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The two-dimensional Coulomb plasma:
quasi-free approximation and central limit theorem

Roland Bauerschmidt! Paul Bourgade? Miika Nikula3 Horng-Tzer Yau?!

Abstract

For the two-dimensional one-component Coulomb plasma, we derive an asymptotic ex-
pansion of the free energy up to order N, the number of particles of the gas, with an effective
error bound N'~* for some constant x > 0. This expansion is based on approximating the
Coulomb gas by a quasi-free Yukawa gas. Further, we prove that the fluctuations of the linear
statistics are given by a Gaussian free field at any positive temperature. Our proof of this
central limit theorem uses a loop equation for the Coulomb gas, the free energy asymptotics,
and rigidity bounds on the local density fluctuations of the Coulomb gas, which we obtained
in a previous paper.
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1 Introduction and main results

1.1. One-component plasma. The two-dimensional one-component Coulomb plasma (OCP) is
a Gibbs measure on the configurations of N charges z = (21,...,2y) € CV. Given an external
potential V : C — R U {+o0}, the Hamiltonian of this measure is defined by

HEy(2) =NY V(z)+ Y Gz, %) (1.1)
J J#k
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where G(zj, z) = C(z; — 21) is the two-dimensional Coulomb potential,
Clzj — zk) = —log|z; — 2l (1.2)

characterized by Alog|- | = 2wy as distributions and >, ,; =23, ;. The Coulomb plasma is
our main interest, but throughout the paper we will also consider other symmetric interactions
G(zj, z). The associated canonical Gibbs measure at the inverse temperature § > 0 is defined

by

1

— e PN BN (), (1.3)
ZNv.5

Pﬁ,v,ﬂ(dz) =

where m denotes the Lebesgue measure on C, and ZJ%,V, 5 the normalization constant. Here we
have assumed that V' has sufficient growth at infinity, so that the latter is well-defined. We will
follow the convention that when G = C then we will omit the superscript C whenever there is
no confusion. Similar conventions apply to other subscripts, i.e., we will often omit N and /.

Throughout the paper, we will use the terms Coulomb plasma, Coulomb gas, and OCP to
refer to the measure Py y g. This model has connections with a variety of models in mathematical
physics and probability theory. For 8 = 1, it describes the eigenvalues density for some measures
on non-Hermitian random matrices [16},22]. In particular, for quadratic V' the complex vector
z is distributed like the spectrum of a matrix with complex Gaussian entries. Moreover, the
properties of this two-dimensional gas are known to be related to the fractional quantum Hall
effect: for 8 = 2s + 1, with s integer, Py v g is the density obtained from Laughlin’s guess for
wave functions of fractional fillings of type (2s+ 1)~! [31]. Finally, an important problem is the
crystallization of the two-dimensional Coulomb gas for small temperature [2}/15].

The Coulomb plasma is a system with two scales: the microscopic scale describing distances
comparable to the typical interparticle distance N —1/2 and the macroscopic scale describing
distances of order 1. At the macroscopic scale, the empirical particle measure concentrates
around a limiting density that is described by classical potential theory, which we now describe.
For potentials V' that are lower semicontinuous and satisfy the growth condition

liminf (V(2) — (24 ¢)log|z|) > —o0 (1.4)

|z]—o0

for some e > 0, it is well known (see e.g. [43]) that there exists a compactly supported equilibrium
measure py that is the unique minimizer of the convex energy functional

Tv(n) = [[log 2 nldo) utw) + [ V) a(a) (15)

|2 — wl

over the set of probability measures on C. The unique minimizer py is supported on a compact
set Sy and, assuming that V is smooth, it has the density

1
pv = -AVLs, (1.6)

with respect to the Lebesgue measure m. We write Iy, = Zy (py) for the minimum of Zy. For
z € CV, the empirical measure is defined by

. 1
MZMZ:NZ(;ZJ”
J

For arbitrary 5 € (0,00), it is well-known that f — py vaguely in probability as N — oo, with
fu distributed under Py y,g. In [6] (see also [32]) we have proved two stronger estimates for the



Coulomb gas, which in can be summarized as follows. For b > 0 and k € N, we introduce the
norms

k
1fllooss = D VIV flloos  Uflloose = I1Fllocsa- (1.7)
j=0

Note that the boundedness of | f[|, , means that f is smooth at scale b. We typically take
b= N~° for some s € [0,1/2), and assume that f is supported in a disk of radius of order b.
The first estimate proved in [6] is a local law that asserts that for any smooth f supported in a
disk of radius b= N~° (s € [0,1/2)) centered at some point zp in the bulk (i.e., interior) of Sy
(and the function f supported in the bulk when s = 0), we have

N
¥ 2 G) [ £ v (dz) = Olog N) (N2 fow + N4V 122
j=1

= O(log N)N V7% fll so 2.5 » (1.8)

where | f||;2 = ([|f|?dm)'/? is the L?mnorm of f, with very high probability. A stronger
estimate, which we shall call rigidity, asserting that

N

S f(z) - N / £(2) v (d2) = O(N)[ Fllsout - (1.9)
j=1

with very high probability, also holds under the same assumptions.
The main result of this paper is the identification of the random error term in the above
rigidity estimate. It is given by the Gaussian free field with a nonzero mean.

2. Main results. Our main results are the following two theorems. In addition to the condition
(1.4), the global potential V' is always assumed to satisfy

V € €° on a neighborhood of Sy = supp v, ag < AV(2) <y’ forall z€ Sy (1.10)

for some constant g > 0. We assume that the boundary of Sy is piecewise €, or more precisely
that dSy is a finite union of ¢! curves. The prototypical example is V(z) = |z|? in which case
Sy is a disk, and the convergence ji — py is known as the circular law in random matrix theory.

Theorem 1.1. There exists a constant Cg € R such that, for any external potential V' satisfying
the conditions ( and (L.10), for any k < 1/24,

— log/ —BHv m®N(dz) = —NIy + = logN + CB + <; ;) /pv log py dm + O(N ™).

A similar result, as a limiting statement instead of a quantitative error bound, and with Cg
characterized via a large deviation principle, was previously proved in [33]. For our application
to the proof of Theorem [I.2] below, a quantitative error bound is essential. In addition, we will
provide a physical interpretation of {C as the residual free energy of the Coulomb (or technically
a long-range Yukawa) gas on the torus see Theorems (3 u and .

