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DLR equations and rigidity for the Sine-beta process

David Dereudre* Adrien Hardy! Thomas Leblé*,  Mylene Maida$

September 18, 2018

This paper is dedicated to the memory of our colleague Hans-Otto Georgii (1944-2017).
He played a crucial role in the rigorous development of the theory of Gibbs measures.

Abstract

We investigate Sineg, the universal point process arising as the thermodynamic
limit of the microscopic scale behavior in the bulk of one-dimensional log-gases, or -
ensembles, at inverse temperature 8 > 0. We adopt a statistical physics perspective,
and give a description of Sineg using the Dobrushin-Landford-Ruelle (DLR) formalism
by proving that it satisfies the DLR equations: the restriction of Sineg to a compact
set, conditionally to the exterior configuration, reads as a Gibbs measure given by a
finite log-gas in a potential generated by the exterior configuration. In short, Sineg
is a natural infinite Gibbs measure at inverse temperature S > 0 associated with the
logarithmic pair potential interaction. Moreover, we show that Sineg is number-rigid
and tolerant in the sense of Ghosh-Peres, i.e. the number, but not the position, of
particles lying inside a compact set is a deterministic function of the exterior configu-
ration. Our proof of the rigidity differs from the usual strategy and is robust enough
to include more general long range interactions in arbitrary dimension.

1 Introduction and main results

1.1 The log-gas and the Sine-beta process

The (finite, one-dimensional) log-gas is a random system of n particles confined on the
real line R, or the unit circle T, interacting via a repulsive pair potential given by the
logarithm of the inverse distance between particles. Physically, it represents a statistical
gas of identically charged particles living in a one-dimensional environment and interacting
according to the laws of two-dimensional electrostatics. For a fixed value of the inverse
temperature parameter 5 > 0, the distribution of the n-tuple of particles is given by the
canonical Gibbs measure for this interaction, whose density reads as

d Log-gas
d Lebesgue®”
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x exp (—f x Logarithmic interaction energy of the particles), (1.1)
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where “ox” means “up to a multiplicative normalizing constant”.

Random matrices and fS-ensembles. From the statistical physics point of view, the
log-gas is interesting because of the singular and long-range nature of its interaction po-
tential. Another important motivation comes from the link between log-gases and random
matrix theory; we refer to [Forrester, 2010] for an extensive treatment of this connection.
There are several models of random n x n matrices whose random eigenvalues exhibit a
joint density of the form,

d Eigenvalues L L 5T
— X e — —log|lz;, — x w(z;) = T, —T w(z;),
d Lebesgue®” xp | =B Z g |z; 1] jl—[l (z;) H| j ¢l ]1—[1 (z;)

j<i <t
(1.2)
where w is an appropriate weight function supported on (a subset of) R or T.
¢ The Gaussian ensembles correspond to w(x) = e~%*. For the specific values 8 =1 or
2 or 4, one recovers the celebrated orthogonal /unitary/symplectic invariant random
matrix ensembles.

¢ The Wishart, or Laguerre ensembles correspond to w(z) = 2% *1r_ (z).

o The MANOVA, or Jacobi ensembles correspond to w(z) = (1 — x)*?1 1)(z).
These three models are random Hermitian matrices with eigenvalues on R. Another ex-
ample is given by the Circular -ensemble, hereafter denoted CSE, which is a random
unitary matrix with eigenvalues on the unit circle T and joint law (1.2) with w(z) = 1.

When § = 2, an integrable structure comes into play: the eigenvalues process is a
determinantal point process, allowing exact computations for most quantities of interest,
such as the correlation functions that one can express in terms of determinants. Similarly,
when 8 = 1 or 4, some computations are still tractable due to a Pfaffian point process
structure, although at the price of more involved formulas. In contrast, the present paper
deals with “f arbitrary”.

The Sineg process. Under an appropriate scaling within the bulk (i.e. the interior) of
the spectrum, chosen so that the typical distance between consecutive points is of order
1, the large n limit of the random point process of the eigenvalues exists and is called
the Sineg process. Stated otherwise, Sineg is the microscopic thermodynamic limit in the
bulk of one-dimensional log-gases, and it is the probability law of a certain random infinite
point configuration on R.

The Sineg process is universal in the sense it only depends on the inverse temperature
B > 0 and not on the initial weight w, for a large family of weights w, see Bourgade et al.
[2014, 2012]. It is also “universal in the interaction”, in the sense that it appears when
considering pair potential interactions that only have a logarithmic singularity at zero, see
[Venker, 2013].

In the 8 = 1,2,4 cases, this limiting process is rather well understood due to the
determinantal /Pfaffian structure, see e.g. [Deift and Gioev, 2009] and references therein.
However, in the general g > 0 setting, the mere existence of this limit is a difficult result,
which was obtained, together with a rather involved description of the limiting object, by
Valké and Virag [2009] for the Gaussian S-ensemble and by Killip and Stoiciu [2009] for
the Circular S-ensemble. The fact that these two descriptions coincide is checked e.g. in
[Nakano, 2014].



These descriptions of Sineg use systems of coupled stochastic differential equations to
derive the number of eigenvalues/particles falling in a given interval. This turns out to
be tractable enough to study fine properties of the point process, such as to obtain large
gap probability estimates [Valké and Virdg, 2010], a Central Limit Theorem [Kritchevski
et al., 2012] and large deviation and maximum deviation estimates [Holcomb and Valké,
2015, 2017, Holcomb and Paquette, 2018] for the number of points in an interval, as well
as the Poissonian behavior of Sineg as § — 0 [Allez and Dumaz, 2014].

More recently, the process has been characterized by Valké and Virdag [2017] as the
spectrum of a random infinite-dimensional operator. In particular this allows a better
understanding on the S-dependency of the process [Valké and Virdg, 2018|.

However, among particularly relevant features of Sineg, its correlation functions, and
even the asymptotic behavior of its two-point correlation function, remain unknown for
generic > 0; see however [Forrester, 1993, Chapter 13| for special cases.

The goal of this work is to study Sineg from a statistical physics perspective, so as to
obtain an alternative description as an infinite Gibbs measure, characterized by canonical
Dobrushin-Landford-Ruelle equations. In short, Sineg is the natural infinite Gibbs measure
at inverse temperature S > 0 associated with the logarithmic pair potential interaction.

1.2 Sine-beta as an infinite Gibbs measure
1.2.1 Context for the DLR formalism

For any fixed number n of particles, the canonical Gibbs measure of the Log-gas mentioned
in (1.1) minimizes the quantity

3 x Expected logarithmic energy + Entropy with respect to Lebesgue®”

among all probability laws of random n-point configuration. This is a famous variational
principle for Gibbs measures, see e.g. [Friedli and Velenik, 2017, Section 6.9] for a discus-
sion. On the other hand, in the infinite-volume setting, it is shown in [Leblé and Serfaty,
2017, Corollary 1.2] that Sineg minimizes a free energy functional of the type,

B x Expected renormalized energy 4+ Entropy with respect to Poisson, (1.3)

among laws of stationary point processes, where Poisson is the Poisson point process with
intensity 1 on R. Here “renormalized energy” is a way to define the logarithmic energy
of infinite configurations at microscopic scale, see Section 2.4. It is thus natural to ask
whether one can obtain a description of Sineg as an infinite Gibbs measure. In view of
(1.1), the naive guess would be that

%;:gn x exp (—f x Renormalized energy), (1.4)
which is well-known to be illusory because any stationary process absolutely continuous
with respect to a Poisson process is the said Poisson process itself. The Dobrushin-
Landford-Ruelle (DLR) formalism provides the correct setting to possibly recast (1.4) in
a local way; we refer e.g. to the book [Georgii, 2011] for a general presentation in the
lattice case, see also [Dereudre, 2017] for a pedagogical introduction in the setting of point
processes. Informally, we will show that, given any bounded Borel set A C R and any



configuration ypc outside of A, the law of the configuration vy, in A drawn from Sineg
knowing the exterior configuration yxc can be written as

d (Sineg in A ‘yAc)

d Lebesgue®V

(7a)
x exp (—f x Logarithmic energy of vy, with itself and with yc),

where the number of points N of the configuration v, is almost surely determined by the
exterior configuration ype.

1.2.2 Terminology and notation

A point configuration on R is a locally finite subset of R allowing multiples points. For-
mally, we identify a configuration v with an integer valued Radon measure on R that
we still denote . That is we write v = 3 ¢, 0z, and if f is a test function, we let
[ fdy == e, f(z). When v € Conf(R) is such that y({z}) € {0,1} for every z € R,
we say that ~ is a simple configuration. The space of point configurations Conf(R), seen
as a subspace of the Radon measures, is equipped with the topology coming by duality
with the space of continuous functions R — R with compact support, making Conf(R)
a Polish space, see e.g. [Kallenberg, 1983, Section 15.7]. It is also the smallest topology
that makes the mapping v +— ~(B) continuous for every bounded Borel set B. We then
endow Conf(R) with its Borel o-algebra. In the following, by a point process we mean
a probability measure on simple configurations on R, namely a probability measure on
Conf(R) such that P(v is simple) = 1. Let us introduce some additional notation: for any
Borel set A C R,

o the set of all configurations in A is denoted by Conf(A)

o v € Conf(R) — 5 € Conf(A) stands for the restriction of a configuration to A

o |v] =~v(R) € NU {oo} stands for the number of points of a configuration ~.

1.2.3 Statement of the results

The central result of this paper is the next theorem.

Theorem 1.1. For any # > 0 and any bounded Borel set A C R the following holds.
(A) Rigidity. There exists a measurable function Number, : Conf(A¢) — N such that

N :=|ya| = Numberp (ypc) for Sineg-almost every (a.e.) 7.

(B) Definiteness of the exterior potential. For any « € A and Sineg-a.e. configura-
tion «y, the following limit exists and is positive,

Moreover, the partition function
N N N
2ene) = [ TLIes = oo’ [] (o bae) T] do; (16)
AT < j=1 j=1

is finite and positive.



(C) DLR equations. For any bounded measurable function f : Conf(R) — R, we have

Esine; [ f] :/ /AN FHz1, ., zn U ae) pac(zr, ...,z de] Sineg(d)

where, with the notation of (1.5), (1.6), we let ppc be defined by

pre(T1,. .., xN H |zj — xk] H w(xj|yae). (1.7)
Z(yae) i<k

Number-rigidity: Part (A) of Theorem 1.1 states that, conditionally on the configura-
tion outside a given bounded Borel set A, the number of points drawn by Sineg inside A is
deterministic. This property has been recently put forward under the notion of number-
rigidity of point processes, starting from the pioneering work of Ghosh and Peres [2017].
Thus, Sineg is number-rigid for any 3 > 0. The notion of rigid processes can be compared
to the older notion of (non) hereditary processes, see e.g. [Dereudre, 2017, Definition 1]
for a presentation. Roughly speaking, if P is not hereditary, it means that certain points
cannot be deleted with positive probability, whereas number-rigidity implies that no point
can be deleted. In particular, although Sineg has finite specific relative entropy with re-
spect to the Poisson point process, they are very different on this aspect - a Poisson process
being, of course, far from rigid.

Shortly before the present work was completed, the rigidity property for Sineg has
been proven independently by Chhaibi and Najnudel [2018]. Their proof follows the strat-
egy introduced by Ghosh and Peres [2017], namely to show that the variance of linear
statistics for a smooth approximation of the characteristic function of a bounded interval
can be made arbitrary small. To do so, they use variance estimates for polynomial test
functions that were proven in [Jiang and Matsumoto, 2015] for the CSE, and proceed
by approximation. The latter work relies on exact computations involving Jack’s special
functions which are tied to the specific structure of the Circular ensemble.

In contrast, our proof for the number-rigidity only involves material from classical
statistical physics and seems more flexible since it only relies on a weak form of DLR
equations, the so-called canonical DLR equations, and Campbell measures arguments.
This may be of independent interest to prove number-rigidity for a larger class of point
processes, in particular when the two-point correlation functions are not explicit, or simply
not asymptotically tractable. To the best of our knowledge, this is the first alternative
strategy with respect to the Ghosh-Peres method to prove number-rigidity. In particular,
we prove the more general result that for large a class of long range interactions on RY,
any solution of the canonical DLR equations is indeed number-rigid, see Theorem 3.18.

