisfying (5.22]), (6.23), (5.24) and

R—o0c0

limsup][ |E,|? — (kaw(n) + y2lg=g) < inf W, (5.49)
Kr A

Also, ming W, admits a minimizing sequence made of periodic vector fields, and so does
mimﬁ1 W.

The construction of periodic minimizing sequences proves the corresponding claim in
Theorem [II The existence of a minimizer is a direct consequence of Theorem 2 as discussed
in Section [Bl We also give a self-contained proof in Appendix [Al

Proof. 1t suffices to take Kp = [—R, R]d and Vh, which approximates F}, r and apply Propo-
sitions and This yields the desired E satisfying (5:22)), (5.23), (5.24), (5.26) and

lim Sllp][ B |* = (kaw(n) + 721la=2) < limsup un (Kaw(n) +72li=2)
R—oo JKp R—00 ’KR’
and then (5.49) is an obvious consequence of the definitions of W, and F, gr. In addition,
E is the gradient of a function hgp over Kr, with Vhgr - 7 = 0 on 0Kp. We may then
reflect hr with respect to OKpr to make it into a function over [—R, 3R]d which can then
be extended periodically to the whole R?. Its gradient then defines a periodic vector field
Vg over R? which belongs to A;. By periodicity of Y and definition of W, we obviously
have W,(Vr) = JCKR E, > — (kqw(n) + y2lg=2). In view of (5.49), this implies that we
have limsupp_, o Wy(Vr) < infz Wy, We thus conclude that inf7 W, admits a minimizing
sequence made of periodic vector fields. Using a diagonal argument to deal with the n — 0
limit, infz W also does. O

Proof of Proposition [51l In view of Proposition 5.9 to bound from below W;,, it suffices to
bound from below fKR |E, > with E satisfying (5.22)), (5:23)), (5.24) and (5.26). But then, we

50



are in a situation where Lemmas applies. With (5.26]), the combination of these results
easily yields

fimsup [ [B,f?  (raw(n) + vla) = ~C
Kgr

R—o0

where C' depends only on d and on 7y, which itself depends also only on d. In view of (5.49)
this concludes the proof. ]

6 Upper bound to the ground state energy

In this section we complete the proof of Theorem [2 by proving the following

Proposition 6.1 (Energy upper bound).
For any € > 0 there exists r1 > 0 and for any n a set A, C (R)" such that

4 >t (m(r)?/n)" (6.1)
and for any (y1,...,yn) € A, we have
lim sup n®/"2 (Hp(y1, ... yn) — n°Elpo]) < &a+e ifd >3 (6.2)
n—oo
limsupn ! <Hn(y1, c o yn) — 12E o] + glog n) <&+4e ifd=2. (6.3)
n—oo

To deduce Theorem [ it suffices to let ¢ — 0 in (62) (respectively (G3])). This yields
the upper bound corresponding to ([222]) (respectively (2.23))). On the other hand, we have
a lower bound for the ground state energy, given by Proposition Il Comparing the two
yields the result of Theorem [, where it also comes as a by-product that P minimizes W,
which can only happen if E minimizes W over X,W) for P—a.e. (z,E) € X. Note that
this also proves the existence result in Theorem [Tk for P obtained in Theorem [ we have
P-a.e. (z,E) minimizes W in ./Tlm(x), hence this implies the existence of a minimizer for W
in some A,,, hence in all A,, for all m by (ZI3]). The difficult part is of course the existence
of the probability measure P, which employs the ergodic framework of [SS4, Theorem 7].
In Appendix [A] we provide a more direct proof where this method is applied directly to the
renormalized energy.

Remark 6.2. In view of Remark[{.4], comparing upper and lower bounds also yields that for
minimizers (or almost minimizers) of H, we have Y1, C(z;) = o(n'=9) as n — co. Since
¢ is expected to typically grow quadratically away from X, this provides a control on how far
from X the points can be. In fact, arguing as in [RNS] one can show that for minimizers,
there are mno points outside 3.

The fact that the upper bound holds, up to a small error ¢, for any configuration in A,,, a
set which has a reasonably large volume in configuration space, will be crucial when studying
the fluctuations of the Gibbs measure at finite temperature. It would be very interesting to
know more precisely the behavior of YW around a minimizing configuration.

The proof relies on an explicit construction, using the test charge configurations and elec-
tric fields of Corollary Roughly speaking, we fix n > 0 small and split ¥ into hyperrect-
angles of sidelengths of order Rn =% for some R that will ultimately tend to co. Equivalently
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we split ¥, the blown-up of ¥ at scale n'/?, into hyperrectangles of size R. In each hyper-
rectangle K we put a configuration of points constructed via Corollary (9] properly scaled
so that the local electric field is in A, where mg = f5 1o is the mean value of gy in the
hyperrectangle K. Thanks to the screening property (5.23]) the electric field is then defined
globally in the domain by just gluing together the fields defined in each hyperrectangle. Since
all the points in the test configuration so constructed are well-separated, we are in the case
of equality of Lemma [B.0] so the next to leading order in the energy upper bound will exactly
be given by the electrostatic energy of charges smeared on a length nn~'/¢ around the posi-
tions of our configuration, up to remainder terms that will ultimately become negligible. The
conclusion in the limit R — oo (tiling on a scale much larger than the interparticle distance)
and 7 — 0 (smearing charges on a scale much smaller than the interparticle distance) then
follows by splitting this energy into the contribution of each hyperrectangle, using the scaling
property (2I3) and a Riemann sum argument to recover the pg-dependent factors in the
right-hand sides of ([6.2), ([G.3). Of course there is a boundary layer near 9%’ that we cannot
tile properly, and we will have to complete the construction there in a way that does not cost
too much energy.