For the statement of Theorem [I.2] we require the following additional definitions. For any
function f with support in Sy, let

Xl=3 f) - N/fduv, (1.11)

= ;/AflOgAVdm = 417T/Af(2) log py (2) m(dz). (1.12)



In the following theorem, f : C — R is supported on a disk with radius b = N~° for a fixed
scale s € [0,1/2), and || f|| 55 < C < oo uniformly in V. We also assume that the support of
[ satisfies dist(supp(f), S{,) > ¢ for some ¢ > 0 uniformly in N. (Indeed, the last condition can
be relaxed to e = N~1/4t¢ for arbitrarily small ¢, i.e., f still supported in the bulk).

Theorem 1.2. Suppose that V' satisfies the condition (L.4)) and (1.10), and that f has support in
a ball of radius b = N~° with the above conditions. Then there exists 19 = 1o(s) > 0 such that
for any 0 < 7 <19 and 0 < A < (NV?)1727, we have

;AlogE (M(Xé(mw)) -2 / V(=) 2m(dz) + O((NB?) 7).

Here the expectation is with respect to P](\Z,V/B.

Note that \ is allowed to be very large in this theorem; this provides strong error estimates
for the Gaussian convergence. This central limit theorem is noteworthy due to the absence of
normalization: fluctuations of X‘J; are only of order one, due to repulsion, but still Gaussian.

For the purpose of establishing the central limit theorem for X{;, it suffices to take A to be of
order one (independent of N).

Finally, a result similar to Theorem [1.2| was obtained simultaneously and independently
in [34].

1.3. Related results. The study of one- and two-dimensional Coulomb and log-gases has at-
tracted considerable attention recently, see e.g. |21] for many aspects of these probability mea-
sures in connection with statistical physics. The subject of our work, abnormally small Gaussian
charge fluctuations of the one-component plasma, was first predicted in the late 1970s (see [26]
and the references therein).

In dimension two, in the special case § = 1, the central limit theorem was first proved
for the Ginibre ensemble, i.e. for quadratic external potential V' [39,/40]. These results were
extended to more general V' by combining tools from determinantal point processes and the
loop equation approach [4,5]. In particular, in the latter works the determinantal structure was
used to prove local isotropy of the point process, an important a priori estimate necessary to the
loop equation approach. For general inverse temperature 8, the determinantal structure does not
hold; nevertheless an expansion of the partition function and correlation functions was predicted
in [48-50]. The expansion of the partition function up to order N was rigorously obtained in [33]
(along with a corresponding large deviation principle for a tagged point process); see also the
related earlier works [41,44,45]; in addition, see also [23]. Still for the two-dimensional Coulomb
gas at any temperature, a local density [6,32,36] was recently proved, together with abnormally
small charge fluctuations in the sense of rigidity [6], see . Other recent results in this
direction include [3},37,38,42].

For the log-gas on the line, much more is known. Indeed, in dimension one the Selberg
integrals are often a good starting point to evaluate partition functions, and anisotropy does not
cause any trouble in the analysis of loop equations. For general 5 and V, full expansions of the
partition function and correlators were predicted in [19], proved at first orders in [46] and at all
orders in [8,9]. A natural analogue of the rigidity is also known to hold for log-gases on the
real line [10]. Still for the log-gas in dimension 1, the central limit theorem was first discovered
on the circle for 5 = 2 in [27], and on the real line for any £ in [28]. For test functions supported
on a mesoscopic scale, the local central limit theorem was proved on the circle for some compact
groups in [47], for general S ensembles with quadratic V in [11] and for general V' in [7].



For expansions at high temperatures, and exponential decay of microscopic correlations, in
closely related models of Coulomb gases, see [13,25]. For results on crystallization in the one-
dimensional one-component Coulomb plasma, see [1,/12,30]. Further results on Coulomb systems
in statistical mechanics are reviewed in [14,21].

1.4. Proof sketch. In Section |3, we first prove that an extended version of Theorem holds
for Yukawa gases on a torus. The essence is to show that the constant Cg, to be called the
residual free energy, can be identified independently of the range of the Yukawa interaction.
This fact is then used in Section [4] to establish an expansion of the free energy of the Coulomb
gas up to order N'=*. The main idea is to approximate the Coulomb gas first by a short-range
Yukawa gas, and then by a quasi-free Yukawa gas. Roughly speaking, a Yukawa gas with range
¢ < 1 can be viewed, for the purpose of computing free energy, as an ideal gas consisting of
independent squares of size b satisfying 1 > b > ¢ and with the gas inside each square being a
periodic Yukawa gas with range ¢. Since this gas is an ideal gas over a distance longer than a
mesoscopic scale b, we call it a quasi-free approximation.

The Yukawa approximation to the Coulomb gas is a well-known tool in the study of the
quantum Coulomb gas, see, e.g., [17,18]. However, the precision needed here is far beyond the
previous results. Following the traditional approaches in free energy estimates, we will prove
the free energy expansion of the Coulomb gas by establishing a lower and an upper bound.
The proof of the upper bound, contained in Section [ consists of the standard argument of
counting two-body Yukawa interactions in neighboring squares and uses only that the density
of Coulomb gas is bounded for all scales > N~1/2*¢ by [6]. The lower bound turns out to
be much more difficult than the upper bound. The Yukawa gas used in the approximation
of the Coulomb gas is constructed from the Yukawa gas on periodic squares, so the resulting
Yukawa gas on the plane breaks the translational and rotational invariances of the Coulomb gas.
The translational invariance is easy to restore by averaging over the “grid” of the squares. The
rotational invariance, however, is hard to recover and the effects of breaking it has to be estimated
precisely. We remark that in the quantum Coulomb gas, the lower bound of the free energy
was proved [35] by carefully maintaining the Coulomb rotational invariance. This was possible
due to the use of the “Swiss cheese” approximation. In our setting, we are forced to maintain
the square approximation since the limits of the residual free energy were established only for
squares. The key estimate which allows us to control the breaking of the rotational invariance
is contained in Section [6] where we estimate the energy distortion resulting from embedding
torus into the Euclidean space. This estimate uses the rigidity estimate of the periodic Yukawa
gas, a parallel version of the rigidity estimate established in [6] for the Coulomb gas. Using
the estimates from Section [6] we complete the proof of the lower bound of the free energy in
Section [Tl