The exterior potential: The existence of the limit (1.5) is non-trivial and follows from
quite subtle cancellations. In fact, it was expected in [Ghosh and Lebowitz, 2017, Section
12] that it cannot be defined properly leading to the belief that the DLR equations were
not reachable in this setting.

Tolerance: There are other notions of rigidity than number-rigidity, such as barycenter-
rigidity or super-rigidity. Barycenter-rigidity states that the barycenter of the config-
uration inside a domain is a deterministic function of the exterior configuration, and



super-rigidity expresses the fact that the interior configuration is completely prescribed
by the exterior. On the other hand, the notion of tolerance, introduced in [Ghosh and
Peres, 2017], states that, roughly speaking, the number of points is the only rigid quantity
prescribed by the exterior. It follows from part (C) of Theorem 1.1 that Sineg is tolerant,
which is a new result for general 8 > 0. More precisely, we have:

Corollary 1.2 (Sineg is tolerant). For any bounded Borel set A and Sineg-a.e. point
configuration vy, the law of the particles drawn from Sineg inside A given the exterior
configuration ypc is mutually absolutely continuous with respect to the N-fold Lebesgue
measure, where N is the number of points in A (which is prescribed, by rigidity).

We also obtain the following result (which will follow from Corollary 3.3).

Corollary 1.3. For any disjoint bounded Borel sets By, ..., By C R with positive Lebesgue
measure and any integers nq,...,ni, we have

Sineg(hgl\ =N1y..., |’yBk] = nk) > 0.

Relation to previous results: As mentioned above, when § = 2 the process benefits
from an integrable structure with explicit correlations functions: it is the determinantal
point process associated with the sine kernel. Using this structure, previous to the work of
Chhaibi and Najnudel [2018], Ghosh [2015] obtained the rigidity for 5 = 2. Moreover, parts
(B) and (C) of the theorem, and thus the tolerance, have been obtained by Bufetov [2016]
for a class of number-rigid determinantal point processes, including the Sines process.

1.3 Related questions and perspectives

Fluctuations of smooth linear statistics. Let ¢ : R — R be a smooth and compactly
supported test function. One may define the fluctuation of ¢ as the random variable

Fluctl¢](1) = [ ¢(z) (7(do) ~ da).

and ask for the behavior, as £ — oo, of

Fluctlir (1) i= [ (7 ) () — da). (1.8)

when the random configuration v has law Sineg. Having in mind similar results for 3-
ensembles, see e.g. [Shcherbina, 2014], [Bekerman and Lodhia, 2018], [Bekerman et al.,
2018], and since Theorem 1.1(C) shows that Sineg is conditionally a -ensemble, we could
expect the fluctuation in (1.8) to converge in law without normalization to a centered
Gaussian random variable with standard deviation proportional to the fractional Sobolev
H'Y? norm of the test function . This Central Limit Theorem is proven in [Leblé, 2018]
for ¢ smooth enough, using Theorem 1.1 as a key input.

Uniqueness. It is natural to ask the following:
(a) Is Sineg the only stationary process satisfying the DLR equations?



The answer to this question is positive when § = 2, as a consequence of the work [Kuijlaars
and Mina-Diaz, 2017] where, for Sines a.e v € Conf(R), the asymptotic of the conditional
measure ppc(z1,...,xyN) has been shown to be Sineg in the limit where A := [- R, R] and
R — 00. We expect the answer to be positive for any value of 3.
(b) Is Sineg the only minimizer of the free energy functional (1.3)? For a rigorous
definition of this functional, see [Leblé and Serfaty, 2017].

(¢) Are minimizers of the free energy the same as the solutions to the DLR equations?
We expect all two answers to be positive for any S > 0. Indeed, uniqueness of infinite-
volume Gibbs measures is usually expected in dimension one, see e.g. [Friedli and Velenik,
2017, Section 6.5.5] for such a result (that is not applicable here because our interaction
is not short-range). For log-gases in dimension 2, namely Coulomb gases, or in higher
dimension, it might happen however that the uniqueness of minimizers/solutions to DLR
equations, even up to symmetries, fails to hold for certain values of /3.

1.4 Strategy for the proof and plan of the paper

In order to prove Theorem 1.1, we first prove part (B), together with a weaker version
of part (C), which form the canonical DLR equations, where we further condition on the
number |y, | of particles lying in A. These two results form Theorem 2.1, which is proven
in Section 2. We start from the Circular ensemble, for which a, finite n, periodic version
of the canonical DLR equations holds, and we perform several approximations. As a
technical ingredient, we use discrepancy estimates, i.e. controls on the difference |y5| — |A]
between the number of points of a typical configuration v in a bounded set A, and the size
of A (in the sense of its Lebesgue measure).

Next, in Section 3, we leverage on Theorem 2.1 in order to obtain the rigidity result
of Theorem 1.1 part (A). In fact, we prove a possibly more general result: Any stationary
point process P satisfying the canonical DLR equations is number-rigid, see Theorem 3.2.
The proof of rigidity goes by contradiction: if P were not rigid, then we could deduce from
the canonical DLR equations a particular structure for its Campbell measures that turns
out to be absurd due to the long range nature of the logarithmic interaction. This result
is stated and proven for the logarithmic interaction and in dimension one, but our proof
is robust enough to yield that the same result, that we state in Theorem 3.18, holds for
more general long range interactions in dimension d > 1.

Acknowledgments: This work has been partially supported by ANR JCJC BoB (ANR-
16-CE23-0003) and Labex CEMPI (ANR-11-LABX-0007-01).

2 Canonical DLR equations

We consider here and prove a weaker version of Theorem 1.1, which we refer to as the
canonical DLR equations, which involves conditioning on the number of particles lying
inside A. The term canonical refers to the fact that the number of particles is fixed, as in
the canonical ensemble of statistical physics or the canonical Gibbs measure, in contrast
with e.g. a grand canonical setting.

Theorem 2.1. For any # > 0 and any bounded Borel set A C R the following holds true.



(B) Definiteness of the exterior potential. For any # € A and Sineg-a.e. ~, the
following limit exists and is positive,

w(x|ype) : hﬁnolo H 1—7 (2.1)
uEypc
[ul<p

Moreover, for Sineg-a.e. vy, the partition function

7N [7al

ZOxeobial = [ Tl =l [Ttabncds 22)

is finite and positive.
(C*) Canonical DLR equations. Let f : Conf(R) — R be a bounded, measurable
function. We have the identity

[val

ESineB [f] :/ [/f({a:l,...,x,YA}U’yAc) pAc(:cl,...,xWM) Hdwj Sineg(d'y),

j=1
with ppe defined similarly to (1.7) by

1 9N 0N

1T Iz — zl” ] w(@jlrac)- (2.3)
j=1

ot - o) Z(ynes al) 524
Parts (B) of Theorem 2.1 and Theorem 1.1 are the same statement. It will be thus
enough to combine Part (A) of Theorem 1.1 with Theorem 2.1 in order to obtain Part
(C) of Theorem 1.1 and to conclude the proof - this shall be done in Section 3 and will
strongly rely on the canonical form of the DLR equations.
The remainder of this section is devoted to the proof of Theorem 2.1.

Some terminology.
o We say that a measurable function f is local if there exists a compact subset K C R
such that f(v) = f(yk) for every v € Conf(R).
o We use the notation A, for the line segment [-£, £].
o If n is an integer, and A a bounded Borel set, we denote by B,, A(dn) the law of the
Bernoulli process drawing a random configuration of n independent points uniformly
in A.
For the rest of this section, we fix A C R a bounded Borel set and f : Conf(R) - R a
bounded Borel local function. The integer p used below is always assumed large enough

so that A C A,

2.1 Move functions, Gibbs kernels, and proof of Theorem 2.1(B)

First, we introduce move functions and Gibbs kernels, and use them to rephrase Theo-
rem 2.1.



2.1.1 Heuristics for the move functions

The basic idea is the following: for a given bounded Borel set A we want to define a
Gibbs measure, formally written Gibbsy (-|Ext) on interior configurations Int in A, given
an exterior configuration Ext in A¢, namely

Gibbs, (Int|Ext) o< exp (—F Energy (Int U Ext)) .
The physical energy reads
Energy (Int U Ext) = Int X Int + Ext x Ext + 2 - Ext x Int,

where the product sign means “interact with”, but the exterior configuration Ext could be
infinite, yielding two infinite terms in the definition of the energy. Since Ext is fixed, the
interaction term Ext x Ext can be absorbed by the normalization constant, and we are left
with

Gibbsy (Int|Ext) o< exp (=8 (Int x Int + 2 - Ext x Int)) . (2.4)

To deal with the fact that Int x Ext could correspond to an infinite, or undefined, sum-
mation, we introduce the move functions: we fix some reference interior configuration Intg
and we define Move, (Int, Ext) as the energetic cost to move the points in A from Inty to
those of Int, as felt by the points of Ext, namely:

Movey (Int, Ext) := 2 - Ext x Int — 2 - Ext X Intg = 2 - Ext x (Int — Intp). (2.5)
Thus we can write,
2 - Ext x Int = Move, (Int, Ext) 4+ 2 - Ext X Intg. (2.6)

The second term in the right-hand side of (2.6) is independent of Int and can again be
absorbed by the normalization constant in (2.4), yielding

Gibbsy (Int|Ext) o< exp (—f (Int x Int + Movey (Int, Ext))) ,

which is the form of the Gibbs kernels (or Gibbs specifications) that we introduce more
precisely below. If Ext is infinite, it is still not clear why Movey (Int, Ext) would yield a finite
quantity, but we can hope for some compensation between the two terms Ext x Int and
Ext x Intg. These manipulations are valid in the finite case, and in the case of an infinite
exterior configuration the rigorous approach consists in truncating the said configuration
outside some large, but finite domain, and to show that the infinite-volume limit of these
partial move functions exists, as we shall do next.

2.1.2 Gibbs kernels (finite window)

Definition 2.2 (Logarithmic interaction). We set for convenience!

| —log|z| ifxeR\{0}
9(@) = {0 if 2=0 27)

'This allows to include the diagonal in double sums, since g(x; — x;) is set to be zero. Of course, g is
not continuous at 0, but neither is log...



For any p > 1, any 7,1 € Conf(R), we introduce?:

(Interaction energy) Ha(y) == %//g(a; —y) dy P2 (2.8)
(Move function) My s, (n,7) = / / g(z —y)d(na —74) @ Ya,\A (2.9)
(Normalization) Zan,(7) = /efﬁ(HA(”HMAv"P("W)) B, 1,a(dn) (2.10)

1

(Gibbs kernel) Gy 4, (dn,7) : e AHA I Man, () B (drp). (2.11)

 Zaa, ()
The measure Gy 4, (dn,) is the central object for the DLR formalism, called a Gibbs
kernel, or specification. Moreover we set,

fan, () = /f(UUWAp\A) Ga A, (dn, 7). (2.12)

The right-hand side of (2.12) should be read as follows: take v € Conf(R) and a
test function f. Keep the configuration v in A,\A and sample a new set of points n
inside A with the same number of points as the old one, namely |y5|. This sampling
is done according to the Gibbs measure Gy a,(d7n,v) defined in (2.11), associated to the
inverse temperature 8 and the energy Ha(n) + Ma a,(7,7), which represents the sum of
the interaction energy of the points of 7 (inside A) with themselves and the cost of moving
points from the old configuration v, to the new one 7, as felt by the points in Ap\A (in
particular, the “reference interior configuration” Intg as in (2.5) is here chosen to be 7,).
Then, combine n and 5\ into a configuration in A,, and test it against the function
f. The quantity fy,(7) is the expectation of this operation; let us emphasize that the
randomness comes from the re-sampling in A, while e is fixed.