Proof. - Step 1: we define the configuration in the interior of ¥/ and estimate its energy. We
need to tile the interior of ¥’ into hyperrectangles K € K,, and put in each a number of points
equal to the charge of the background pg. This requires that [ Mo be an integelﬁ for any
K. The following lemma provides such a tiling. It corresponds to [SS4, Lemma 7.5] (with
q = 1) where the proof is provided in dimension 2. The adaptation to higher dimension is
immediate and left to the reader.

Lemma 6.3 (Tiling the interior of ¥').

There exists a constant Co > 0 such that, given any R > 1, there exists for any n € N*
a collection K, of closed hyperrectangles in ¥’ with disjoint interiors, whose sidelengths are
between 2R and 2R + Cy/R, and which are such that

{ze¥ d@ox)>CRr}Cc |J K:=%, (6.4)
Keky
U Kc{zex d(z0%)>2R}, (6.5)
Kekn
and
VK € K,, / uo € N. (6.6)
K

Note that the sizes of the hyperrectangles are controlled thanks to the positive lower
bound assumption on the density ).
We apply this lemma, which yields a collection /C,,. For each K € IC,, we denote

my ::][ 1o (6.7)
K
We need to correct for the difference between mg and p by setting ux to be the solution to

—Au=cq(mg — pj) in K
Vu-7=0 on 0K.
fKu:O

®Note that by scaling [y, po =n > 1.
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By standard elliptic regularity we have
”VUKHLQ(K) < Cr HmK - M{)HLOO(K) < Crn~ '/, (6.8)

Indeed, j1o is assumed to be C! on its support (this is where we use this part of (Z2])) hence
after scaling ”VME)HLoo(z/) < Cn~Y4, Next we denote o, the rescaling to scale m:

omE = m'"VIE(m!/?)

and define Ex to be

~

Ex =Vug +onE ifze K (6.9)

where E is provided by Proposition applied to m}(/dn over the hyperrectangle m}(/dK (and
suitably translated), hence satisfies

= 2 1/d 1/d 1/d .
/l/dK’Em}{dn‘ — |Imy K|(kgw(mg"n) + y2la=z) < |myg K!(f%llnwm}(/dnJrOR(l))- (6.10)

My

The vector field Ex then satisfies

J1E0),E < [ |(e0eB),

But by change of scales, we have

2
E) _ o 1-2/d ‘f}
/K <0mK n‘ i mil K mi

so ([6.I0) gives that this is bounded above by

2
+ IVurl7a) + 21Vurl 2o [ (@mc Byl (6:11)

2

=2/ (mK|K|(mdw(nm}(/d) 2lam) +muc K| min W ua, + 03(1”) '
1

Indeed since p is bounded above and below on its support (see ([22)), mg also is.
Combining with the above, (€8] and (6.11]), and using the definition of w, (ZI3]) and the
Cauchy-Schwarz inequality we are led to

J 12 < mal Klisn) + 15| min W, +0n(1)) + Can™'+ Crgn ™ (6.12)
mK

if d = 3; respectively, if d = 2,

mEg

1 . m
/ (B )yl? < milK]| <f~@2w(n) 95— shalog mK)+|K| (;mn Wy a2 log i + 0R<1>>
K

— mg|K|(raw(n) +72) + K] <an W, +oR<1>> +Crn !+ Crgn ™ (6.13)

mEg

The electric field in X! | is then set to be Eiy, = ZKE]C” Ex. We can extend it by 0 outside
of ¥/ ., and it then satisfies

int?
—div Ejpt = cd< Z op — ,u'o) in RY (6.14)
peAint
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for some discrete set Ajy. Indeed, no divergence is created at the interfaces between the
hyperrectangles since the normal components of Vug and E are zero. In view of (5.24]) all
the points in Ajy; are of simple multiplicity and at a distance > from all the others.

Note that integrating (6.14]) we have

ro
10[| ol Lo

#Aint = // M67

int
which is an integer.

- Step 2: we define the configuration near the boundary. Since 0%/ € C*, the set

E{oound = E/\E{nt
is a strip near 9%’ of volume < Cn*T and width > cR by Lemma Since [, pi = n,

Jss g is also an integer. We just need to place [;,  p( points in 3
bound bound

by distances bounded below by some constant 7y > 0 independent of n, n, and R (up to
changing ry if necessary). Proceeding as in [SS4, Section 7.3, Step 4], using the fact that 9%’
is C'', we may split Yl oung i0to regions C; such that ‘[Ci po € N and C; is a set with piecewise
C'! boundary, containing a ball of radius C; R and contained in a ball B; of radius Co R, where
C1,C5 > 0 are universal. We then place fCi o points in C;, in such a way that their distances
(and their distance to dC;) remain bounded below by 79 > 0, and call A; the resulting set of

points. We then define v; to solve

_A’UZ‘ = Cq <Zp€/\i 51) — M6]161> in BZ (6 15)
Vv, -7 =0 on 0B;,

all separated

and extend Vv; by 0 outside B;, this way, we have globally

—div (Vo) = cd< 36, - Mgu) in R,
pEA;
We then set
Ebound = Z vvi-
i

We can also check that, arguing as in [SS4, Section 7.3], the energy of Epqung is bounded
by a constant depending on the number of points involved, times the volume of the boundary
strip, that is

2
Z/ ‘(Ebound)n‘ < CRmnlfl/d‘ (6.16)
i /Bi
- Step 3: we define the configuration globally and evaluate the energy. We set
E = Epound + Eiyt in Y
and extend it by 0 outside ¥, and we let