Another difficulty in establishing Theorem [I.1] is the surface energy of a Coulomb gas. The
typical inter-particle distance of this gas is N~1/2, therefore the total Coulomb energy for par-
ticles within a distance N~1/2 to the boundary of the support of the equilibrium measure is
of order N. To see this, note that the number of surface particles, i.e., particles with distance
of order N~1/2 to the boundary, is of order v/N. Thus their Coulomb interaction energy is of
order N. Theorem requires to capture these interaction energies up to order N'=*. In other
words, the leading term in the energy associated with the charges near the boundary of the
support of the Coulomb gas has to be identified. Our idea is to use an ideal gas approximation
for a boundary layer and then switch to a Yukawa approximation for interior particles. We will
explain this idea in Section [4

In Section |8 we first prove that the central limit theorem holds after subtracting a random



term, the local angle term. From this result and the asymptotic expansion of the free energy
for the Coulomb gas, Theorem we obtain that the angle term does in fact vanish in a large
deviation sense. We thus prove Theorem for a test function f with macroscopic support.
For test functions with support on a mesoscopic scale b, we proceed via conditioning to a disk
of radius 2b. This conditioning procedure was used in [6]; it has the advantage of reformulating
the question into a problem on the natural scale b.

Throughout the paper, we will extensively use the local density and rigidity estimates for
the Yukawa gas and Coulomb gas with additional angular interaction, in a form similar to (|1.8))
and . In Appendices we therefore extend the estimates of [6] to the Yukawa gas and
the Coulomb gas with angle term. The rigidity estimates, to be proved in Appendix [A] use
estimates of the local laws in Appendix [B] We reverse the logic order because the proofs of the
local laws in Appendix [Bf are technical and use extensively conventions from [6].

1.5. Notation. We use the usual Landau O and o symbols. For N-dependent quantities A, B >
0, we write A < B when there exists ¢ > 0 and Ny > 0 such that A < N7¢B for N > N,.
For an event E, we say that E holds with high probability if for all D > 0 there is Np such
that P(E) > 1 — N~P for N > Np. For random variables A and B, we write A < B if for any
e > 0 the event |A| < N¢|B| holds with high probability. We use the notation A = O(N~>°)
to denote that A is subpolynomially small: for every D > 0 one has |A| < N~ for all N > Np
with probability at least 1 — N~ (if A is a random variable).

2 Preliminaries

We begin with the definitions of the Coulomb and Yukawa gas ensembles, and we give a summary
of the potential theory that we require, as well as of the estimates on the local density.

2.1. Coulomb and Yukawa potentials. We will identify R? and C and usually write z and w for
its elements. The two-dimensional Coulomb potential is C(z) = — log |z|, satisfying —AC = 2mdy
as distributions. The Yukawa potential with range ¢ > 0 is the solution to (—=A+1/¢2)Y* = 274y.
Explicitly, the two-dimensional Yukawa potential is given by the formula

o iPz —t(p?+1/¢2)/2 * —a(s—l—l/s)@:. :M
4W/RQ / dtdp = /1 e . :g(a), a 97’ (2.1)

where p - z denotes the Euclidean inner product on R2. From this formula, note that Y*(z) is
pointwise positive and positive definite, and that there is an absolute constant Y; such that

~ —1 logl+Yy+ O ¢) if (<1
Yi(z oggzl +£ ogl + Yo+ O(|2]/0) : 2]/ (2.2)
< CreC2lal/ if |z]/¢ > 1.
Indeed, the asymptotic relation can be checked with constant Yy = log 2 + ¢ from
ds
g(a) =19 —loga+ O(a), 9= —loc1) — . (2.3)

where g was defined in (2.1)). In particular, up to the constant Yy + log ¢, the two-dimensional
Coulomb potential —log|z| is the limit £ — co of Y*(z). We denote by T the two-dimensional
unit torus C/Z2. For £ > 0, the Yukawa interaction of range £ on T is defined by

= Z Yz +n). (2.4)

nezZ?



2.2. Ensembles. We now define the Coulomb gas and its perturbed versions on the plane C,
and the Yukawa gas on the torus T.

Coulomb (and Yukawa) gas on the plane. Remember that for a one-particle potential V : C —
R U {+00} and the two-particle interaction G : C x C\ A — R on C, where A = {(z,w) € C2:
z = w}, we define the N-particle Hamiltonian by

HNV NZV 2j —I—ZG 2, 2k), (z € CN), (2.5)
J#k

and the corresponding Gibbs measures at inverse temperature 5 > 0 by

PGy aldn) = e SO N (), (2.6)
N,V.B
where Z§ NV, s the partition function. The Coulomb interaction is obtained by taking G(z,w) =
C(z — w) to be the Coulomb potential and we omit the argument G in that case; the Yukawa
interaction of range ¢ is obtained with G(z,w) = Y*(z — w) and we then write ¢ instead of Y*
in the superscript. For the Coulomb case, we sometimes use the convention ¢ = oo

On the plane, we only use the Yukawa potential as a regularization of the Coulomb potential,
with ¢ > N2, in which case it is for all of our purposes equivalent to a Coulomb potential.

Yukawa gas on the torus. Similarly, for £ > 0 and for a potential V : T — R, the N-particle
Hamiltonian of the periodic Yukawa gas on T is defined by

HY v (2 NZVZJ +Y Uz —=z), (zeTV), (2.7)
Jj#k

where U? was defined in and we here use the abbreviation H ]{, =H ]{,70 The corresponding
probability measures are again defined as in , with m now the Lebesgue measure on T.

On the torus, we use the Yukawa potential with short range compared to the side length of
the torus (but still large with respect to the interparticle spacing), i.e., N2« i< 1.