2.1.3 Gibbs kernels (infinite window) and reformulation of Theorem 2.1

We will show in Lemma 2.15 below that the limit p — oo of the quantities in Definition
2.2 exists. In particular, we obtain:

Lemma 2.3 (Existence of the move functions). For Sineg-a.e. configuration v and any
n € Conf(A) satisfying |ya| = |n|, the limit

Mar(n,7) := lim My, (1,7) (2.13)

exists and is finite. Moreover, for 7 fixed, the convergence in (2.13) is uniform in the
choice of 7.

This allows us to extend the notation of Definition 2.2 to “p = 400”, namely to give
a meaning to

Zzg = /e_B(HA(n)+MA,R(777’Y)) B, |.a(dn). (2.14)
Gar(dn,y) = 7 o BHAM+M4r(1:7)) By, .A(dn). (2.15)
Sna) = [ FUne) Galdn, 7). (216)

2In these definitions, the 1/2 factor has been introduced for aesthetic reasons, so that the usual CAE is
an approximation of Sineg.
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Remark 2.4. At this point, an important observation is that the probability measure
Gar(dn,v) only depends on the exterior y5c and the number of points |yA|. Indeed,
if one changes vy, to another configuration with the same number of points, then the
move functions is changed by an additive constant which can be incorporated into a new
partition function.

Moreover, Lemma 2.3 already yields part (B) of the theorem.

Proof of Theorem 2.1, part (B). Since Sineg is stationary, we know that 0 is not a point
of 7y for Sineg-a.e 7. Moreover, since |yz| = ||, one can write

L7
u

Maa,(m7) = > (Z —Z) log :
u€ype \TEYA xen
[u|<p

where the sum over the points of 1 is to be understood with multiplicity. This yields

Moen (Muense 1= 2°) Mgy (Tuene [1 - 217)
oM, (1:7) _ lul<p — o ‘“'Sa’ T (2.17)
B —BMa,a, (7 l00,y ’ '
Hye»y(nlrfl/\;“—ﬂ ) e AAp \ITAI00

Letting p — oo, and using Lemma 2.3 we obtain the existence of the weight w(-|yac), as
defined in (2.1).

Clearly, Zx a,(7v) € (0,+00) for every p, and the convergence (2.13) is uniform in ,
hence Z g(7y) € (0,+00). We may observe that, by definition of Z(yxc, [yal), as in (2.2),
and by (2.17), we have Zy () = Z(vac, [7a])), which concludes the proof. O

Finally, let us observe that part (C*) of Theorem 2.1 can be written as

IESine/g (f - fA,]R) = 0. (218)

The remainder of this section is devoted to prove (2.18). To do so, we rely on the conver-
gence of the microscopic statistics of CSE towards Sineg.

2.2 Circular ensembles and the associated DLR equations

2.2.1 Circular ensembles as model of log-gases

As mentioned in the introduction, the one-dimensional log-gas is related to the Circular
ensembles appearing in random matrix theory. In the CSE, see e.g. Forrester [2010], the

joint law of the eigenvalues (e?1, ..., ") is given by
1 AT
i0; _ by ,
p 11 ’e i e U do;, (2.19)
Pg<e Jj=1

where df; is the Lebesgue measure on [—m, w|. The normalization constant C,, g is known:
T(%n+1)

Chp:=(2m)"———=.
B8 ( )F(g+1)”

(2.20)
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In this section, the central role is played by the point process @, g, defined as the push-
forward of the density in (2.19) by the map

LI
o op )

(91,...,9,1)H<

The realizations of @, g are point configurations in A,, = [-5, 3], that we will use as finite

window approximations of Sineg. It can be equivalently defined as follows.

Definition 2.5 (Periodic logarithmic interaction). For any n > 1, we set

—log

2sin <M>’ if x € R\ {0}
n :
0 ite=20

gn(z) 1= (2.21)

For any v € Conf(R), we introduce the interaction energy

n— r 1
HL P () = 5 [[ gale = png® (222)

Definition 2.6 (The canonical Gibbs measure of the finite periodic log-gas). For any
B > 0, we consider the point process of n points in A, given by

_ n—per
Qn,ﬁ(dfy) = ﬂH (V)Bn,l\n (d’Y)a (2'23)

Zng ©
where the partition function is given by, see (2.20),

Cnp T(5n+1)

T g = /e—BHX;per(V)Bn,An (dy) =

The probability measure @, g can be taken as a model of a finite log-gas: (2.23) gives
a rigorous meaning to the informal definition (1.1). Let us emphasize that the choice of a
periodic logarithmic potential is not the usual one, but it is more convenient for us, and
yields the same microscopic limit.

2.2.2 Gibbs kernels (periodic setting)

We introduce the following notation, which should be compared to Definition 2.2. We
add the superscript n — per, in order to stress the fact that the n-periodic logarithmic
interaction is used.

Definition 2.7. For any ~,n € Conf(R),

(Move function) M Ap:r n,7) // d(na —va) @ YA (2.25)
(Normalization) Zy > (y / SRR A M 7))B|7A|,A(d77) (2.26)
(Gibbs kernel) G Pe“(dn ) = Xi’”('ﬂ AT N g (dn). (2.27)
Ap
We moreover use the notation,
PR ()= [ FmUan) G (dn ). (228)
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2.2.3 DLR equations for the Circular ensemble
The first step towards the canonical DLR equations (2.18) is the following result.

Proposition 2.8 (canonical DLR equations for the finite log-gas). For any bounded Borel
set A C A,, and any bounded Borel function f : Conf(A,) — R, we have

EqQ, (f = fAa ) = (2.29)

Proof. Let us write for convenience A®:= A, \ A. The definitions (2.27)-(2.23) of fy
and @, g yield

Z’VL 6 ]EQn B(fn per)

1 _ Hn per Mn per n per
_ / / F(1078e) e~ PR M 1) o= OB, A(d) By, (7).
Zy An ('Y)

Next, we use the following algebraic identity: for any n € Conf(A),
Hy, P () + MY (0, y) + H TP () = HY P9 (nUae) + HE (). (2.30)

It can be easily checked from the definitions; indeed, using the informal notation “x” for
“interact with”, we can write

(MUAA)Z =2+ 72 + 21 X Ype
Y2 = (A Ugae) 2 = %2 + 952 + 2y X Yae,

and substracting the second line from the first one, we obtain (2.30). Combined with the
relation,

ZX P (y) = Z" P Une) e —AMA A, (17) — Z” P (nUAe) e AMA AR (Y1 U78e)

this yields

Zn s Eq, ,(FA ) /fnuw 7 pe,(nU%)

_ n—per ¢ c n—per
« e BHR, T mUrae) M a, (v Uyae) HHET ™ (v ))B|7A|7A<d77)BnA (dv).

Making the change of variables (n,v) — ((,&) with £ := n U yxc and ¢ := 7,5, we obtain
ZnpBQ, s (fia)

1 _ n—per n—per
//f e LT O GO | (d()B, i, (d€)
Zxa, (€

= n7ﬁ EQn,B (f)’

and the proposition is proved. O
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2.2.4 Local convergence of the circular ensembles to Sine-beta

As mentioned in the introduction, the point process @, g is known to converge towards
Sineg as n — oo. This convergence was first studied by Killip and Stoiciu [2009]. They
have shown that for any C'*° function % : R — R with compact support,

nh_}rgo Eq, s [exp (/d)dy)] = Esine, [exp (/wdyﬂ . (2.31)

To be more precise, the limiting process was called CgE in [Killip and Stoiciu, 2009];
almost at the same time, Valké and Virdg [2009] have shown a similar result for the bulk
limit of the Gaussian (-ensemble, with a limiting process called Sineg. A bit later, it
has been observed that Sineg and CgE are identical, so that the result from [Killip and
Stoiciu, 2009] can now be stated under the form (2.31); see [Nakano, 2014, Corollary 1.7]
or [Valk6 and Virag, 2017, Theorem 28]. For our purpose, we will need a slightly stronger
convergence result that we state in the next proposition.

Proposition 2.9. The sequence of point processes (@ g)n>1 converges to the point pro-
cess Sineg in the topology of local convergence: for any bounded, Borel and local test
function ¢ : Conf(R) — R, we have

lim EQ B [SO] = ]ESineﬁ [(10}

n—o0

Proof. The convergence (2.31) implies the weak convergence @), 3 — Sineg, see [Killip
and Stoiciu, 2009, Definition 1.2 and 1.3] and [Daley and Vere-Jones, 2008, Proposition
11.1.VIII].

Now, we show that the sequence (@ s)n>1 has an accumulation point in the local
topology. Indeed, consider the relative entropy of two point processes P, () defined by

I(P|Q) : /log —dP
when P has a density with respect to @ and set I(P|Q) := +oo otherwise. Let II, be

the Poisson point process of intensity 1 on A,. According to [Georgii and Zessin, 1993,
Proposition 2.6], it is enough to check that

sup I(QanA ) < oo, (2.32)
neN* 1

I(

A,) = /lo ’B dQng—i-/log i "dQn/g
n—per — nn
= —logZnp—BEq,, {HAnp (7)} —log (e "n‘> )
Recalling (2.24) and using Stirling formula, we see that
o1 I} n
nlggo - log Z,, 5 — 5 log — (2.33)

2
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exists and is finite. Moreover,

EQH,@ [HXZper ; /Hn per H" per(,y)BnA (dry)
L(Sn+1)
:——lo Zn.3 og —2—~
s ® Tdp P TE e

which yields that
1 1. n 1 /8 1 /8 1 1

“Eq,,, [HA “log = 2 (Zng 1) 42 (2 41) + S logn — = log(2
0un [HEP)] + Glog 5 =~ (G 1) + 39 (5 +1) + 5 logn — 5 log(2)

with 1(x) := (logT'(z))" the so-called digamma function. Moreover using that, i(z) =
logz — i +o0 (%) as r — 00, see [Abramowitz and Stegun, 1964, 6.3.18], we obtain that

logn — @b(gn + 1) remains bounded. We get

s%p %EQ%B {HX;perm)} + %log 27;’ < 4o00. (2.34)
Putting (2.33) and (2.34) together, we obtain (2.32), which proves the claim.

Finally, since the convergence in the local topology is stronger than the weak conver-
gence of point processes, see [Georgii and Zessin, 1993, Section 2.1], any accumulation
point of (@, 3)n>1 has to be Sineg. Moreover, (2.32) also provides that Sineg is a point
process, namely charges only simple configurations. Indeed, this yields that Sineg has
finite specific entropy and thus has local densities with respect to the Poisson process, see
[Georgii, 2011, Chapter15]. The proof of the proposition is therefore complete.

O

2.3 From the finite, periodic DLR equations to Theorem 2.1 (C¥*)
To prove Theorem 2.1 (C*), namely that

Esines (f — far) =0

we start from Proposition 2.8

EQn,@(f fn per)

use the convergence of @), 3 to Sineg as expressed by Proposition 2.9, and perform several
approximations.

o First, we show that one can replace f" P by f" P€" in the DLR equations for @, 3.
The contribution of the exterior conﬁguratlon is indeed negligible when forgetting
about the configuration in A, \ A,.

o Next, we prove that one can further replace fy \"" by faa,, which means we can
replace the periodic logarithmic interaction by the usual one up to negligible terms.

¢ Finally, we let n — oo and replace @), 3 by Sineg, using Proposition 2.9. Moreover,
we replace fj A, by far in the remaining DLR equations.

This shall complete the proof of Theorem 2.1 up to the proof of technical estimates

on the discrepancy, which will be deferred to Section 2.5; preliminary material for proving
these estimates is provided in Section 2.4.

n—per
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2.3.1 Step 1: Truncation errors in the periodic DLR setting

The DLR equations (2.29) obtained for @, g involve the Gibbs kernel f" PE" " defined in
(2.27), where the index n appears twice: as the period of the interaction, and as the size
of the window. The following estimate allows us to decouple size and period.