A = At UUA;.
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Then E satisfies

_divE = cd<25p - Mg) in R, (6.17)
peEA

We also have #A = fz/ po = n and we can define thus our test configuration as

x = {x; = n Y9\ | where A = (2,...,2)). (6.18)

Note that it depends on R and 7. There remains to bound H,(x1,...,z,) from above.
Since all the points in A are separated by distances > 1y fixed, the points in the collection
(x1,...,xy,) are separated by distances > ron~ /4, where r is independent of 7. We may
then apply Lemma B8 with ¢ = npn~1/9, and if 1 is small enough, we have |z; — x| > 20. We
are then in the case of equality in that lemma:

Hy(z1,...,2,) — n?Elpo] + (g log n> Ty < n22/d (Jn(ml, cey Tp) + 0772) , (6.19)

where we used that all the points are in 3 where the function ¢ vanishes, and by definition

of J,, and letting Ay, , be as in (E.I5),

1 /1
s ) i= o ([ 1B = (sawto) + vaaa))

<= (5 [ 1B = Gsa) +1ama) ) (0:20)

The last inequality is a consequence of (G.17)):

2 2 2
/Rd E,| :/Rd VK, | +/Rd\En—Vh;w,\ +2/Rth§L,n-(En—Vh§w)

_ / 2 / 2 / : /
_/Rd [V hi, ] +/Rd|En—thm| —Q/Rd hy oy div (Ey — Vhy, )

— /Rd VR, 12+ /Rd |E, — Vi, |
/

where the integration by parts is justified by the decay at inﬁnitylg of E; and Vh,, ., and we
have div (E;, — Vhj, ) = 0 by definition [3.I7). Next we recall that by construction of E we

may write
/d\EnPS > / |(Ex),|* + Cgpnt~1/4 (6.21)
R KeKx, K

where we used (6.16]) to estimate the contribution of the boundary terms, and summing the
bounds ([GI2)-([EI3]) over K and inserting into (6.21]), we obtain

candp(z1,. .., xn)

< (Kqw(n) + 'yzﬂd:z)( > mk|K| - n) + > K] (Lnin W, + oR(l)) + Crn'=1/d,
Kekn Kekn Am g
(6.22)

“Remark that the right-hand side of (BI8]) always has zero total charge and is compactly supported.
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First we note that from (6.7))

> mlkl=n= [ dy-n=- [ sy=oln).

Keky int bound

In view of the regularity of yo (which implies ||m g — g oo (k) < Crn~?) and the properties
of our tiling IC,,, with (6.7 again, we can then also recognize a Riemann sum to see that

Z |K|min W,y < [ _min W, dx + ogr(n),

KeK, MK b2 'A,u,/o(z)

using the continuity of m +— minz W), which can be checked from ([2I2), (2.I3) and the
continuity of n +— ®,. The proof is concluded by dividing ([6.22)) by cqn, using (EI9), and
taking successively n — oo, R large enough and then 7 small enough (and changing the
configuration of points accordingly). Using that

min W, — min W
-Am -Am

along a sequence n — 0, by definition, we can make

Hy(x1,...,2,) — n?E[po] + (ﬁ log n) 140 < 71272/d<i ‘min Wdz + 16) (6.23)
2 Cd JT Ay () 2
Finally, inserting (ZI3]) gives the upper bound result at the configuration (z1,...,x,).
There remains to perturb the points and prove the statement about the volume of the
set A,. We note that (still for the R large enough and 7 small enough that (6.23]) holds),
the construction of (z],...,2],) has been made (at the blown up scale) by gluing together
configurations over an order n/R? of hyperrectangles K € K,, (or cells near the boundary C;)
of volumes O(R?), each containing a number of points O(R?) which are at distances bounded
below by ro > 0. If each of these points is moved by 7 < r¢/2 small enough, by continuity
of the energy in each box@, this induces an error in [ |E,7|2 in each hyperrectangle which
can be made < 5777 if r1 is chosen small enough (depending on e, R, 1), for example in
each estimate (6.12]). Choosing C' large enough depending on R, and summing these errors
1

over all the hyperrectangles leads to an error 5ne, which, once divided by n, yields an error

term § in (E20). Continuing on leads to an error ¢ instead of ¢/2 in (623). We have thus
shown that we have the desired estimate in the set A, consisting of those (y1,...,y,) such
that sup;(y, — 2}) < 71 (equivalent to sup;(y; — x;) < rin~ ) for r1 is small enough. Clearly
this set has volume n!(r¢/n)" in configuration space: the r{/n term is the volume of the ball
B(wi,nnfl/ d), it is raised to the power n because there are n points in the configuration,

and multiplied by n! because permuting y1,...,y, does not change the energy. O

7 Applications to the partition function and large deviations

7.1 Estimates on the partition function: proof of Theorem

In this section we prove Theorem

Owhich follows from the techniques of Section
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Low temperature regime

The result is proved by finding upper and lower bounds to F;, g, which are themselves direct
consequences of the upper and lower bounds we have obtained for H,,. We recall that F, g is
linked to the partition function via ([2:26]), so that

2
F.p= ~3 log (/Rdn egH"> . (7.1)

Lower bound. Proposition E-1] and Remark @4 yield that for any (x1,...,z,) € R
n
o1, wn) 2 n2€luo] = (5 1ogn ) Lams + 12 2/gs 4+ 20y (() + on(n? /)
i=1

where 0,(1) — 0 when n — oo, and £  is defined in ([Z21]). Consequently,

n2-2/d n

2
= FHn(aren) < exp (—%5%}%%1@)%2— - <5d+on<1>>>Hexp<—n/3<<xi>>

i=1

and we deduce from (1)), separating variables when integrating [\, exp (—nS¢(z;)) over
(R9)™, that

Fos 2 %ol = (logn) Laca + %2 € + on(1) = o [ explonicta)) dr).