Perturbed Coulomb gas on the plane. We will also consider perturbations of the Coulomb gas
on the plane, for which the two-particle interaction takes the form

G(z,w) = C(z —w) + tG(z,w), (2.8)
with ¢ € R, and where we assume that the perturbation G satisfies, for some 6 > 0,
Gz, w)| <1, |Gz, w)| e 17?20, (2.9)

The perturbed Coulomb gas will be used only in Section |8, We therefore suggest the reader to
skip this material until it is used in Section

2.3. Potential theory. We define variational functionals for the Yukawa potential with external
potential V' on probability measures p on C by

- / V(2) p(dz) + / V(2 — w) p(dz) p(dw). (2.10)

In the definition of the variational functional for the Coulomb interaction, the Yukawa potential
Y is replaced by the Coulomb potential C, and we then again omit the superscript £. Moreover,
we use the analogous definition for the variational functional of the Yukawa gas on the torus T,
where Y is replaced by U¢. We always make the following assumptions:



(i) The set Xy = {z: V(2) < oo} has positive logarithmic capacity; see |43} Section I.1].
(ii) The potential V is locally in C1'! and, for the full plane, it satisfies the growth condition

liminf(V (z) — elog |z|) > —oc. (2.11)

|z]—o0

In the Yukawa case, we assume € > 0, whereas in the Coulomb gas we assume that € > 2.
In the case of the torus, the growth assumption is trivial.

For a probability measure 1 on C respectively T, define the Yukawa potential by

Yj(z) = /Yg(z —w) p(dw), respectively Uﬁ(z) = /Ug(z —w) p(dw),

and again we use analogous notation in the Coulomb case. The following standard result gives
the existence and uniqueness of the equilibrium measure for the Yukawa and Coulomb gas. Let
P(Xy) be the set of probability measures supported in Xy. We write m = 1/¢ and use the
convention m? = 0 for the Coulomb case.

Theorem 2.1. Consider the Yukawa potential of range £ on C or the Coulomb potential on C
(with the convention { = co). Suppose satisfies assumption (i)-(ii) above. Then there exists a
unique pif, € P(Sy) such that

Ty (uy) = inf{Zy (1) : p € P(Sv)}. (2.12)

The support Sf} = supp ,u€/ is bounded (uniformly in £) and of positive capacity, and I‘é(ué) <
o0. Furthermore, the energy-minimizing measure u€/ may be characterized as the unique element
w of P(Xy) for which there exists a constant ¢y € R such that Euler-Lagrange equation

Yj +3V=cy gqe in St and (2.13)
Ylf—{—%V >cy gqe inC

holds. The equilibrium measure ,uév in the set Sé is given by

LAV £ m?@ey — V) = = (A - m?)V + 2m%ey), (2.14)

0
MV—47r 47

where the Laplacian is understood in the distributional sense. The same statement holds for the
Yukawa potential on the torus T with Y/f replaced by Uﬁ.

The proof is identical to that of the Coulomb case; see e.g. [43]. Also, by the same argument,
under the assumption that V' satisfies (|1.4)), the support of ,u@ is compact uniformly in /.

In the case of the Yukawa gas on the torus with V = 0, by translation-invariance, the unique
minimizer in (2.12)) is the uniform probability measure on T. Hence the minimum energy of the
variational functional for the Yukawa gas on the unit torus is simply given by

ueilg%l‘) / Ut(z — w) p(dz) p(dw) = 2762, (2.15)

We will use this fact in Section Bl



2.4. Local density estimates. From now on, we always assume that V' satisfies the assumptions
of Theorem 2.1} The local density estimates stated in the following theorems imply that, for any
disk B of radius r > N~1/2 (and the respective support assumptions), the number of particles
in B is of order r? with high probability under the respective ensemble. For their statements,
given a test function f : C — R, we denote the linear statistic centered by the equilibrium
measure by

Xp= Y5 - N [ F)u@) =N [ 5, (2.16)

where [ = % > j d.; denotes the empirical measure, and

=l (217)
The following two theorems will be proved in the Appendix

Theorem 2.2 (Local density for the torus). Consider the Yukawa gas on the torus T with Hamilto-
nian (2.7) and assume the potential V' satisfies (i) above and supp(uy) = T. Forany f: T — R
supported in a disk of radius b> N=/2,

[ Xf| < VNB(F, (A +m2) f) + 0| Af|oo- (2.18)
In particular, for any disk B C T with radius b > N —1/2 with high probability, we have
Nji(B) = O(Nb?). (2.19)

Theorem 2.3 (Local density estimate on the plane). Suppose that V satisfies the conditions ((1.4)
and . Consider either the Coulomb gas on C with potential V' and Hamiltonian , the
perturbed Coulomb gas in with |t|0?N < 1, or the Yukawa gas with range £ > N?. Then
for any f : C — R supported in a disk of radius b > N~V2 that is contained in Sy and has a
distance > N~V* 4 t1/4 to 08y,

X5l < VNO(f, =Af) + 0| V2 flloo = O(VND)| fll oo 2- (2.20)

In particular, for any disk B C Sy with radius b > N~Y/2 and distance > N~1/* /4 to dSy,
with high probability,
Nji(B) = O(Nb?). (2.21)

Moreover, if D = {z € Sy : dist(z,0Sy) < U’} with ' > N~* then, with high probability,
Ni(D) = O(NV). (2.22)

2.5. Rigidity estimates. In addition to the local density estimates of the previous subsection, for
the Yukawa gas on the torus, we also need the stronger rigidity estimates given by the following
theorems. These theorems are proved in Appendix [A] again following the method of [6].

Theorem 2.4 (Rigidity estimate for Yukawa gas on the torus). Consider the Yukawa gas on the
unit torus of range £. Let s € (0, %), and assume that N~Y/2 < £ < 1 and that V = 0. For any
sufficiently smooth f : T — R supported in a ball of radius b = N~%,

b 2
251 < (54 1) Wlloss (223)



In the regime that b/¢ < 1, this estimate improves the previous local density estimate by
about a factor 1/(v/Nb) with a price of taking one more derivative in the test function f.

As a corollary, we obtain the following proposition which estimates functions of two points.
The proposition, proved in Appendix[A] is a direct application of the rigidity estimate just stated
and Taylor expansion. To state the estimate, for any sufficiently smooth function g : Tx T — R,
we denote

g8, (zw) = sup [V g(z,y)l, (2.24)

(2,y)€B¢(2) X Bt (w)

where By(z) is the Euclidean ball of radius ¢ centered at z and |VZg(z,y)| is the maximum over
all partial derivatives of g of order j.