Proposition 2.10 (Truncation error, periodic case). Let £ > 0. For any p large enough
(depending on A, ¢), for any n > p, and for any bounded measurable test function f on

Conf(R), we have

n—per _ en—per
f AAp )

[Eq,. <&l fllo

The only difference between fX;\ier and f};‘;\zer lies in the size of the exterior config-
uration that is taken into account. To prove Proposition 2.10, we thus need to control
the difference of periodic move functions over different large windows. This motivates the
following definition.

Definition 2.11 (Configurations with small truncation error). For any 6 > 0, we denote
by A} per(é) the set

AL Ay (0) == {7 € Conf(R) : guﬁf) ‘M () = My per(’?ﬁ)‘ <d. (2.35)
neCon
nl= |"/A|

In plain words, if v belongs to A}, per(d), then we can change v, into any other con-
figuration n in A with the same number of points, and the energy cost of this operation
as felt by the points in A,\A, is always less than ¢. The main ingredient for the proof of
Proposition 2.10 is that AX;xp:r(é) has large probability under @, 3.

Lemma 2.12 (The truncation error is often small, finite case). For any €, > 0, we have

Qus (AR LT(6)) 21 —¢

provided that p < n are large enough, depending on €, 9, A.

Roughly speaking “the far exterior does not count”. This would be obvious for a short-
ranged interaction, but in the case of the logarithm we need to show that some effective
cancellations occur. The proof of Lemma 2.12 is deferred to Section 2.5.2, and we now
prove Proposition 2.10, using Lemma 2.12

Proof of Proposition 2.10. For any v € A" per(é) and n € Conf(A) satisfying |n| = |yal,

1Z3385 () = Zi ()] < (¥ - ) Z5 ().
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Then, writing A®:= A, \ A for convenience, we have for any v € A} Ap:r(é),

‘ n— per n per(

v)‘
= / FnUAae) Gy £ (dn,~) — / F(nUse) GX,_AZer(dn,v)’

_B(M™Per Mn n—per
S ‘/f(nUrYAC) (e B( AAn ( ) (77’\/)) _ 1) GA7AP: (dn,'}/)‘

n per n—per
Zy Ap (V) = Zx A, (7) n—per
f UVA n—per — G p (d77, )
/ Zy A’ile ()
<55—1 ) [ 150U [Gh 2 ) + (€2 = 1) [ 1707 Umae) 16} £ (dn, )

< 2(e” = DlIf .

Given € > 0, assume that J satisfies 2(e’® — 1) < ¢ and assume further that p < n are
large enough so that Qnﬁ(An_per(é)) > 1 — ¢, which is possible thanks to Lemma 2.12.

n per

By using that || fy HOO < |Iflloo for any p < n, we thus obtain

n—per n—per
’EQn,B f A,Ap )

< [Fau (7~ B 0)
+ 2|/ fllooQn,s (Conf(R) \ A 4, (9))
< 3| lloo

and the lemma follows since ¢ is arbitrary. O

2.3.2 Step 2: From periodic to non-periodic interaction

Next, we show that one can replace the periodic potential g,, by the logarithmic potential
g at a small cost.

Proposition 2.13 (From periodic to non-periodic potentials). Let ¢ > 0. We have

Eq,,(an, — 77

< €[ floos

provided that p is large enough (depending on A, e) and n > p is large enough (depending
on p).

This is fairly intuitive: in the Gibbs kernel f 5, all the interactions take place between
points that are at distance at most p. The precise value of the period n of the interaction
is thus not really important, because for |z| < p < n, we have

T

log |sin(— - )| ~

log‘ ‘ log |z,

up to an additive constant in the energy, which is irrelevant for a Gibbs specification. The
only issue is that this approximation comes with a certain negligible cost for each pair
of points, so the main ingredient that we will use in the proof of Proposition 2.13 is the

17



fact that it is unlikely under @, g to have too many points in a given bounded set. More
precisely, if we set

By := {'y € Conf(R) : |ya] < p, "YAp’ §p2},
the following estimate holds true.

Lemma 2.14 (No overcrowding). For any £ > 0, for p large enough (depending on A, ¢),
and for n > p, we have

Qnp(Bp)>1—c.

The proof of Lemma 2.14 is deferred to Section 2.4.3, and we now prove Proposition
2.13 using Lemma 2.14.

Proof of Proposition 2.15. Let 6 > 0. For any n large enough (depending on ¢ and p) we
have, for any = #y € A,

m(z—y)
27 (z—y)

2sin

)
E.

2
gn(:c—y)Jrlogn—g(w—y)’: log <

Let v € B, and n € Conf(A) satisfying |n| = |ya| and assume they are simple. Then, for
n large enough (depending on ¢, p),

n—per 1 2m 1) )
‘HA ") + 5l (val = 1) log — — HA(U)’ <= /dvi” <-<$6 (2.36)
n p p
n—per J
‘MA,AP; (n,7) — MA,Ap(n,v)] < Emw _/dVAp\A < 24, (2.37)
where we used for the second string of inequalities that || = |y,]|. It follows,

n—per _B —1)log 2™
20 () e Sl DI8 7 ) < (o35 — 1)y, ()

Moreover, by writing

)

f(n U ’YA) —ﬁ Hn—per )+l —1)1 2J+Mn—per 7
:/ n=per () o= 2 l(F7a 1) log 2= R R : TN CY)
ZAA (fy)e S IYAIUYA g

AP
and using again (2.36)—(2.37) together with Lemma 2.14, the proposition is obtained by
following the same lines than in the proof of Proposition 2.10. 0
2.3.3 Step 3: Truncation errors in the infinite DLR setting

The results of this section are valid not only for Sineg, but for any stationary point process
P on R with finite expected renormalized energy Ep[W(v)]. We refer the reader to Section
2.4 for a precise definition but for now it is enough to keep in mind that Egjye, [W(7)] < oo.
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Lemma 2.15 (Definiteness of the move functions, infinite case). Let P be a stationary
point process on R satisfying Ep[W(v)] < co. Then, for P-a.e. v € Conf(R) and every
n € Conf(A) satisfying |n| = |ya|, the limit

Mar(m,7) = ph_{{.lo Ma,a, (1,7)

exists and is finite, and the convergence is uniform for such 7’s.

Lemma 2.15 is proven in Section 2.5.3
We now state a result concerning the truncation error in the infinite, non-periodic
setting.

Proposition 2.16 (Truncation error, infinite setting). Let P be a stationary point process
on R satisfying Ep[W(v)] < oo and let € > 0. For any p large enough (depending on A, ¢,
and P), for any bounded measurable function f, we have

‘EP(fA,]R — fan,)

< ellflloo -

Proposition 2.16 should be compared to Proposition 2.10. As for the proof of the
latter, we rely on a result saying that the truncation error is often small.
The following definition is the counterpart of Definition 2.11 in the infinite setting.

Definition 2.17 (Infinite configurations with small truncation error). For any § > 0, set

Ap,(6) == q¢v € Conf(R) :  sup ‘MA,R(%’)’) - MA,A,,(W;’Y)‘ <46
neConf(A)
[n1=l7al

Lemma 2.18 (The truncation error is often small, infinite case). For any €,§ > 0, we
have for every p large enough (depending on P, ¢,d,A),

P (A, (0))>1-c (2.38)

Lemma 2.18 is the counterpart of Lemma 2.12 in the infinite, non-periodic setting. Its
proof is postponed to Section 2.5.3.

Proof of Proposition 2.16. Using Lemma 2.18, the proposition is obtained exactly as in
the proof of Proposition 2.10. O

2.3.4 Proof of the canonical DLR equations

We may now give the proof of the canonical DLR equations for Sineg.

Proof of Theorem 2.1 (C*). Lete > 0and f be a bounded Borel local function on Conf(R).
We write,
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[Esines (f = faR)| < [Esines () — Eq, 5 (/)] (A
+ [Bo.(f = 1320
2%~ Bg (72
i) —Eq, s (fans,)
+ Eq,. 5 (fan,) — Esines (fa,a,)
+|ESme5( A, — JAR)|

+ EQn[B

+ ]EQ’VL B

(f -
(fa
(fa
(

Proposition 2.8 states that (B) = 0, Proposition 2.10 that (C) < ¢|| f||ec, Proposition 2.13
that (D) < €|/ f]|co, and Proposition 2.16 that (F) < €| f||c, provided that p is chosen
large enough (depending on A, ¢) and n is large enough (depending on p). Moreover, since
f and fj A, are both bounded Borel local functions, it follows from Proposition 2.9, that
(A) and (E) can be made arbitrary small provided that n is large enough (depending on
fyA,p), and the proof is complete under the extra assumption that f is a local function.

In order to extend the result to arbitrary, possibly non local, bounded Borel functions,
we proceed as follows. Let M be the class of all measurable events A such that 1 4 satisfies
the DLR equations, and let IT be the class of all measurable events A which are local in
the sense that 14 is a local function as above. So far, we have proven that II C M. We
want to prove that M is the whole Borel o-algebra. The set II is clearly stable under
finite intersections. Moreover, we can check that M is a monotone class, using monotone
convergence and the linearity of DLR equations. By the monotone class theorem, M
contains o(II), the o-algebra generated by II. Next, consider the countable collection of
open sets {y € Conf(R) : |y N (a,b)| < c}lapceg C II, which generate the topology of
Conf(R). Since this collection is countable the o-algebra it generates, which is included in
o(II), is the whole Borel o-algebra. This finally shows that M is the whole Borel o-algebra
of Conf(R), and we have thus obtained the DLR equations for any indicator function of
a Borel subset of Conf(R), which by linearity the DLR equations extends to every simple
function, and finally, by density, to every bounded measurable function. O

2.4 Renormalized energy and discrepancy estimates
2.4.1 Renormalized energy

We gather here the definition of the remormalized energy, which is a way to define the
logarithmic energy of an infinite point configuration, and some useful properties. A first
version of this object was introduced by Sandier and Serfaty [2012] but we use here the
variation introduced in [Petrache and Serfaty, 2017]. In the present work, we do not work
directly with the energy, we mostly make use of the connection between the renormalized
energy and discrepancy estimates, as explained in the next paragraph.

The following definitions can be found, with more details and justification for existence,
e.g. in [Leblé and Serfaty, 2017, Section 2.6].

Definition 2.19 (Compatible electric fields). For any v € Conf(R), a vector field E :
R? — R? is said to be an electric field compatible with -y, and we write E € Comp(), if it
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satisfies:
—divE = 27(y — dRr),

in the sense of distributions, where by definition, the action of the measure dg on a smooth
and compactly supported function ¢ : R* — R is [ (-, 0)dz.

Definition 2.20 (Renormalized energy of an infinite point configuration). Given any
configuration v € Conf(R) and E € Comp(7), we first consider for any n € (0,1) the
reqularized field E,: we set for any z = (z,y) € R?,

Ey(z):=E(2) +Y_Vfy(x—p,y), where f(2) =1 ,,log ;’ for z € R%.
pEY
Then, the renormalized energy of v is defined by
W(v) inf lim ( limsu ! / |E,(x,y)|*dzdy | + 27 lo
= ey s T .
K E€Comp(y) | 71—0 Rﬁoop [-R,R] xR Y Y 81

For a periodic configuration, the renormalized energy can be computed explicitly in
terms of the periodic logarithmic energy of the configuration in a fundamental domain.

Proposition 2.21 (Energy of a periodic point configuration). Given a configuration ~y
of n distinct points v := {71,...,7} € Conf(A,), let 7" P¢" € Conf(R) be the n-periodic
configuration defined by

TP = U {m +kin, ...y + kanj.
k1,....,kn€Z

Then, we have
s

n—per n— n
W) =~ <2HAnper(v) +nlog 27T) :

Proof. We refer to [Petrache and Serfaty, 2017, Proposition 1.5, d = 1] or [Borodin and
Serfaty, 2013, Proposition 2.10] O
2.4.2 Discrepancy estimates

We introduce an important quantity for our purpose: the discrepancy, as well as bounds
on the average discrepancy for log-gases.