On the other hand, with the assumption (224]), the dominated convergence theorem yields
that

/ exp(—nf¢(z))dx — [{¢ =0} =C as nff — 400 (7.2)
R4

where C' is a constant. Note that the assumptions on 8 in Theorem [, Item 1, ensure that
fn — oo as n — 0o. The lower bound corresponding to ([2.28]) —([229]) then follows.

Upper bound. The key tool for the upper bound is Proposition For any € we have an r;
(depending on ¢) and a set A, as described therein and we may write

2
Fop < —7log (/ e‘gH"> :

This corresponds to taking as a trial state for the free energy functional F,, g the probability

measure HE:,Z?X;S’ where 1 4, is the characteristic function of the set A,,. Using (6.2)-(@E3]) we

deduce 5
n _
Fop < _Elog |Ap| + n*Elpo] — (5 10gn> loa +n* %4 (g +e).

Using the estimate on |A,| and Stirling’s formula we have

d
log|A,| > nlogﬂ -C
e

and thus
2n ard
o n2etnl (" Py oy mf O _
Fo3 < n”Epo) (2 10gn> Tg—2+n (Eq+¢) 5 log — + 5 (7.3)

The upper bound corresponding to ([228)—(2.29) follows, with C. depending only on logr;
and thus bounded when ¢ is bounded away from 0.
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High temperature regime

In this regime we will use the mean-field density at positive temperature pug. We recall some
of its properties in a lemma. The proof uses arguments already provided in [RSY2, Section
3.2] and is omitted.

Lemma 7.1 (The mean-field density at positive temperature).
For any B > 0 the functional Z21) admits a unique minimizer pg among probability mea-
sures. It satisfies the bounds

0<pg<C onR? (7.4)

where C' is some constant depending only on the dimension and the potential V. Moreover

we have the variational equation

2
2huy +V 45 log(pg) = Flug] + D(ug, ) on R (7.5)

where
By = w* pg. (7.6)

An upper bound to the n-body free energy is obtained by taking the trial state MB
[225). Independently of the dimension this yields

Fop < ]:nﬂ[:u%m] = ’I’L2]:[,U/5] - nD(:U’ﬁ’ :U’ﬁ) < ’I’L2]:[,U,5] —Cn (7.7)

where the second term is due to the fact that there are n(n — 1)/2 and not n?/2 pairs of
particules. The upper bound in (230), (Z31)) then follows from the definition (227]).

For the lower bound we use a variant of Lemma

Lemma 7.2 (Alternative splitting lower bound).
For any x1,...,x, € R, we have

2 n _
Hu(@1,. o an) 2 n*Flug) - 5 > log pg (i) — (5 log ) Lazy — Cn?%/", (7.8)
i=1n

where C' only depends on the dimension.

Proof. We only sketch the proof since it follows exactly that of Lemma Applying On-
sager’s Lemma B4 with £ = n~Y4 and p = nug, we find

Zw(mi—wj)2D<nu5—Z5 SO Z%) Dy, p1p) +2nZD (116, 35))

i£] i=1 i=1

—nD(, 58"

n R,
>~ Dus5) + 203 Dl b) = () + 21
=1

> —n?D(ug, pug) + ZnZhWa (x;) —n (ﬁ—jw(ﬁ) + Z_i]ld 2> Cn2¢?
i=1

K _ _
Flpgl —n <ZV —|— — Zlog 1a( m,))) - nc—dw(n Vdy — op?=2/d,

d
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The second inequality is obtained by dropping a positive term and using (B.3]), the third
follows from Lemma and (4] as in (3:28) and the fourth from the variational equation
(ZH) and computing w(n /%) explicitly. Plugging this inequality in the expression of the
Hamiltonian, we get the result. O

Using the results of Lemma and the expression (225 we deduce that for any proba-
bility measure p

2 I n
> n2F — 2—-2/d
.T-n,ﬁ[,u] n [,uﬁ] + : /dn i log ( ?n> (2 log n) 1,0 —Cn . (7.9)

The integral term in this equation is (minus) the entropy of p relative to ,u%m and is thus

positive (see e.g. [RSY2, Lemma 3.1]) for any probability measure x4 € P(R%"). Dropping this
term, combining this lower bound with the upper bound (77), and noting that n?=2/4 > n
for n large and d > 2, we conclude the proof of Theorem B Item 2.

Remark 7.3 (Total variation estimates for reduced densities).

Instead of simply dropping the relative entropy in ([T9) for our final estimate of the n-body
free-energy we may combine our upper and lower bounds to control this term. Interesting
estimates then follow from the coercivity properties of the relative entropy. Indeed, using
subadditivity of entropy (see e.g. [Kied, Proposition 2])

n
Rdn Rdk Rdnlk]

where . is a symmetric probability on R, u¥) is its k-th marginal, | . | stands for the integer
part and n[k| is n modulo k. On the other hand

Jo i u57) =[] [0 (155) + [ 0™

By positivity of relative entropies the contribution of the difference of the second terms in
equations ([TI0) and ([CII) is non negative. One can then use the Csiszdr-Kullback-Pinsker
inequality (see e.g. [RSY2, Lemma 3.1] and [BY) for a proof) to bound from below the
difference of the first terms and obtain

k) 1 2
LB R P e H (k) _ ®kH
1 > 1 >
/Rdnu o8 M%i)n - \J{J /deu ©8 M%’k -2 \J{J K Hp TV

where || . ||y stands for the total variation norm. A control on the n-body relative entropy
thus provides estimates in the spirit of Corollaryl@, but it turns out (combining our free energy
upper and lower bounds) that those are meaningful only in the high temperature regime. See
[RSYZ] (in particular Remark 3.4 and Section 3.4) where this method is used in such a regime.