Proposition 2.5. Consider the Yukawa gas on the unit torus of range £. Assume that N~Y? <«
(<1 and that V = 0. Fizx N~Y/2 < s < 1. Then for any smooth function g on T x T and any
fizred p € N,

1 1\ &
Ve [[ oteow) i) o) < (G + 35 ) S ATIN I 225)

=0
where || - ||1 is the L'-norm on T x T and ||V g1 = |||V7g||1.
(» )

Notice that, besides explicit factors, ¢ only appears in the error term g ’. We usually choose

t to be slightly smaller than the scale that the function ¢ is smooth on.

2.6. Conditioned local density estimates. To prove the mesoscopic versions of the central limit
theorem, in addition to the above local density estimates, we need conditioned versions of these.
These and can be skipped on the first reading.

To state the conditioned estimates, we first recall the local conditioning from [6, Section 5].
We first focus on the Coulomb gas on the plane and comment on the changes for the Yukawa
gas on the torus afterwards. Let B C C be a disk of radius b contained in Sy, and consider
the Coulomb gas obtained by conditioning on all of the particles outside B. More precisely,
for a particle configuration z € CV, let M = M(z) denote the number of particles in B, let
(21, 22, ..., 2n) denote the collection of particles inside B, and let (21, 29, ..., 2y_s) denote the
particles outside B. The Hamiltonian Hy, may then be written as

Hyy() =Y log (= NZ( V(52 )) + E(2), (2.26)

J#k

where

Zlog it NZV (2.27)

J#k

Vo(w Zlog o=

Zk\

The term E(%) is independent of the particles in B and is thus irrelevant for the conditioned
measure. For any configuration of external particles 2 € (C\ B)N~™ and z € C, we write

W(wl|z) = {ﬁ(v(w) Velwl) (we D) (2.28)
00 (w & B),
Py pg(dw|2) = Puresywz),s(dw). (2.29)

10



The Coulomb gas given by the potential W (-|2) is the conditional gas inside B, glven the external
configuration 2. Here we have used the convention of the measure Py y g(dw|Z) in . this
convention also explains the normalization factor N/M in . In [6], it was proven that
under our assumptions on V' the conditional potential satisﬁes the following properties. First,
since V,(+|2) is harmonic in B we have

AW(z) N
dr M

pw = % (2.30)
in the interior of the support Sy C B (where py and its support Sy are defined by minimization
of the Coulomb version of (2.10])). For any function f that has compact support in Sy, we thus
have

M/fduw :N/fdw. (2.31)

Finally, from [6, Sections 5-6], we know that the measure duy may be expressed as %]1 Sy dpy +
vds, where ds is the length measure on 0B, v € L*(0B), and that the following properties
hold. These properties are verified in the proof of |6, Theorem 6.1].

The same definitions and properties apply in the Yukawa case when the Coulomb potential is
replaced by the Yukawa potential (the analogues of |6, Sections 5-6] are proved in Appendix ,

when (2.30) is replaced by the Yukawa density of the form ([2.14]), and when ([2.31)) is restricted
to test functions with | fdm = 0.

Lemma 2.6. Consider the perturbed Coulomb gas on the plane as in Theorem [2.3 or the Yukawa
gas on the torus as in Theorem. For any s € (0, ) there exists a constant T > 0 such that

the following statements hold with probability at least 1 — e —Nr? forr=N7%:

M = Npy(B)(1+O(M™7)),
Sw D{z€ B:d(z,0B) > M r},

w(9B) = / vds < M~

)
)
0
) [0]oo < O(1/7).

In particular, any disk B in the lemma satisfies the following good boundary conditions:

Definition 2.7 (Good boundary conditions). Fiz a scale N-Y2te < p < 1. Let B be a disk of
radius r, let P(-|2) be the conditional law (with the particles Z outside B fized) of the Coulomb gas
induced on z € BMG) where M(2) is the number of particles contained in B, and let W (-|2) be
the corresponding potential (with W (-|2) = 400 outside B). We say that the boundary condition
Z of the conditional law are good boundary conditions if the following properties hold. The
equilibrium measure associated to W = W (:|2) of the conditional measure can be decomposed
as puw(dz) = pw(z) m(dz) + v(z)ds, where ds is the length measure on 0Sy and Sy C B.
Furthermore, there exists a disk Q of radius r(1—N~T) for some T > 0 such that the equilibrium
measure satisfies the bounds

Zr’“H "ow)lallo < K, S |/PW S1-M9 e < M4 (2.32)

for some constants a > 0,A > 0, K > 0.
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Theorem 2.8. In the setting of Theorem [2.9, let B be a disk of radius r with good boundary
conditions, and write n = Nr2. Then good boundary conditions in the sense of Definition
hold with high probability under the original measure. Furthermore, for any disk B' C Sy with
radius N~Y? < b < r and distance er to dSy, with high probability under the conditioned
measure, the conditioned version of holds (where Xy is defined with respect to V' ):

X5 < VNO(f, (= A+ m2) ) + 0| Af oo (2.33)

Theorem 2.9. In the setting of Theorem let B be a disk of radius r with good boundary
conditions, and write n = Nr? and t = N72°. Then good boundary conditions in the sense of
Definition [2.7 hold with high probability under the original measure. Furthermore, for any disk
B' C Sy with radius N~'/? < b < 1 and distance > (n=Y* + n=/2)r to dSw, with high
probability under the conditioned measure, the conditioned version of holds:

| X ¢| < V/NO2(f, —Af) + V|V £ oo (2.34)

3 Free energy of the torus

We start with proving a version of Theorem for the Yukawa gas on the torus. This outlines
the strategy for the proof of Theorem [L.1]in a simplified context and also constructs the constant

¢ in Theorem

3.1. Main result. Recall the definition of the Yukawa gas on the unit torus from Section
and also that the minimum energy of the variational functional for the Yukawa gas on the unit
torus is given by 27¢2 by . We denote the N-particle partition function of the Yukawa gas
on the unit torus with range ¢ by

Z](\f) :/ e PHN(2) m(dz),
TN

where H J{, was defined in (2.7)). The main result of this section is the following theorem, namely
a version of Theorem for the Yukawa gas on the torus.

Theorem 3.1. There exists a 8 dependent constant , the residual free energy of the Yukawa gas
on the torus, such that for any o > 0 there is k > 0 such that if N~/2T7 <0 < 1,

1 1
—log 2\ = —27®N? + Nlog( + SN log N + NC + O(N'"). (3.1)

B
More precisely, O(N'=%) is NSO(N7/8 4 N1-27),

Remark 3.2. The above statement holds without the assumption ¢ < 1. Since this generalization
18 not needed for our application, we restrict to this slightly simplified case.