Definition 2.22 (Discrepancy). The discrepancy of v € Conf(R) relative to a bounded
Borel set A C R of Lebesgue measure |A| is defined by

Disera () = [l — [Al.

A crucial fact for our purpose is that a bound on the renormalized energy translates
into a discrepancy estimate, see e.g. [Leblé and Serfaty, 2017, Section 3.2].

Lemma 2.23 (Energy bound yields discrepancy estimate). There exists C' > 0 such that,
for any stationary point process P on R satisfying Ep[W(7)] < co and any bounded Borel
set A C R, we have

Ep [Discri(y)] < C(C+Ep[WH)]) A (2.39)
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Proof. This is [Leblé and Serfaty, 2017, Lemma 3.2]. O
In particular, for the periodic log-gas @, g, we obtain the following bound.

Lemma 2.24. There exists a constant Cg > 0 depending on 3 only such that, for any
bounded Borel set A C R, and n > 1 large enough so that A C A,,, we have

Eq,, [Disard ()] < CslAl and  Eq, , [lal?] < 2/AI(Cs + |A)).

Proof. As @ g is the law of a stationary point process, one can apply Lemma 2.23 together
with Proposition 2.21 to obtain, provided that A C A,

Eq, s [Discri(fy)} =Eq, , [Discri(*y"_per)}

T n
< " n—per S '
<C <C+ nEQ"’B [QHAn (7) + nlog 2#}) |A|

Using (2.34), the first inequality follows. The second inequality is obtained from the first
one by writing

Eq,, [nal?] <2 (Bq,, [Diserd ()] + A1) .

O
We will also use the following asymptotic behavior for the discrepancy.
Lemma 2.25. If 7 € Conf(R) satisfies W(v) < oo then, as k — oo,
Discrjg ) (7) = o(k).
Proof. This is a consequence of [Petrache and Serfaty, 2017, Lemma 2.1]. O

2.4.3 Proof of Lemma 2.14

An easy consequence of Lemma 2.24 is the following.

Proof of Lemma 2.14. Lemma 2.24 and Markov inequality yield the existence of Cy > 0
such that, for any 1 < p < n and n large enough so that A C A,,,

Qu,p(Conf(R) \ By) < Qus(1al > p) + Qus(7a,| > p)

1 1 o
< ?EQn,B(h’AP) + EEQn,B(h’ApP) <

p?’

and the lemma follows. O

2.5 Auxiliary proofs

We now provide proofs for Lemmas 2.12, 2.15, and 2.18.
In this section, we always assume p > n are large enough so that 3A C A, C A,,. We
use the following notation:
o The distance of z € R to a subset A C R is dist(x,A) := inf,cp [ — y|, and the
distance from a subset I C R to A is dist(/, A) := inf,¢; dist(z, A).
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o For any 71, v2 € Conf(R) with |y1| = |y2| = M < o0, say vj = M 0., we set
J

M .
Wiln,72) = inf 3t 5" (2.40)
=1

where &)/ is the set of permutations of {1,...,M}. Note that the definition does
not depend on the indexing.
o We denote by Leb the Lebesgue measure of R and by Leb, its restriction to A C R.

2.5.1 Intermediary results

Lemma 2.26 (The electrostatic potential generated when moving points). Take any con-
figurations 7, n in Conf(R) such that || = |yz|. Recalling the definitions (2.7) and (2.21),
we set for convenience

Uy i=gnx(n—74), ¥:i=gx(n—a) (2.41)

Given € > 0, the following holds true for p large enough (depending on €) and n large
enough (depending on p).

(a)

| weads| < ewitnn)
AP
(b)
| wale)ds| < e(Walna) + )
An\Ap
(c) For any = € A, \ A,
W1(7777A) ! 8I/Vl (777’7//\)
< —1 7 < ——m—,
[n(@)] < dist(z, Ay o (@) < dist(z, A)2
(d) For any x € R\ A,
Wi(n,7a) ) 8Wi(n,74)
U(z)| < DL TA) ' (g)] < S TN
()] < dist(z, A) and V()] < dist(z, A)?

Proof. Let us enumerate the configurations as yp = Zi]\il 0y, and n = Zi]‘il 0p;- To prove
(a), we start by writing

M
/ U(s)ds = Z/ <log |vi — s| — log |mi — s|)ds.
Ap i—1’Mp

Now, set
1
V(t) := / —log|t — s|ds = (1 +t)log(1 +¢)+ (1 —t)log(1l —¢t).
-1

and let k£ > 0 be fixed so that A C Ax. We obtain, by a linear change of variables sending

[—1,1] on A, = [-5, 8]
/Ap U(s)ds gé (v (2;7) v (21’:))
23

M
< sup VI3 |mi =il

Fppl =




Since V' is continuous near the origin, since V/(0) = 0 and since the enumeration of 1 and
A is arbitrary, (a) follows by taking p large enough, depending on A and e.

We now turn to (b). Since gy, * Leby, = 0 on A, see e.g. [Borodin and Serfaty, 2013,
Equation (2.49)], we have

/\IlnLebAn\Ap = —/\IfnLebAp.

For any fixed p, we have for n large enough and for any = # y € A,

m(z—y)

27 2sin ==~ 1
_ 22 - — = 2T n < o
gn(z —y) +log ( n ) g(z y)‘ log QW(i_y) < (2.42)
We may thus write
‘/\I/nLebAn\Ap = ’/\I/nLebAp < ‘/\I/LebAp + |7A2’]97
p

where we have used the fact that  and 5 have the same number of points, hence the
contribution of the constant term log (27”) in (2.42) vanishes. Using point (a) of the
present lemma, we obtain

< e(Wi(m,va) + [7al)

‘/\I/n LebAn\Ap

for p large enough (depending on A, ¢) and n large enough (depending on p).
Finally, we prove (c) and (d). For any « € A,\A,, by applying the mean value theorem
to gn(x — -) between n; and ~;, we obtain

@ 1 ni — il
lgn (@ =) = gn(@ = ) < i %|n | tan (% dist(z, A)) | — dist(z,A)’

and the first inequality of (c) is obtained by summing over i € {1,...,M}. We obtain
the second inequality of (c¢), as well as (d), by the same argument but using g¢/,,¢ and ¢’
instead of g, respectively.

[

2.5.2 Proof of Lemma 2.12

We want to show that in the finite periodic model, with high probability, it is possible to
move the points in A at a small cost.

Proof of Lemma 2.12. In view of (2.41), and in order to obtain the controls on the move

functions from discrepancy estimates, it is convenient to work with “move functions with
background” defined by

M2 (3, 7) = / By~ Leb) (2.43)

Ap

They are related to the usual move functions defined in (2.25) as follows:

M2 (y,m) = MG P () + /A Tl (2.44)
D
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Given any v € Conf(R), let us set for convenience,

E:= sup ‘MXRTT%WX—MX]fT%n),
neConf(A)
[n1=lval
Ei= sup MY (v,m) — M3 2 (3,m)]
neConf(A)
nl=lval
Using (2.44) we see that
E < E + sup / v, dLeb| .
neConf(A) An\Ap
nl=lval

Using Lemma 2.26(b) and the fact that Wi(n,va) < |A]|yal|, given any a > 0, we have, if
p is large enough (depending on A, ) and n is large enough (depending on p)
E < E + a\’yA|.

Next, for any d, L > 0, we have
Q5 (Conf(R) \ AL P(8)) = Quys(E > )

P
< Qn,,@(E > 4, |’YA’ < L) + Qn,ﬁ(wﬂ > L)
< Qnp(E>d—aL, |ya| <L)+ Qna(lval > L)

1 ~ 1 9
< 5 — aLEQn,B E 1‘7A|§L} + ﬁEQn,BH’YA\ J-
To prove the lemma, it is enough to show that, given any L > 0,

EQ, 5 [EL, <L)

can be made arbitrarily small by taking first p, then n, large enough. Indeed, given
any 0 > 0, by taking p,n, L large enough and « := §/2L the lemma would follow from
Lemma 2.24.

To prove this claim, we split A,, \ A, into the subintervals

so as to write
- " -p—1 n-1
MALS (o) = MR L (o) = | D+ .A ¥, d(y — Leb). (2.45)
j=p g

j=—n

By applying the mean value theorem to ¥,, and Lemma 2.26(c), we obtain for any = € I},

J 8W1(n,7a)
_ |« 2D TAT
“I'"(m) o (2)’ = dist(z, A)?2
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and thus, for any —n < j < n,

/ W, d(y — Leb) — ( )DISCU o < i)

< W (Discrlj (v) + 1)'

Since p is arbitrarily large and A is fixed, there exists ¢ > 0 such that, for any |j| > p,
J
c

diSt(Ij, A) >

Combined with (2.45), we obtain

—-p—1 n-1
an—per n er i
MA,Apn (v.m) — MA Ap ) ( Z + Z) (2) Discry, ()

_]_777,

P2t 21\ Diser +1
)f). (2.46)

< 8 Wi (1, 7) (Z 2

J=—"n

By performing a summation by parts, we can write

Z v, ( > Discry; (7) = ¥y, <Z) Discrg,2)(7) — (g) Discr g, p]( )
+

1

+§ <\Iln (;) v, J2>) Discr g+1](’y) (2.47)

Using again the mean value theorem and Lemma 2.26(c), we have

5 (0o (3) % (5 P

Jj=p

n—1 Discr , j+1,(7)
< 8Wi(n,7) D ‘ U ‘
i=p J?

(2.48)
and similar estimates holds for the sum where j ranges from —n to —p — 1. Moreover,
since z/dist(z, A) is bounded when x ¢ 2A, it follows from Lemma 2.26(c) that there
exists k > 0 independent on 7,y such that

S;QPA |z, (z)| < KWi(n,va). (2.49)

As a consequence, we obtain from (2.46)—(2.49),
‘Discr(og}(’y)‘ N ‘Discr(ovz;](fy)‘)

)R <2 (22 p

Diser3 ()| [Diseri—g. (v)\)

+ 26W1(n,v4) ( - ’

n—1 ’Dlscr(o ](fy)‘ —p—1 ‘DISCI'(]+1 0](7)‘

+8EWi(n, ) | Y 2 + ) 2
Jj=p Jj=—n
7‘”71 - DlSCI’] )+1
+ 8c2W1(n, va) ( Z)
j=-n  j=
=: Wi(n,va) Errn p(7) (2.50)
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Given any L > 0, we obtain from (2.50) and the upper bound Wi(n,va) < |va||A| that
Eq, s [E1pyi<e] < LIA Eq,, [Brenp (7)), (2.51)

Finally, we use Cauchy-Schwarz inequality and Lemma 2.24, to obtain

|Discr(g, 2] ()] Cs

n—1 |Discr
+
Eq, , Z ‘ ( / Z ]

J=p

and

and this yields that Eq, ,[Err,,;(7)] can be made arbitrarily small when p < n are large
enough. The lemma follows from (2.51).
O

2.5.3 Proof of Lemma 2.15 and Lemma 2.18

Proof. Let P be a stationary point process such that Ep[W(v)] < co. We start by showing
that, for P-a.e. v € Conf(R) and every n € Conf(A) such that |n| = |yal, the sequence
{Ma ., (1,7)}p>1 is a Cauchy sequence, thus proving Lemma 2.15.