7.2 The Gibbs measure at low temperature: proof of Theorem 4l

Let A, be any event, i.e. subset of (R%)". Using (Z26]) we may write

1 B
P,.5(A, :—/ exp <——Hn xl,...,xn> dxy...dz,

:/ exp <§(Fn75—Hn(x1,...,xn))> dar ... dey. (7.12)
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But the result of Proposition 1] and Remark [£4] give us that for any x,, € A,

lim inf n?/4=2 (Hn(xn) —n2E(uo) + <% log n) ]ldzg) > ‘cg /W(E) dP(z,E)
d

n—o0

where P = lim,, P,,, and P, is defined as in (219). Since P,, € iy(A,) we have P € A,
where A is as in the statement of the theorem, by definition, and thus

lim inf n?/4=2 (Hn(xn) —n2E(o) + <glog n) ]ldzg) > = inf /W )dP(z,E).

n—00 cq PeAs

Inserting this into (712]) and using (2.28)—(2.29), we find, for every ¢ > 0

: log]}nﬁ(lln) ’E‘ in . n2/d 1
—  oF < - —
hrfln sup n2—2/d o e /W JdP(x,E) — ({4 +¢) — C: nhm
+ li ! 1 / -5 g q d
imsu 0 ex n¢(z;) | dx dzy,
. P n2— 2/d g P 1-

and there only remains to treat the term involving ¢ as before using (T.2]) to arrive at the
desired result ([2.33)).

We next turn to the tightness of I% Starting from (ZI2]) and inserting the upper bound
on F, g implied by (Z28]) and the lower bound (B30]), we obtain that for any event A, for
any n <1,

Ccqn

1
Puatdn) < [ e <—§n2—2/d (— d|Vh;,n|2—<mdw<n>+md2>—Cn2>)
n R

H exp(—nfB¢(z;))dzy ... dx,. (7.13)

i=1

Let now

11
Any = {X € (RY)",vn < 2 E/ Vhy, o * = (Kaw(n) + y2la=2) < M}-
Rd

Inserting into (ZI3) and using (7.2)), we obtain

Pn,ﬁ((An,M)c) < exp (CTL + g(ch*Q/d _ %n22/d)> )
Cd

Using that 8 > en?%1 it follows that we can find a large enough M (independent of n
and f) for which P, g((An a)¢) — 0 as n — oo. To prove the tightness of m, in view of
[SS4, Lemma 6.1], it then suffices to show that if P, € i,,(A,, M) then P, has a convergent
subsequence. But this has been precisely established in Section [.2l The fact that the limits
of P, g are concentrated on admissible P’s satisfying W( ) < &a+ Cﬁ is an easy consequence
of what precedes.
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7.3 Charge fluctuations: proof of Theorem

We start from (ZI3]) applied with some arbitrary 0 < n < 1 and insert the result of Lemma
We deduce that for any event A,

P 5(Ap) < /A exp <—Cﬂn1_2/d (%’ij min (1, w> — Cn))

n

Hexp(—nﬁ((:ci))dxl codzy,

i=1

where we recall that D(2’, R) depends on (z1,...,z,) € A, via the “empirical measure” v/,.
Then, using (2)), we find
_ D(x',R)? . Dz, R
P, 8(An) < Csupexp <—Cﬁn1 2/d <% min <1, %) - C’n>> . (7.14)

Equation (ZI4]) is our main bound on the charge fluctuations. It implies a global control
similar to [SS4, Eq. (1.49)] on the fluctuations which is in L? for large fluctuations and in L3
for small fluctuations. Here we only prove explicitely the statements of Theorem [, recalling
that estimates at intermediate scales follow from (7I4) in the same way.

Proof of Item 1. We pick a sequence of microscopic balls of radii R,,. According to ([8.33) and
using (Z.14]), we have

P 3 (|D(ﬂ:,Rn)| > AnRﬁ) < Cexp (—Cﬁnlfwd ()\2n2Rg+2 min(1, A\n) — C’n))
< Cexp (—CﬂnQ_Q/d(CR)\Z - C)) :

if A\>1/n and R, > Crn~ /W42 If A <1 /n then the inequality is trivially true for n large
enough anyway. It follows that (2.306]) holds.

Proof of Item 2. The argument is similar as above: Fixing some radius R, we have
P4 <|D(m,R)| > Anlfl/d)
< Cexp (—Cﬂnl_z/d ()\2n2_2/dR2_dn(2_d)/d min(1, \n'~2/1R=) — Cn>>
— Cexp (—CﬁnH/d (A2RH - C))

if d > 3, for n large enough, and < Cexp (—Cﬁn min(A\2R?~4, N3 R?~2d) C) for d = 2.