To prove Theorem [3.1], we define the specific residual free energy in a system of N particles
with interaction range ¢ by

CON) = %5(@(1\7) - %log N, ¢O(N) = }jlog 70 + 27 N? — Nlogt. (3.2)

In this notation, Theorem asserts that ¢‘(N) = ¢ + O(N'=*) whenever ¢ > N~1/2to,
Along this section and in Section [d we will repeatedly use the Jensen inequality in the form
log/e_B +EB(B-A) < log/e_A < log/e_B +E4(B - A), (3.3)

—A
where EAX = I fe p= ;,X and integration is with respect to a fixed measure.
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3.2. Continuity of the residual free energy. In the following Lemmas and it is proved
that ((Y(N) is almost independent of the range ¢ provided that £ > N2 and that ¢()(N)
depends only weakly on the number of particles V.

Lemma 3.3. For any o € (0, %) and v and w such that N~Y/2t7 < v < w < 1, the following
mequality holds:
O(N~27) < (W(N) = (V) S O(N ™), (3.4)

where the notation O(N~°°) was defined at the end of Section [1]
Proof. We start with the upper bound on (@) — ¢*). By Jensen’s inequality,

;log / o~ BH% (@) 1 (dz) < glog / o B ) 1 (dz) — BIR [HY — HY. (3.5)

Let LY (z) = U¥(2z) — U"(z). Then L%(0) = log(w/v) + O(N ) since U*(0) = Y*(0) + O(e~</*)
and ¥ < w < 1. Since L}, is positive definite, as can be verified by representing it in Fourier
space, we also have

L, = / L (z = w) fi(dw) i(dz) >0, forv <w < 1. (3.6)

Together with [ U*(z) m(dz) = 27¢% by (2.15), we have the estimate
Hf — Hy =Y LY(z — z) = 27(w® — v*)N? = Nlog(w/v) + N’L;, + O(N™>). (3.7
J#k
By the definition (3.2)), this proves that () (N) — ¢)(N) < O(N~>).
For the lower bound, we use the Jensen inequality and (3.7 to obtain

1log/e_BH%(Z)m(dz)
B
> ;log/e_ﬁHmz) m(dz) — 27(w? — v*)N? + Nlog(w/v) — N*EANLY + O(N~°). (3.8)

We apply the two-point rigidity estimate (2.25)) with g(z,w) = LY (z,w), £ = v, t = vN~° and
p = 2/e. Note that this choice of g satisfies
| Viglly < CijtPvw? < Cjw?,
tpHg H1<Ctp Py < C,N "W < C,N 2.

Therefore (2.25) gives
NZEANLY < N*O(w?v ™). (3.9)
Replacing € by £/4, we have thus proved that
C@ON) = ¢CM(N) = N°O(Wr™). (3.10)

This estimate can be improved to give the lower bound stated in as follows. For any fixed
e > 0 small, we choose (v;)¥_; such that v; = w, v, = v and 1 < VJ/V]H N°¢. Since w < 1 by
assumption, there exists an admissible choice of £ depending on ¢ but not on N. Then
with (w, v) replaced by (vj,v;41) gives

k—1

CIN) = ¢MI(N) = (¢ (V) = ¢l ZNEO vivil) = NO(w™?).  (3.11)
j=1

Since ™2 < N1729 by assumption, this completes the proof of the lemma. O

13



We record the following rough bound on the partition function.

Lemma 3.4. The torus residual free energy satisfies
¢ (n) = O(nlogn). (3.12)

Proof. This bound follows by smearing out the point charges into charge densities and using
the positive definiteness for the upper bound and Jensen’s inequality for the lower bound. This
is a standard argument and therefore we omit the details. The interested reader can look

into |6, Proposition 4.1] or (B.46). O

Using the above bound on the partition function, we obtain the following estimate for its
dependence on n.

Lemma 3.5. The torus residual free energy satisfies

log(n + m)
M(n) = — _pl— 1
) = ¢ m) =0 (|~ nPE ) (3.13)
Proof. We now prove the following more precise version of (3.12)):

N (n) +279% —logy < M (n+1) < €9 (n) + O(logn). (3.14)

In particular, €0 (n41) — £€0)(n) = O(logn). This implies the claim as follows. If n < m < 2n,
then

(D (m) = (D (n) = g;o <lo]§k> =0 (]m - n|loim> =0 <|m — nyW) . (3.15)

On the other hand, if m > 2n, then already (3.12)) implies

¢ (m) = ¢ (n) = 0Ologn) + Ologm) = O <]m - n\W) . (3.16)

This proves the claim for n < m. The case n > m follows by exchanging the roles of n and m.
It remains to prove (3.14]). We start with the lower bound. By Jensen’s inequality,

n+1

[ e Pitsiam VT E %) mn(dg)
S ey

log > —28E] Z U (2n11 — 2j),

7=1

where m"(dz) = [[_; m(dz;). In the following, we omit the superscript whenever it is obvious.
Integrating both sides over z,41, and again using Jensen’s inequality, we get

log Zusa = [ m(danin)log [ o EHn Vi (dz) 2 log 2, ~ (208) (277,
By the definition of £€)(n), it follows that
1
D (n+1) =21 (n+1)* = (n+1)logy + 5108 Zu1(8)

1
> 2m7*(n +1)? — 2n(2m7") + 5 log Zu(8) — (n + 1) logy = §7(n) + 217* — log .
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This gives the lower bound in ([3.14)).
For the upper bound, we set Hj = ZZZJIH U V(2 — #;). Then, by Holder’s inequality, it
follows that

n+1
n—1

Zun(®) = [ep |~ 0> f]mia) < [P g = 2,6, @)

Since £ (n) = O(nlogn), we have
1 n
5 log/e_ﬂH" m(dz) = —2my*n? + O(nlogn), H, = Z U7 (zi — zj).
i#]
Using this estimate and the convexity of the function t — log [ e~ m(dz), we have

~E)}PH, < log / e~ DI in(dz) — log / e m(dz) < —27y*n* + O(nlogn).