As in the proof of Lemma 2.12, we introduce the move functions with a background,

Maa, (,7) == / W d(y — Leb).
Ap\A
Since by definition,
MA,Ap(ﬁy? ) MA Ap 77 /\I/LebA \As

it follows from Lemma 2.26(a) that it is enough to show that {MA,A,, (1,7)}p>1 is a Cauchy
sequence, uniformly in 1. For any m > p, by following the same steps as in the proof of
Lemma 2.12, using estimates on ¥ instead of ¥,,, we have with Err,, () defined in (2.50),

M A (1,m) = Mg, (1) < W0, 7) B () < [alIA] Brrp (7). (252)

Now, using Lemma 2.23, we obtain

’DISCI" N/t

(© +1
5— < 0
J

(7) o
.;”‘ <\JC(C+ERW) Y
J=p

J

so that,
o0 ‘Discr( j;l](’}/)’

0,241
5 < 400 P-a.s
J=p J
and in particular,
00 ‘Discr(o M](v)‘
lim ,’2 2 =0 P-a.s
Jj=p
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By similar arguments, we have

) Z

]Dlscrj ) +1

=0 P-a.s,

and the same holds true for the sums involving negative j’s. Moreover, since Lemma 2.25
yields that
) ‘DiSCI"(Q%}(’y)‘
lim ——
m—00 m

=0 P-a.s,

we have obtained that
lim lim Errp,,(y) =0 P-as

P—+00 M—00

and our claim follows from (2.52).
Moreover, the previous estimates show that,

Mag(7:m) = Ma, (7:m)] < PiallA] Exroc ()

where
Di p Discr,_»
Brra () = 25 (‘ 1scr(o,2](7)‘ N ‘ iscr 2,0](7)‘) (2.53)
p p
Discr y —p—1 |Discr
el Z‘ © f+11( )‘Jr S | £ o)
J=p J? J=—00 J
gy Dlscr] )+ 1
j=—00
(2.54)

exists P-a.s. Now the proof of (2.38) is exactly the same as in Lemma 2.12 but using the
estimates on ¥ instead of ¥,,. ]

3 Number-rigidity for solutions of canonical DLR equations

In this section we prove that Sineg is number-rigid in the sense of Ghosh and Peres
[2017], that is part (A) of Theorem 1.1. In fact, we prove that any stationary process
satisfying (2.18) is number-rigid, which is the main result of this section. We say that
a point process is stationary when it is invariant under translations of the configurations
y=y+x:={x+y: ye~}forany x € R. Recall also that fyr was introduced
n (2.16).

Definition 3.1 (Canonical DLR). Let us fix 8 > 0. We say that a stationary point
process P on R satisfies the canonical DLR equations if Ep[W(v)] < co and

Ep(f—far) =0 (canonical DLR)

for every bounded Borel set A C R and every bounded Borel function f : Conf(R) — R.
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The assumption that P has finite renormalized energy Ep[W(+)] is here to ensure that
the move functions and thus f) g are well-defined. Our goal is now to prove:

Theorem 3.2. If P is a stationary point process on R that satisfies canonical DLR, then
P is number-rigid.

Thus, Theorem 1.1(A) follows from Theorem 2.1(C*) and Theorem 3.2. As a con-
sequence of Theorem 1.1(A), Theorem 2.1(C*) upgrades to Theorem 1.1(C) and, since
Theorem 1.1(B) has already be proven in the previous section, the proof of our main
theorem is complete.

The proof of Theorem 3.2 is based on canonical and grand canonical descriptions of
a Gibbs point process via its Campbell measures. These descriptions have been studied
intensively in the seventies and eighties, see for instance [Georgii, 1979, Kozlov, 1976,
Nguyen and Zessin, 1979, Wakolbinger and Eder, 1984]. The proof goes by contradiction
and follows three steps:

Step 1: First, we show in Section 3.2 that any point process satisfying the canonical
DLR equations admits a canonical description via its Campbell measures, see Theorem 3.7.

Step 2: Next, if we further assume that the process is ergodic and, for the sake of
contradiction, not number-rigid, then we show in Section 3.3 that this representation can
be extended into a grand canonical version, see Theorem 3.15.

Step 3: Finally, we show that the grand canonical representation yields a contradiction
because of the long range of the logarithmic interaction, see Section 3.5. Roughly speak-
ing, we use this representation to move points far away from the origin and show that the
configurations obtained should have a much larger weight than it is allowed.

It turns out these three steps can be performed in a much more general setting than
the one dimensional logarithmic interaction. This leads to a more general result than
Theorem 3.2 that we present in Section 3.5.7, see Theorem 3.18; we focused on the one
dimensional log-gas for the sake of the presentation.

Convention: For convenience, if x,, = (z1,...,2,) € R", given any v € Conf(R) with
an abuse of notation we write v\ x,, (resp. yUx,, etc) instead of v\ {x,} (resp. YU {x,},
etc). Moreover, given v € Conf(R), the sum

>

Xn Cy
means that we are summing over all ordered n-tuples of points from the configuration -,
namely
Z f(Xn): Z f(l'la---’mn)-
Xn Cy L1,y..,Zn €Y
x;F#x; for i#j

The reader should have in mind that in the following the configuration ~ will be simple
since it comes from a point process.
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3.1 A first consequence of the canonical DLR equations

The following corollary will be useful in the sequel.

Corollary 3.3. Let P satisfy be a stationary point process on R that satisfies canonical
DLR. Then, for any disjoint bounded Borel sets By, ..., By C R with positive Lebesgue
measure and any integers nq,...,ng, we have

P(”YB1| = nl:"'>|73k| = nk) > 0.
In particular, Corollary 1.3 now follows from Theorem 2.1.

Proof. Set n := 37;n;. Let A C R be a bounded Borel set so that A\ (B1 U...U By)
has positive Lebesgue measure and P(|yx| > n) > 0. The latter is ensured as soon
as A is large enough since P is stationary and in particular Ep|y| = 4o00. If we set
f(y) = H§:1 1|73j\=njv then by applying canonical DLR on A we have

k [7al
P(’731’ =MN1,.--, |fyBk| - nk) - / H f<{x17 . -ax|'yA|})pA°(x17 cee 71"’71\0 H dz; P<d7>
j=1 i=1

Now, if P(|vg,| =n1,...,|vB,| = nk) = 0, then for P-a.e. 7,

k [7al
/ H f({:Cl, v ,th‘})pAc((El, .o .,x|7A|) H d{L'Z' = 0,
j=1 i=1

but by the definition of pyc, see (2.3), this yields that |y5| < n for P-a.e v, which is not
possible. O

3.2 Campbell measures

In this section, we introduce the Campbell measures and prove that the canonical DLR
equations yield a result on the representation for these measures.

Definition 3.4 (Campbell measure). The Campbell measure of order n > 1 of a point

process P on R is the measure CS,?) on R™ x Conf(R) defined by, for any positive Borel
test function f,

) = [ 3 S\ x0) P(d). (31)

XnCy

The Campbell measure encodes the joint distribution of n typical points x,, and their
neighborhood v \ x,, for a random configuration v with law P. For example, in the case
of a Poisson point process Il of intensity measure p, the Campbell measure is given by

) =p*r e,

which is known as the Slivnyak-Mecke Theorem, see e.g. [Moller and Waagepetersen,
2003, Section 3.2].
In the following, we need to introduce the following cost function.
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Definition 3.5 (Cost of moving n points from 0 in ). Let v € Conf(R) and take x,, C 7.
We consider the cost of moving of the n-tuple (0, ...,0) to x, = (z1,...,z,) defined by

Cost(xp,7) = Y _ gl — x;) + lim Z — g(y))y(dy) (3.2)

p—00
1<j

provided the limit exists. Note that Cost(x,,) does not depend on the ordering of x,,.

Remark 3.6. If P be a stationary process satisfying Ep[W(v)] < 400, then the limit
(3.2) exists for P-a.e. v and any x,, (the proof is the same to that of Proposition 2.15).

The following theorem is a first description of the structure of Campbell measure for
point processes satisfying canonical DLR equations.

Theorem 3.7. Let P be a stationary point process on R satisfying canonical DLR. Then,
(n)

for every n > 1, there exists a Borel measure Q, on Conf(R) such that Cp
continuous with respect to Leb®" ® Q,, and has density

is absolutely

dc(”) B <
dLeb®” ® Q ( 7) =¢ plost( nﬁ)' (33)
Proof. Consider the tilted measure,
Clm) 1= fCost clm), (3.4)

It is thus enough to show that égf) = Leb®" ® Q,, for some measure Q,, on Conf (R).

Let f: R™ x Conf(R) — [0,00) be a measurable function satisfying f(x,~) = 0 as soon
as x ¢ K for some compact set K C R% Let A C R be a bounded Borel set such that
K c A™. Using the definition (3.1), canonical DLR, and setting

FA(Xn,m,7) := Ha(n) + Mar(7,7) — Cost(xn,n U yae \ Xn),

we find
ég?)(f):/ Z e/BCost(xnﬂ\Xn)f(mey\xn)P(d’y)
XnCYA
S efCostlan e £ (s, (5 x,) U yac)
XnCn
1
o BHAMAMARMY))
y . =B | (dy)P(d
Tl A (dn) P(dy)
= [ % fot 2 U)o B ) P()
Xn, Xn)UYne) —F <
xnCN 77 A A ,R(’Y) b AR !

1 >n "7A|' - _fBFA(Xnﬂ?UXn,’y) ~
/BnA (dx;,) / (|\77A/|\|—”) J(Xn, 7 Uac) Zam() B|7A|—n,A(d7])P(d’Y)

where we made the change of variables 7 := 1 \ x,,. Since one can check by direct compu-
tation that the map

Xp FA(Xnaﬁ an>’7) = FA(ﬁ7’7)7
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is constant, we obtain the factorization

CE 1) = [ £6x0,¢) Leb™ (dxa) Q1(AC) (3.5)

where the measure Q2 is defined for any measurable map g : Conf(R) — [0,00) by,

N ! e~ BFA(7)
Jatoatae) = [ EE U B @)

Finally, since (3.5) holds true after replacing A by any bounded Borel set A’ D A, we
obtain by taking f := 1p» ® g,

[ 9080 = [9(0Qd @

for any measurable map g : Conf(R) — [0, 00), and thus Q,, := Q2 does not depend on A.
L]
3.3 Rigidity and ergodicity

We now provide a convenient characterization of number-rigidity. First, in the next lemma
we show that, when one wants to prove number-rigidity, it is enough to restrict to an
increasing countable family instead of all bounded measurable subsets A C R.

Lemma 3.8. Given any countable family (B,,),>1 of bounded Borel subsets of R satisfy-
ing Up, By, = R, P is number-rigid if and only if, for any m > 1, there exists a measurable
function Numberp,, : Conf(B;,) — N such that |yp,, | = Numberp, (vBe ) P-a.s.

Proof. Let A C R be measurable and bounded and m > 1 such that A C B,,. If one
assumes that |yp,, | is a measurable function of v , then by writing |ya| = [vB,,|—[VB,.\Al
we see that |y,| coincides almost surely with a measurable function of . O

Next, we need a few definitions.

Definition 3.9. For any bounded Borel set A and for a fixed v, we introduce the event
Ext} := {n € Conf(R) : nac = yac}
of having the same exterior configuration than « outside of A. We also need the event
HasPointsy, 5 := {n € Conf(R) : |na| = k}
of having k > 0 points in A and, given a point process P on R and n > 1,
CaanviA = {7 € Conf(R): Jk € N,
P (HasPointskvA‘ExtD >0 and P (HasPointan,A’ExtX) > 0}. (3.6)
The latter can be informally understood as the set of configurations ~ for which, with

positive probability under P, it is possible to generate two configurations with a number
of points in A which differs by n, conditionally on having the same exterior configuration
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given by yxe. Formally, since we may have P(Ext) ) = 0, one has to proceed more carefully.
Let us define .# . as the o-algebra generated by the random variable v +— y5c. Consider the
conditional expectation Ep|[1 HasPointsy, 5 |- Zpc], which is a .Zjc-measurable random variable,
and thus can be seen as a measurable function from Conf(A€) to [0, 1]. We set

P (HasPointshA‘ExtX) = EP[lHasPointsk,A‘yAC]('}’AC)-
Finally, recalling that A,, := [~%, %], we consider the events

P ._ P
CanRmy,, := U CanRmv,, 5

m>1
and the set of non-rigid configurations
CanRmv! := U CanRmv?. (3.7)
n>1

Proposition 3.10. A point process P on R is number-rigid if and only if P(Can Rmvf) = 0.

Proof. First, let us assume that P is number-rigid, namely that for any bounded Borel set
A C R, there exists a measurable function Numbery : Conf(A¢) — N such that

|va| = Numberp (ype)  for P-a.e. 7.