Proof of Item 3. We start again from (ZI3). Using Lemma [0 in the ball of radius Rn'/9,
the fact that the total mass of v}, is n, and then a change of variables, we have

ro2 1/dy\1—2 112 2
[ 9= = (9 -0
> C(RaY) "4 (4% | Fha |4 g,y — Cn?)
In particular, for A > 2C, we have

Q=

{HthHLQ(BR) > An? } C {n‘l/ IVh,[° > C)\QRl_%né_%H},
Rd

61



Since ¢ > 1, we have é — q% + 1 > 0 and thus, for n large enough, inserting into (ZI3]) we
deduce that )
Pos (I1VAnll agizgy = An's#) < Cexp (~CpA28niot ) (7.15)

where ¢, 4 and fq,d are as in the statement of the theorem. This ends the proof since, in view

of the definition (B.17)), —Ah,, = ¢4 (v, — nup), and thus
IVhall La(pry = callvn = npollw 148y -

7.4 Estimates on reduced densities: proof of Corollary

We first prove a simple lemma that formalizes in our setting the idea that a control on the
fluctuations of the empirical measure in a symmetric probability measure implies a control of
the marginals of that measure. With this additional ingredient in hand, Corollary [l becomes
a consequence of Theorem [B], Ttem 3. We have used a similar idea in [RSY2, Lemma 3.6].

Lemma 7.4 (Control of the empirical measure implies control of the marginals).
Let p,, be a symmetric probability measure over (RY)™ with reduced densities p®) - Let
q

d
o1 cmclp——q_1

1<qg<

. Recall the definition (BIT) of hy, as a function of x = (x1,...,%y).
1. For any ¢ € C=(RY) we have

1
R Py s P B Y LS (7.16)
Rd Can xeRdn

2. For any ¢ € C°(R¥) symmetric in the sense that for any permutation o

So(xla oo axk) = Qp(xo(l), ce ’xo(k))

we have

k k2
RO u?’%' < (— [ IVl )i+ c—)
de Cdn xeRdn n

sup ... sup |[[Vo(z1,..., 261, ) pgay- (7-17)
x1ERY zp_1€ER?

Proof. Using the symmetry of p we write

/Rd(u(l) — [o)p = %/XGRM M(X)<§<p(xi) — n/Rd cp,uo) dx
=0 ([ (S ) e

i=1

Then

n

‘/Rd (Z% —nuo)w

i=1

Cd

Ve -Vh,
R4

1
. IVoll Lo [[Vhnll Lo (7.18)
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where we used ([B.I7)), the assumption that ¢ has compact support to justify the integration
by parts and Holder’s inequality. This proves Item 1 since only the term ||Vhy,| ;o in the
right-hand side of (I8) depends on x.

We now turn to Item 2, for which a little bit more algebra is required. We first note that,
using the symmetry under particle exchange,

k), _ (n—k)! . A
/de l’l’ SO - /xe]Rdn I‘I’(X) n' Z <,O(DU“, e 7xlk)dx

1<i1#..£ip<n
1 _
— [ e Y em)it [ p0pix
xeR™ g e xR
where

. k?
19l o < € llpll o - (7.19)

This is a classical combinatorial trick that seems to go back to [Gru] and can be found e.g.
in [HM| Proof of Lemma 8] or [Roul Proof of Theorem 2.2]. In fact we are here using the de
Finetti-type theorem of [DE] in disguise. Then, in view of the condition on ¢ we have p > d
and thus the Sobolev embedding WP «— L so that, in view of (Z.19),

1
xcRan

1<it,ipg<n
k?2
C— sup ... sup |[[Ve(xi,...,25_1, . )”LP(Rd) (7.20)
n z1€RY mk_léRd
follows from the above.
We then use this and the triangular inequality to obtain

/de(u(k) a /L?k)@‘ = nik / Rd K(x) /de < Z 65’311 ®...0 51% B (n'MO)®k)SD dx
xcRan

1<iy, . ip<n

k‘2
+C— sup ... sup |[[Vo(xi,..., 251, .)\\Lp(Rd) (7.21)
" z1eRd xp_1ERY

and note that

n—k/XERdn p(x) / < _'Z Ous, ® .. @ 6, _(nuo)@ak)(p dx —

We then write

(355) o = (St =) (38) ™
=1 ) o
+ (npo) ® <<Zn:5$i)®(k—1) - (Wo)®(’f*1>)



from which

T
L

n

(25 ) = (npo) kZA (np10)® <Z‘sz_nﬂo> (25 >®(kij71) (7.22)

=1

<
Il
o

follows by induction. On the other hand, recalling that ||nuo|lpy = 3 i 0z [lpy = 7 and
using the symmetry of ¢ we have

Lo S (S - mmn) o (30.) "
R 520 i=1

n
<kn* ! sup ... sup / (Z5x¢—n/£0)80($1,---,$k—1, )
1 ERA {L'k,lERd R4 i=1
knk—1

< sup ... sup |[Ve(z1,... -1, ')HLF(Rd) HthHLq(Rd) (7.23)
Cd :BleRd :Bk,1€]Rd

by definition of the total variation norm and an estimate exactly similar to (.I8]). Combining

(C21), (C22) and (23] we obtain the desired result. O
Proof of Corollary[@. From (TI5) it is easy to deduce that for some large enough A

[ I9hlg B = | 1901 @B 5()
xeRdn {”v}ln”LqS)‘ntq’d}

" / ¢ VAl Lo AP p(x)
{IVhnll g >An'ad }

< Anfad (14 0(1)).
Indeed, the second term is negligible because of (I5]) and for the first one we only use the
fact that IP,, 3 is a probability. The results of Corollary [Gl then follow from Lemma [T/l O
A Existence of a minimizer for JV: direct proof

We start by proving that there exists a minimizer for W,. Picking a minimizing sequence E,,
of admissible electric fields, a standard concentration argument yields a sequence R,, of radii
such that