Using (3.17)) and integrating the relation dglog Z,,(8) = —E)? H,, we therefore get

n+1

n+1 n—1
log Z41(B) < log Zy, <Bn — ) = log Z»(8) —/ Ep°Hy ds

1 5
2n23
—_— 1 .
— + O(logn)

<log Z,(B) — 27('72
In summary, we have proved that

€0(n-+1) = 207(0 + 17 = (0 + 1) og ) + 5108 Zuia (9

2

1~ nlog~y — log~y + O(logn)

1 2n
<21y (n+1)? + 3 log Z,,(B) — 27r72n -

=) (n) 4+ O(logn),
which is the upper bound in (3.14)). 0

3.3. Scaling relation. In the remainder of this section, we will often consider the Yukawa gas

on a torus of side length b. Let T®) denote the torus of side length b, i.e., the square [b/2,b/2)?
with horizontal respectively vertical sides identified. The Yukawa potential on T®) under this
identification to the square [b/2,b/2)?, is defined by

Ui(2) =0 ()= > Y'(z+n), (3.18)

ne(bZ)?
where Y is the full plane Yukawa potential defined in (2.1)) and v = £/b denotes the relative
interaction range from now on. We denote the corresponding partition function of the n-particle
7)

> and set

Yukawa gas by Zlg
1 ws
5157) (n) = = log Z\") + 27v*n? — nlogd, Z = / e % V) pn(dw). - (3.19)
(T®)n

/B b,n b,n

From now on, we adopt the following convention for z — w in T(®) including the case b = 1.
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Definition 3.6. For z,w € T®), we always choose the representative for z — w (which is only

defined modulo (bZ)?) to be in [—b/2,b/2)2.
For later use, we record the following scaling relation.

Lemma 3.7. For any K > 0,
1 1
D) = <5 - 5)mog K2+ £ (). (3.20)

In particular, by choosing K = b=', with the definition of ¢ from (3.2),
1 1
2 p

Proof. By definition of the Yukawa potential (3.18), we have U/ (Kr) = U/(r). Therefore, by
changing variables to z = wK,

& (n) = ¢ (n) + Z logn +n(

—2
; ) log b=2. (3.21)

Lo _ 1 / Bt VRt (zi=2)
—Z". ==lo e i VKb \FTE)  (dz
gomih = g %8 (T(KB)yn (dz)
1 ¢ 1 1 1
=—1lo / 0 Pl Up(Wimwi) yp (Aw) + —nlog K2 = = lo Z(V)—l——nlo K2
g% (T®))n (dw) gree g o8 b T gl o8

where the term with log K2 comes from the scaling factor in the Jacobian. With v = ¢/b and
using the definition (3.19) of £, we have the rescaling identity

1 1 1 1
5%2(71) =21v*n? —nlog Kl + Bnlong + 3 log Zf;’g = (B — 5)nlog K%+ 557)(n)
as claimed. 0

by N~1/2%9 for an arbitrary fixed ¢ > 0. By Lemma [3.3, this replacement contributes an error
NeO(N'27) to (3.1). From now on, we therefore assume that ¢ = N—1/240,

In the following, we always parametrize the unit torus T by the square [~1/2,1/2)%. For a
parameter b < 1 such that 1/b and Nb? are both integers, we then divide the unit torus into a
grid of (small) squares « of side length b. To be concrete, we center the grid such that the small
square containing 0 € [1/2,1/2)? has 0 as its center. We denote the set of these squares by S.

For ¢ < b <« 1, the quasi-free Yukawa interaction is obtained from the Yukawa interaction by,
roughly speaking, removing the interaction between particles in a small square with particles
outside that square and replacing the interaction between particles in the same square by a
periodic one. More precisely, we denote by n = (n,) a particle profile, by which we mean an
assignment of a number of particles n, € N to each square «, with the constraint ) n, = N
where sums over a are always over a € Sg. We associate a torus T, of side length b to each
square o. The tori T, are of course all identical and equal to T®, but we keep the index « to
emphasize the connection with the square it is associated to, and label elements in T, by («, 2)
with z € T®). For v = (a, 2) € T, we write Uf(v) = Uf(z) where Uf(v) is the periodic Yukawa
interaction on T(® defined in ([3.18).

For n, € N, we define

3.4. Quasi-free approximation. To prove Theorem e first replace the interaction range £

Hav) = S Ui =) (v e o). (3.22)
i#j
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Given a particle profile n, the quasi-free free energy with particle profile n is defined by

1 N 1 A
F(n) = B log (n> + B ZIOg/n e_ﬂHa(u) m(du) (323)
« To
where the term (JX ) = HN:M! arises as the number of ways to distribute N particles into groups

of sizes (nq) with Y no = N.

The name quasi-free is motivated by the fact that particles in different squares do not interact,
i.e., their contribution is additive. The following two propositions show that its free energy is a
good approximation to that of the original Yukawa gas. To state the second proposition, denote
by fi = (fiq) with i, = 7 = Nb? the expected number of particles in the square a.

Proposition 3.8 (Upper Bound). Assume that { < b < 1. Then

;log / e PH @) 1 (dz) < ;log > PP NFO(NZED . (3.24)

Proposition 3.9 (Lower Bound). Assume that ¢ < b < 1. Then
1
Blog / e PH () 1n(dz) > F(n) + NTO(N23p1). (3.25)

We will prove the two propositions in the next two sections.

3.5. Upper bound: proof of Proposition By translation invariance, instead of working with
the grid of squares Sg centered at 0, we can equivalently consider the shifted grid consisting of
square u+a with o € Sg and center u € [~b/2,b/2)%. The center of u+a is c(u+a) = u+c(a).
Given this choice of origin u and a square o € S, we define

O, =00 tut+a— T®)  the natural embedding from the square u + « into the torus T®),
(3.26)
mapping the boundary of u + a to a vertical and a horizontal line in T(®). More precisely, using
the coordinates c(u+a)+[—b/2,b/2)? on the square u+a C T and the coordinates [—b/2,b/2)?
on the torus T®), we set

Pl(2) =2z—clu+ a). (3.27)

For z,w in the original unit torus T, we define the quasi-free pair interaction through the
embeddings ®, by

Yi(z,w) = Y Uf(@%(2) = ®4(w)lcutaluweutra (2w €T). (3.28)
aESy

The interaction }N/qf is in fact very simple: we divide the unit torus into a grid of cubes of side
length b with the grid centered at u. Then for two particles in the same small square «, we view
them as two points on the torus T() interacting via the torus Yukawa potential Ube. For two
particles in different small squares, the interaction vanishes.