Then for any m > 1, for P-a.e. v and k # Numbery, (7ac, ),
P (HasPointsk,Am|Ext7\m) =0,

and P(CaanviAm) = 0 for any n > 1, from which P(CanRmv) = 0 follows.

Conversely, let us assume that P is not number-rigid. Then by Lemma 3.8 there exists
an integer m > 1, two integers 0 < k; < kg, and an event F such that P(E) > 0 and, for
any v € E,

P (HasPointskhAm|Ext7\m) > 0, P (HaSPOintSkQ,Am|EXt7\m> > 0.

Thus, if n := ko — k1, we have P(CaanviAm) > 0 and hence P(CanRmvY) > 0. O

We next make use in a crucial way of the notion of ergodic point processes (which
are in this work always assumed to be stationary). An event E C Conf(R) is P-a.s.
translation-invariant, if for P-a.e. v € Conf(R) and every z € R, 1g(vy) = 1g(y + ).

Definition 3.11 (Ergodic point process). We say that a point process P on R is ergodic if
it is stationary and, for any P-a.s. translation-invariant event F, we have P(FE) € {0,1}.

Proposition 3.10 has the following consequence for ergodic point processes.

Corollary 3.12. Let P be an ergodic point process on R which is not number-rigid. Then
there exists 7 > 1 such that P(CanRmvZ) = 1 and furthermore

lim P(CanRmv} , )=1. (3.8)

m—0o0
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Proof. If P is an ergodic point process on R which is not number-rigid, Proposition 3.10,
yields P(CanRmv®’) > 0 and therefore there exists n > 1 such that P(CanRmvZ) > 0. Since

the event CanRmvl is P-a.s. translation-invariant this implies that P(CanRmvl) = 1.

Moreover, (3.8) follows by monotone convergence. O
The interest we have in ergodic processes comes from the following decomposition.

Proposition 3.13. Let P be a point process on R which is stationary and satisfies canon-
ical DLR. Let .# be the o-algebra of the translation-invariant Borel sets of Conf(R). Then
there exists a family of point processes (P;)ncconf(r) such that for P-a.e. 7, the point
process P, is ergodic, satisfies canonical DLR and

Py() == Ep[L[I](n). (3.9)

In particular we have the standard decomposition of P via its Gibbsian ergodic phases
p= / P, P(dy). (3.10)

Proof. Since Conf(R) is a Polish space, there exists a regular conditional probability with
respect to .# (see [Dudley, 2002, Theorem 10.2.2]), namely there exists a version of the
conditional expectation A — Ep[l4|.#] such that, for any n € Conf(R),

A s Py(A) = Ep[14].#](n) (3.11)

defines a probability measure on Conf(R) and we have
P(A) = Ep[Ep[14]7]] /P

Note that P, is a stationary point process for P-a.e. 7 since P is a stationary point process
and by definition of .#. Moreover, the quantity Ep, [W(v)] is necessarily finite for P-a.e.
n since otherwise Ep[W(y)] would be infinite, and since for any A € .# we have

Py(A) = Ep[14]7](n) = 1a(n) € {0,1},

we see that P, is ergodic. Moreover, let Z e be the o-algebra generated by the random
variables v — yac and v — |y5|, and let F, 1= Nm>1F ¢, - In particular, & C o

Since P satisfies canonical DLR, [Preston, 1976, Theorem 2.2| states that there exists
a version of A — Ep[14]|Z], such that, for any ¢ € Conf(R), Ep[1.|.7,](£) is a point
process on R that satisfies canonical DLR. By writing

Py(4) = Ep[Ep( 147 )17 1n) = [ Ep 147 )(€) Po(d€)

we see that P, satisfies canonical DLR, and thus P can be written as a mixture of ergodic
probability measures satisfying canonical DLR. O

Combined with the previous proposition, the next result will allow us to restrict to
ergodic processes to prove Theorem 3.2.

Proposition 3.14. Let us write P = [ P, P(dn) as in Proposition 3.13. If P, is number-
rigid for P-a.e. n, then P is number-rigid.
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Proof. In view of Lemma 3.8, it is enough to show that, for all m > 1, the equality

VA | =Ep {|7Am| |=%\$n} ,

holds P-almost surely.
By assumption, for P-a.e. 7, the process P, is number-rigid, hence we have

VA | = Ep, [WAm\ |3ZA5J , Pras.,
thus it suffices to show
Ep [mmwﬁ%} —Ep, [|7Am|\gz% ] Pyas. (3.12)

Both sides of (3.12) are .7, -measurable random variables. Let f be a bounded, .7 -
measurable random variable. We may write

B, [1Bp [, #3s,]] = Br, [Er [flon, 2]

and by definition of P, we have,

Er, [Ep [fha,l[ ;)] = [Ep bl Zns,] |f ()

where .7 is as in Proposition 3.13. Since . C #,. , we have, by the “tower property” of
conditional expectation,

Ep [Ep [l [Zas, | M () =Ep [ fln,.I|-#] (),

so we obtain

Ep, [fEp [l Zas,]] = Ep [flnl[#] (), (3.13)
but by definition of P, we have
Ep [ flianl|-7] (1) = Ep, [flvan]). (3.14)

Combining (3.13) and (3.14) we see that

Ep, [fEP {I’YAmI‘fA;«nH =Ep, [fl.ll =Ep, {fEPn {WAm\’gAan :

where the last equality is simply the definition of a conditional expectation. Since this is
true for any f bounded and .# . -measurable, we get (3.12), which concludes the proof. [

3.4 Ergodic solutions of DLR equations which are not number-rigid

Theorem 3.7 gave a description of the Campbell measures of stationary solutions of canoni-
cal DLR. In this section we further assume these solutions are ergodic and not number-rigid
and improve on the previous description. Let us recall that the main rigidity result we
have in mind, as stated in Theorem 3.2, claims that solutions of the DLR equations are all
rigid, so the result of the present section should turn out to be empty; the next theorem
is the main part of our proof by contradiction.
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Theorem 3.15. Let P be an ergodic point process on R satisfying canonical DLR and
assume that P is not number-rigid. Then there exists n > 1 and a measurable function
create,, : Conf(R) — [0, 00) such that the Campbell measure Cgl)
with respect to Leb®" ® P and with density

is absolutely continuous

act
dLeb®" @ P

where Cost is defined in (3.2).

(Xn,7) = create,, () e ACostxn7), (3.15)

Compared to Theorem 3.7, the important change is that we gained information on the
second marginal of Cgf): Instead of being some abstract measure Q, as in (3.3), here we
see that it is absolutely continuous with respect to P itself and obtain crucial information

on its density.

Proof. Let P be an ergodic point process on R satisfying canonical DLR which is not
number-rigid. Corollary 3.12 provides n > 1 such that P(Caanvf) = 1. Recalling
Theorem 3.7 it is enough to prove that the measure Q, of (3.3) is absolutely continuous
with respect to P. To do so, let E be an event such that P(E) = 0 and prove that
Qn(E) = 0, which is enough to prove the existence of create,, according to the Radon-
Nikodym theorem.

Since Cost(xy, ) is finite for P-a.e. 7 and x,, € R", the density (3.3) is positive and it

is enough to show that cﬁf)([o, 1]" x E) = 0. By definition of Campbell measures, we have

0.7 % B) = [ 3 papelxa) 1o(r \ x0)P(A).

XnCy

Since P(CanRmv,,) = 1, by monotonicity we also have lim,, o, P(CanRmv,, 5 ) =1 and
thus, by monotone convergence:

CEN[0,1]" x E) = lim [ Lcanrmv, x. () S Ljoan(xn) Lu(7 \ x0) P(d).

m—0oQ

Recalling (3.6), for any integers n, k, we define

Alyn = {7 € Conf(R) : Ip <k,
P (HasPointsp’A’ExtD >0 and P (HasPointsern’A’ExtX) > O} (3.16)

and
. AP P
CaanVn7k7Am = An,k‘,A \ An,kfl,/\’

so that one can write the disjoint union: CanRmv,, ;. . = UipCanRmv,, ;. 5... Now, if we
set:

Termk,m = /]—HasPointsk,Am ('}’)1Caanvn7k,Am (7) Z 1[0,1}"(Xn) 1E('Y \ Xn)P(d’Y)a

XnCy
we obtain .
Cp([0,1]" x E) < r&gnm];)TermkM. (3.17)
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We introduce for convenience
1

_ e BHAL ()+Ma,, r(n,7))
Z 7 ®(7)

Dens®™  (n) :

,YA'?n’k 1|7I|:k

the density with respect to By a,, of P conditionally to yyc and having k points in Ay,
provided it makes sense. Recalling Remark 2.4, the right hand side does only depend on
va,, through its cardinality, which explains the notation. By using canonical DLR we
obtain

Termk,m = / 1Caanvn,k,Am (77 U ’VAgn)

X Y Aojn(xn)1E(n U ag, \ xn)Densi | (11)By a,, (dn) P(d).
XnC1 m

Similarly as in the proof of Theorem 3.7, we set 7 := 1 \ x,, and obtain,

k! - -
Termy = m / lcanRmv,, 4 ,, (71U x, U ’YA%)lE(U U 'YAfn)
X Densf;; 7k(ﬁ U X) By, 0,1](d%n)Bi—n,a,, (A7) P(d7y)

k! 5 ~ A -
= ik =) / LeanRmun i n,p, (1Y X0 Uvag, ) 1E(7 U ag, ) Dens (1)

’YA%L 7k

Dens’™ | (7Ux,,)
X B, dx,) | Bx—na,, (d7)P(dy). (3.18
/ Densts, ) Do) | Beonan GP). (19

The integrand inside the parentheses is finite since the denominator is positive on the
event where nUx, Uyae € CanRmv,, ; ... Since canonical DLR yields for any k,n,m >0
and x, € R",

P(E) = [ 15U )Densly | () By, (d0)P(dY)

’YAfnvIFVAm
> / LCanRmy, o,y (71U %0 Uag )15 (7 U g, )Denst™ (1) By, (d7) P(dY)

and P(E) = 0 by assumption, we obtain with (3.18) that Termy,, = 0 for every k,m.

Thus Cgf)([o, 1]™ x E) = 0 and this concludes the proof of Theorem 3.15.
O

Now let us give some properties of the function create,,. In Lemmas 3.16 and 3.17, we
work under the same assumptions as in Theorem 3.15.

First, we have the following simple result concerning the effect of translations on create,
appearing in Theorem 3.15, which is a direct consequence of the stationarity.

Lemma 3.16. Under the assumptions of Theorem 3.15, for any z € R, P-a.e. v and
Leb®"-a.e. x,,, we have

Createn(fy) e_BCOSt(Xnﬂ) — createn(v _ 1’) e—ﬁCost(x,L—l—a},’y—x).