Jim W, (Ep) = lim. hgljotip ]é( ) By g|” = Kaw(n) = lim. . [Enpl” = kaw(n). (A1)
Next we write
i B =t (K 7 s, B (A.2)

for a fixed compactly supported x and introduce

(B — [xW)EPif 3X € Kg, : E=0,(E,,;)
" . +o00 otherwise

64



where 0) is the action of the translation by A. Then
lim |E,,* = lim £, (07 (Ey,,))dA

and we may apply the framework of [SS4, Theorem 7], or even the simpler version in [SS3|
Theorem 3|. We use the latter. Arguing as in the proof of Lemma 12, Assumptions 1 and
2 about the functional f,, simply follow from compactness in leoc and lower semi-continuity.
Indeed, if E,, — E in L? _(R? R%) we have

loc

liminf f,(E,) > f(E)

n—oo

where
E2if3E : E=o,(E
(E) {fx(y)l i 2(E)
+o00 otherwise.

Applying [SS3, Theorem 3] we deduce

lim £ [Ep|? = liminf ][ £, (07 (Eny))dA > / ( lim ][ f(éhE)dA) dP,(E).
Kgr, Kg

n—oo Kr n—o00 R—oo
n

where P, is a probability measure on L? (R? R%). Recalling (A.)) we thus have

loc

. : . 1 2
%llf Wy = lim Wy(E,) > lim T Lp|E[FdPy(E) — (kqw(n) + y2la=2).  (A.3)
We denote P the push-forward of P, by ®,1, i.e. dP(®,(E)) = dP,(E). Recalling that P, is

defined using [SS3, Theorem 3], we can argue as in the proof of Proposition ] to prove that
P does not depend on 7. We then rewrite (A.3]) as

inf W, > / W, (E)dP(E) (A4)

and since W, is bounded below independently of 7 by Proposition E.I] we can use Fatou’s
lemma to pass to the liminf as n — 0:

inf W = lim inf inf W, > / <lim inf Wn(E)> dP(E) = /W(E)dP(E);
A n—0 A, n—0

from which it follows that P is concentrated on the set of minimizers of VW, which has to be
nonempty.

B Comparison of W and W and the periodic case

In this appendix we discuss the relation between the two version of the renormalized energy
functionals. In the case of periodic configurations, both coincide with a simplified expression
dependind only on the points.

Lemma gives a convenient way to bound from below the energy of well-separated
charge configurations. We can also use it to compare W and VW when d = 2:
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Proposition B.1 (W and W coincide in 2D for well-separated points).
Assume d = 2, and let E € Ay be such that W(E) < 400 and the associated set of points
satisfies miny_yep [p — p'| > no > 0 for some ny > 0. Then W(E) = W(E).

Proof. Without loss of generality, we may assume that 7y < % By well-separation of the

points, for any R > 1 we may find a set Ug such that Kr C Up C K41, and [B1) is verified
in Ug with 19/2. We may then apply Lemmas in Ur and obtain

/ E, | — #(A N UR)(kaw(n) + y2la—z) = W(E, Lu,) + 0y(1)#(A N Ug). (B.1)

Ur

with C' depending only on 7y and d. Next, let xx, be as in Definition 2.4l We have

W(E, xkr) — W(E, 1y,) = W(E, xkxlupvg,) — WE Lypvs,)- (B.2)

Note that by construction, the B(p,19/2) do not intersect OUr and OUgr_1. We may next
write, by definition of W, for any 0 < r < 19/2,

W(E, 1y\vpy) :/ |E[*+ (hm/ E]” - de(?7)> ,
PR Jwa\Ur -0\ BOy) peAm(UZmURI) =0 J B(p,r)\B(p.m)

and using (3I3)) (applied to r instead of 7y/2) we have
lim B> — cqw(n) > —cqu(r) — C
70 B(p,r)\B(p.)

for each p (where C' depends only on d). It follows that we may write

‘E‘Q + Z lim ’E’z — cqw(n)
peEAN(UR\Ug_1) 120 J B(p,r)\B(p:n)

<W(E 1y\vy,) + (caw(r) + C)#(A N (Ur\Ug-1)). (B.3)

/(UR\UR—l)\UpB(pW)

Similarly as above, we have

‘W(Ea ]lUR\URfl) - W(E7XKR]1UR\UR71){ < (1 - XKR)’E’2

‘/(UR\URI)\UPB(pJ]O/Q)

+ > (1 - xKg(P)) <lir%/ |E|? — cdw(n)>
PEAN(UR\Un—1) =9 JB(pno/2)\B(p.n)
+ iy i = Xacn (D) B (B.4)
pEAﬂ(%URl)nHO B(p,no/2)\B(p:n) : "

In view of (B.3)) applied with r = 19/2 we can bound the first two terms on the right-hand
side by W(E, 1y\v,_,) + C#(AN(Ur\Ug-1)), where C depends only on d and 7. We turn
to the last term. Let us set

o) = [ B2,
(Ur\Ur-1)\UpB(p,)
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Since x g, is Lipschitz, we may write

> i o — Xn (PIIEP
PEANU\Ur_1) 7 B0 /2\B(pn)
n0/2
< Clim / o pliBp = ~Clim [ vt ) ar
=0 B(p,no/2)\B(p,n) =0y

pEAﬂ(UR\UR_l)
n0/2

— —C%ii% <%770¢(770/2) —né(n) +/

n

o(r) dr) )

Using (B.3)) to bound ¢(r), and using the integrability of w(r) = —logr near 0 (this is the one
point where we use that d = 2), we deduce that the third term in (B4 can also be bounded
by CW(E, 1y,\v;,_,) + C#(AN (Ur\Ur-1)). Combining with (B.I) and (B.2]) we are led to

/U B, — #(A N Ug)(kaw(n) + y2la—2) — W(E, xky)

< oy(D#(ANUR) + CW(E, ly\vs_,) + CH#AN (UR\Ur-1)). (B.5)

On the other hand, since W(E) < oo, Lemma[Bdlapplies and gives that limpg_,~ ﬁ#(Aﬂ
Ug) =1 and #(A N (Ur\Ug-1)) = o(R?) as R — oco. It also implies, dividing (B by |Kg|
and letting R — oo and then n — 0, that limp ﬁW(E,]lUR) = W(E). This in turns
implies that W(E, Ly,\v,_,) = o(R%). Inserting these into (B, dividing by [Kx| and letting
R — oo and then n — 0, we obtain W(E) — W(E) = 0. O

Remark B.2. The fact that Lemma [32 holds in any dimension d > 2 but Proposition [B.1
only for d = 2 seems to indicate that the cutoff procedure with X, is probably not adapted
for dimension d > 3 and the value of W defined in (216)-(ZI7) may depend on the choice of
cutoff Xy, contrarily to what happens for d = 2 as proven in [SSF]. This has no consequence
for us however as we will never need the result of Proposition [B_1l.

We now turn to consequences of the previous result: when configurations are periodic with
simple points, then these are automatically well-separated, and we can deduce an explicit
expression for W in terms of the points only.

Proposition B.3 (The energy of periodic configurations).
Let ay,...an be distinct points on a flat torus T of volume N. Let h be the mean-zero T-
periodic function satisfying

N

—Ah:cd<25ai —1> in T.

i=1

Then )
W(Vh) = CEIN Z G(a; —a;) + AR (B.6)
i#j
where G is the Green’s function of the torus, i.e. solves
1
—AG =y — N inT (B.7)

with f G(z)dz = 0 and R is a constant, equal to lim,_,q (G(z) — cglw(x)) .
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This result should be compared with [SS3| Lemma 1.3].

Proof. In view of Lemma and the periodicity of h, we easily check that W(Vh) =

ﬁW(Vh, Tr). This is a renormalized energy computation a la [BBH]: first, using Green’s

ormula and the equation satisfied by h, we compute

N
/ VA2 = — Z/ hVh - — cd/ h, (B.8)
T\U}L, B(ai.n) i—1 Y 9B(ai,n) T\U}L, B(ai,n)

with 7 the outer unit normal. The second term tends to 0 as n — 0 since h has mean zero.
For the first term we note that h = ¢4 Zfil G(z — a;), and that G(z) = ¢, 'w(z) + R(z) with
R a C' function, and insert this to find

/BB(ai,n) V-7 = (’U}(T/) + cq ZG(GZ — aj)> / Vh- v

j#i 0B(a;,m)
+/ (cgR(x —a;) + f(z — a;))Vh-U
9B(ai,mn)
where f is a C'! function equal to 0 at 0. We then use that, by Green’s theorem,

/ Vh-ﬁ:/ Ah = —cq + 0,(1),
0B(a;,m) B(ai,n)

and that |Vh|(z) < C|Vw|(z — a;) + C < Clx — a;)'~¢ to conclude that

lim —hVh -7 —cqu(n) = 3 g G(a; — a;) + c3R(0).
170 JoB(ain) vy
J#
Inserting into (B.8]), in view of the definition of W (Vh, 1), we get the result. O

If there is a multiple point in a periodic configuration, it is easy to see that both WW and W
are +oo for this configuration, e.g. as a limit case of the above result. Both ways of computing
the renormalized energy are thus perfectly equivalent for any periodic configuration.

Configurations that form a simple lattice correspond to this situation but with only one
point in the torus, in that case W is thus equal to ¢ZR = lim,_ (c3G(z) — cqw(z)) . In
addition, we may compute explicitly the Green’s function of the torus, using Fourier series.
Using the normalization of the Fourier transform

foy= [ pe i
R4

we have 1
CW) =g > B
A2yl
peA\{0}
where A* is the dual lattice of A i.e. the set of ¢’s such that p- ¢ € Z for every p € A. By
Fourier inversion formula we obtain the expression of GG in Fourier series
e2i7rp-m

peA*\{0}

(B.9)
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Thus, we obtain that

622‘7r10-ac w(x)

W(A) = W(Vh) = ¢} lim >

o wle)
pehmqy TIPE e

where A denotes the lattice.
. 2imtp-x .
The series that appears here is an Eisenstein series Ep(z) = 3_ ¢z (0} W. In dimen-
sion 2, using the “first Kronecker limit formula” (see also [SS3] for an analytic proof), one
can show that this series is related to the Epstein Zeta function of the lattice A* defined by

1
als)= Y P

peA\{0}

more precisely that

lim Bp, (2) = Bny(2) = € lim Cag(s) — Cag(s)- (B.10)
Thus minimizing W over lattices reduces to minimizing the Zeta function over lattices A of
volume 1, and this question was solved by Cassels, Rankin, Ennola, Diananda, in the 60’s (see
a self-contained proof in [Mon]) in dimensions 2, where the unique minimizer is the triangular
lattice (the minimizer is also identified in dimensions 8 and 24). Minimizing the Zeta function
over lattices remains an open question in dimension > 3, even though the face-centered cubic
(FCC) lattice is conjectured to be a local minimizer (cf. [SaSt]). In dimension d > 3 however,
(B.10) is not proven and it is not clear how to give it a meaning since the series involved are
all divergent (one would at least need to use the meromorphic extension of the Zeta function),

see e.g. [Lanl, [Sie].
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