The following property of create, will be the crucial for the forthcoming proof by
contradiction of number-rigidity.
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Lemma 3.17. Under the assumptions of Theorem 3.15, for P-a.e. 7, Leb®-a.e. y,,, and
any x, C -y, we have

create,, () = create,, (v \ x, Uyp) el i 9(v3)=9(@5), (3.19)
Proof. Tt is enough to show that, for Q,-a.e. v and Leb®"-a.e. x,,,y,, we have
create, (v U x,,) €™’ 2 9(@m) create, (YU yn) ¢ 25 9ws), (3.20)
Indeed, let h : R™ x R™ x Conf(R) — [0,00) be a measurable test function. We have by
definition of Cgf), Theorem 3.7 and (3.20),

/ S° h(Xns yn, ) create, (v) P(dy)Leb® (dy,)

XnCy

= / Cgl) {(xn, v) = h(Xn, ¥n, v U Xy )create, (v U xn)} Leb®"(dy,,)

= / h(Xn, Y, 7 U Xy )create, (7 U X, )e POt Leb® (dx,, ) Q, (dy)Leb®™ (dy )

= / h(Xp, Yn,y Uxp,)create, (v U yn)enﬁ 21 9(93)=9(5) = BCost(xn.) Leb®"(dx,,)Qy (dy)Leb®™ (dy,,)
. / ng) {(xn,v) — h(Xn, Yn, 7 UXy,)create, (v U yn)enﬁ 2?219@7)79(%)} Leb®"(dy,)

= [ S h(xn,ym, ) createn(y Uy, \ x,)e" 2i=1 900790 pdyieb® (dy,,),
XnCy

from which our claim follows.
Let f:R™ x R" x Conf(R) — [0, 00) be any measurable function, and set

fi(xn,7) = Z (X0, ¥, v\ Yn), fo(yn,v) == Z f (X0, ¥, 7\ Xn)-

YnCy XnCy

We have (writing (X, yn) = 22, € R?"),

ceM(f) = / S f(zon,7 \ 220) P(d7)

Zon CY

[ X (X F¥nr\ aUya) P(d)

XnCY  yn€y\xn
= P ()

and similarly an)( f) = Cgf)( f2). Next, using Theorem 3.15 and then Theorem 3.7, we
obtain

Yyn€Y

C(f1) = [ create, (v)eACostlxn) [Z £, Yoy \ yn>] Leb®"(dx,,) P(d7)

= /Cgb) [(yn,'y) > create, (v U yn)e_ﬂc‘”t(""’wy")f(xn,yn,fy)} Leb®"(dx,,)

Create,, (”y @] yn)e—ﬁ(:ost(xn YUyn)—LBCost(yn,y)

X f(Xn, yYn,7)Leb®" (dx,)Leb®" (dyy)Qn(dy).
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The same computation with fs yields

Cgl) (f2) _ /createn (’Y U Xn)e—BCost(yn,7an)—BCost(xn,'y)

X f(Xn, ¥n, 7)Leb®" (dx,)Leb™" (dyy) Qn(dy).

Thus, since the test function f is arbitrary, we have for Q,-a.e. v and Leb®"-a.e. x,,,yn,
create, (y U xn)efﬁCOSt(y”v'YUXn)*MOSt(an) = create, (y U yn)efﬁct)st(xnﬁUyn)*6COSt(ynﬁ)7
from which, after using the definition of Cost and several simplifications, we obtain (3.20).

O
3.5 Proof of Theorem 3.2
We are finally in position to provide a proof for Theorem 3.2. Let P be a stationary point
process satisfying canonical DLR.

3.5.1 Restriction to ergodic processes.

First, as a consequence of Proposition 3.13 and Proposition 3.14, we assume without loss
of generality that P is further ergodic in the assumptions of Theorem 3.2 to prove this
theorem.

3.5.2 Strategy of the proof.

The proof goes by contradiction.

Assume that the ergodic point process P is not number-rigid. By Theorem 3.15, there
exists n > 1 and a function create,, such that (3.15) holds true; from now this n is fixed.
For any m > 1 and K > 0, we denote by NX the event

N = {7 € Conf(R) : [ypmmy] < K} (3.21)
and consider the test function Test,, x defined by
Testy, k (Xn, ) = Ljo,1jn (Xn) Ini (V) Inx (7) > L) (Yn)- (3.22)
YynCy

In the following K is fixed and always assumed to be larger than 2n.
We compute, using that x,, € [0,1]" and m > 1,

€ (Testiae) = [ 32 Lo (e g (0 \ %) g (N %) S0 Lo () PL)

Xn Cy YnCY\Xn

— [ty D) Y Loe(n) 3 Lo () Pl).

XnCy YnCy

Thus, forgetting about the truncation 1y x+n(v)1yx (), we should think of C%)(Testm,K)
0 m

as encoding the correlation between the number of n-tuples from v with law P falling
into [0,1] and [m, m + 1] respectively. The main idea to reach the contradiction is that
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Cgl)(Testm, k) is bounded from above independently on m, since we have the rough upper
bound,

C'™) (Test i) < (K +n)" x K™, (3.23)
but we will prove that its Cesaro series diverges by using the long range of the logarithmic
interaction.

3.5.3 Manipulations on the test function - Part I

By using Theorem 3.15, introducing phantom variables z, and then using Lemma 3.17,
we can write

)(Testm K)

—/createn e PCCm N L e (Mg (1) D sy (Vo) P(dy)Leb (dxn)
ynCy

= / create, (y)e N Ly (V) g (1) D Lt 1) (¥n) P(dy) Leb (dxn) Leb(l" (dz,)
YnCy

—/ —fCost(xn7) 1 K( )1NK Z createn(fy\ynUzn)l[mmﬂ]n(yn) nBY i1 9(z)=9(ys)
ynCy

x P(dy)Leb®"

0.1] (dxn)Lebﬁ’g] (dzy,).

Next, we use that for any z, € [1,2]" and y,, € [m,m + 1] we have
enﬁ Z;—;l 9(z5)—g(y;) > e—Cg(m) (324)

for any m large enough and C' > 0 only depending on n, 8. This yields

C) (Testy,ic) 2 o~Cam) [[e=0Cestten 1y (7)1 (7)

X Z createn (7 \ ¥n U 2n) L 1) (yn)P(d’y)Leb[O 1 (dxn)Leb[1 5] (dz,) (3.25)
ynCy

for any m sufficiently large.

3.5.4 Manipulations on the test function - Part 11

The integrand in (3.25) can also be interpreted in terms of a Campbell measure, and using
again Theorem 3.15, we have for any fixed x,, z;,

[ ePee 1 ()1 () 3 createn(y\ ¥ U ) L s (7) Pl)
YynCy

- /e—ﬁCOSt(Xn(YUYn)_,BCOst(Yn:'Y)]_Né( (yU Yn)]-fol (v Uy )create, (v U z, )create, (7)
X P(dy)Leb%mH] (dyn)
— / e~ PCost(xn,yUyn)—BCost(yn,y) 1N{f (7)1N7Kn_" (y)create,, (y U z, )create,, () (3.26)

X P(dv)Leb[W?mH] (dyn).
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Moreover, recalling Definition 3.5, we have for any x,, € [0,1]" and y,, € [m,m + 1],

Z g(y; — i) — gy;)| <

i,j=1

|Cost(xp, v Uyn) — Cost(xn,y (3.27)

for some ¢ > 0 depending only on n, 5. Thus, together with (3.25)—(3.26), we obtain

Cg)(Testm,K) > e_(cg(m)+c)/e_BC"St(X"’7)_5C°St(y"”)1 k() yr-n(7)

x createy, (v U z,, )create, () P(dy) Leb([@"} (dxn)Leb[Qf’n”erH (dyn)Leb([g"} (dz,). (3.28)

Finally, in order to isolate the dependence in m in the remaining integral, let us set

o i (7) i= [ createn(7)e "0 D1 e (1)LebiT, oy (dy) (3.29)

m

so that the previous inequality reads

Cgl) (Test,, i) > e~ (C90m)+e) / W, 1 () e_ﬂC“t(x””)lNK(v)createn(v Uzy,)

><P(dy)Leb([@"}(dxn)Lebf@"](dzn) (3.30)

3.5.5 An ergodic argument

We now make change the change of variables y, — y, + m in (3.29) to obtain from
Lemma 3.16,

e (7) = / create, (7)e MmN e (7)LebZ (dya)
— _ —BCost(yn,y—m) _ RN
/createn(7 m)e ].Né(fn (v m)Leb[0 I (dyn)
= llo,x (y —m).

Since P is ergodic by assumption, the ergodic theorem implies that P-a.s.

lim — Z Wi (7) = Ep[llo k]

M—o00 M
Note that Ep[llg x] > 0, since
Ep[llyx] = / create, (i)e DL, (n)Leb™ (dys) P(dn)
= C({f) (1[0,1]H(Yn)1|\|é<*n(’¥))
— [ ¥ Loup )l (0 \ ) P(d) (3:31)

YnCy
> P(|ypyl =n) >0

by Corollary 3.3; we used that K > n by assumption. Fatou’s lemma then yields

o1 (Colm)te
hmlnfM Z C( )(Testh) (hmlnf Z e~ (Ca(m)+ )> Ep[llo k]

M—o0 1 —00 —1
% / e~ BCost(xn ) create, (v U Zn) Ly (y)P(dy)Leb%“i] (dxn)Lebﬁg] (zn). (3.32)
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3.5.6 The remaining integral and conclusion

If the integral in (3.32) vanishes, then

e—BCost(xn M create,, (yU Zn)lNé( () =0, (3.33)

P® Leb%f‘l] ® Lebﬁg}—almos‘c everywhere. Let us fix mg > 1. Note that when we proved the
lower bound (3.28), the only inequalities we have used were (3.24) and (3.27). Since the
converse inequality also holds in (3.24) after changing the constant C' to another positive
constant and (3.27) is both-sided, the exact same line of arguments yields £ > 0 only
depending on mg, n, 5 such that

C(;l) (TeStm07K> S K// ”m(),K(ﬂ)/) e_BCOSt(Xnv’Y)Createn(f)/ U Zn)lN{f (Py)

><P(dfy)Leb%ﬁ}(dxn)Lebﬁg}(dzn). (3.34)

Recalling (3.31), we have Ep[ll;,, k] = Ep[llo,x] < (K +n)" < oo and thus (3.33)-(3.34)

imply together that CS?) (Testy, ) = 0. However, we have the rough lower bound

CB (Testu i) > P (1ol = 7 0 sy =7)

as soon as K > 2n, and Corollary 3.3 then yields that Cgf) (Testyy.x) > 0.
As a consequence, the remaining integral in (3.32) is positive and, because g(m) =
—log(m) — —o0 as m — o0, it follows from (3.32) that

lﬁnjgof i mz::1 Cp’(Testy, i) = oo. (3.35)

Recalling the upper bound (3.23) on Cgb)(Testm k), we finally reached a contradiction.
The proof of Theorem 3.2 is therefore complete.

3.5.7 A more general statement for number-rigidity

A careful examination of the proof of Theorem 3.2 reveals that we did not use much of
the properties of the vector space R nor of the logarithmic interacting potential g. More
precisely, the properties of g are only used in equalities (3.24), (3.27) and when stating
that

1 (Cg(m)+c)
P —(Cg(m)+c) _
11n1_>1cr>10f mEZI e 00.

As for the compact sets [0, 1], [1,2] and [m,m + 1] appearing in the proof, they can be
replaced by arbitrary disjoint compacts sets Ky, K1, K, with unit Lebesgue volume and
such that the distance from K,, to Ky and K; goes to infinity with m.

Thus, let us consider more general interaction potentials g : RY — R U {+o0} for
d > 1 and redefine (2.8)-(2.16) accordingly by using this new ¢ in their definition (where
we now set Ap, := [—2, %]%). Let us also assume there exists a non-trivial class ¢ of
stationary point processes for which the move functions exists, namely so that the results

of Lemma 2.15 holds for any P € ¥ and, having in mind the proof of Proposition 3.13,
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that ¢ is stable by desintegration: if P € % can be written as (3.10), then P, € € for
P-a.e. n (recall that for the one dimensional logarithmic interaction & were the class
of stationary point processes that have finite renormalized energy). We then say that a
stationary point process P on R? satisfies the canonical DLR equations with respect to g
if P € ¢ and canonical DLR holds with the new definition for f ga. In this more general
setting, cosmetic modifications of the proof of Theorem 3.2 leads to the following result.

Theorem 3.18. Let d > 1 and g : R — R U {+00} be a measurable function which
satisfies g(x) — —oo when ||| — co and assume that there exists a compact set K C R?
such that g is continuous on R?\ K. If P is a stationary point process on R? which satisfies
the canonical DLR equations with respect to g, then P is number-rigid.

In particular, this results applies to the logarithmic potential g(z) = — log ||z|| on R?
for any d > 1, including the d = 2 Coulomb interaction. The question of identifying
an appropriate class % for this setting will be investigated in another work. Note that
Theorem 3.18 does not cover, however, the Coulomb interaction g(z) = ||z||~(@~? in
dimension d > 3 or, more generally, the Riesz interactions g(x) = ||z||~° for any s € R.
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