The corresponding Hamiltonian flﬁ with pair interaction fff is

Hi(z)=> Yi(z,2;) (z€TV). (3.29)
i#]
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The choice of origin u € [—b/2,b/2)? was arbitrary and we will eventually average of this choice.
We set E¥f(u) = b% f[—b/2 b/2)2 duf(u) and define the function Y by

Y (z,w) = E*Y(z,w) (z,w € T). (3.30)
By Jensen’s inequality and then averaging over u,

1

5 log/e_ﬁHg(Z) m(dz) < ;E“ log/e_ﬁgﬁ(z) m(dz) —i—IE“EHZ(ﬁS — HY. (3.31)

The second term on the right-hand side is Ef* Dt [V (21, 25) — U%(2; — zj)]. This expression is
estimated in Lemma below. Its proof follows by counting particles using the local density
estimate.

In preparation for the proof, we first state some estimates on Y. These estimates are stated
in terms of the function g : C — R defined with z = x + iy by

o) = CTILZ ey (S v uR), b=l A0 -lel G32)

where we write Y (r) for Y () with |z| = r. By definition, g is supported in [—b,b]?. Assuming
an identification of T with [~1/2,1/2)2, g can be extended to a function on T. Thus g(z — w)
is well-defined as a function on T x T.

Lemma 3.10. Assume that ¢ < b. Then
Y (z,w) = g(z —w) + O(e~") (z,weT) (3.33)

and

Uz —w) = g(z — w) + O(£/b) (z,weT). (3.34)

Proof. We first verify (3.33), i.e., we evaluate Y (z,w). If |z — w|o > b then the points z and w
are necessarily in two different squares and Y*(z,w) = 0 by (3-28). Thus we can assume that
|z — w]oo < b. We write z —w = x + iy with z,y € [—b, 1]

For fixed such z,w, the probability under the average over u that z and w lie in the same
square is given by (b—|x|)/bx (b—|y|)/b. For z,w in the same square, we have Uf(®(z) —®(w)) =
Y4(\/22 4 y2) + O(e=/*) where the error is from the sum over the periods in the definition of
Ulf. We have thus proved , ie.,

Y (z,w) = BV(z, w) = (b— \xll))gb - |yDY£(\/W) + O/,

To verify (3.34)), first assume that |z| V |y| < b. Then, by the definition (3.32)) and using the
exponential decay Yg(z —w) = O(e_c|z_w|/€)7

gz —w) =Yz —w) = O]z — w| /b)Y (z — w) = O(L/b). (3.35)
On the other hand, if |z| V |y| > b then g(x,y) = 0 and the claim follows from
90 — ) = Y'(z — w)| = Yi(z —w) = O(~F9/) <O < O(Lh),  (3.36)

using the assumption ¢ < b. This completes the proof. O
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Lemma 3.11. Assume that ¢ < b < 1. Then

E NV (2 - 2j) — Ul — 7)) = NSO(N263b 7). (3.37)
1,

Proof. We use the local density for the Yukawa gas, Theorem [2.2] implying that any square
in T of diameter 7 > N~/2 contains O(Nr?) particles with high probability. In addition,
V(2 — 2j) < e N7 if |z, — zj| > UN®. Thus Y (z; — 2;) + U%(2; — z;) < O(N~°°) in this case and
the sum over the contributions of these terms in (3.37)) is again of order O(N~°°). Therefore,
we can assume that |z; — z;| < ¢N°® for all ¢, j from now on. By using , we can replace Y
by g. As a consequence,

E N [g(zi — 2;) — Uz — 2))] = O(NEN(N(2)(¢/b))
1,J

since each of the at most N particles z; interacts with O(N°N¢?) particles z;, and the difference

Ul(z — w) — g(z — w) is of order £/b by Lemma This proves (3.37)). O
Proof of Proposition[3.8 By (3.31)) and (3.37),

1 1 7

5los / e PH () 1y (dz) < BE“ log / e PHL®) 1 (dz) + O(NEN263p1). (3.38)

By the definitions (3.28])—(3.29), after partitioning in the number of particles in each square, the
integral in the first term on the right-hand side factorizes over the squares and therefore is

[0 - ()L, i -

where we used the definition (3.23)). This completes the proof. O

3.6. Lower bound: proof of Proposition To obtain a lower bound on the partition function,
we use the coordinates [~1/2,1/2)2 for T and the grid S centered at 0. We can then restrict the
particle numbers in all squares « to their mean 7 = n, = Nb?. (Although 7, is independent of
a, we often keep the index for analogy with Section ) Thus we define the indicator function

x(z) = H 1 (na(z) = ﬁa>, (3.39)

where, for a particle configuration z € TV, we define n(z) = (n(z)) to be the particle profile
associated to the configuration z, i.e., no(2z) is the number of particles z; € a. Trivially,

;log/eﬁm(z) m(dz) > ;log/eﬂm(z) x(z) m(dz). (3.40)

Ordering the squares in S arbitrarily as a;, ag, . .., we write x(z) for y(z) multiplied by the indi-
cator function of the event in which the particles z1, ..., z5 are in a1, the particles zz41,- .., 295
are in amg, and so forth. Then

1 —pH() ¢ _1 (N ) 1 BH =) ¢
ﬂlog/e x(z) m(dz) ﬁlog N + Blog/e X(z) m(dz), (3.41)

where (]IY ) is the combinatorial factor for dividing IV particles into small cubes of size ni,no, ...
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To estimate the integral on the right-hand side, we choose maps
U, : T - o (3.42)

that embed the torus T(®) injectively into the square a. Note that the maps ¥, go in the
opposite direction of the maps @, in used in the upper bound. Such an embedding is
necessarily discontinuous along a horizontal and a vertical line in the image. We will choose the
maps ¥, randomly by averaging over the positions of the discontinuity lines. The center where
the two discontinuity lines meet can be parametrized by a point u € [~b/2,b/2)?. Using the
coordinates [1/2,1/2)? on the unit torus and recalling that S is the grid of size b with center 0,
we can parametrize the square o € S by c(a) + [~b/2,b/2)? where c(a) € (bZ)? is the center of
. Using [~b/2,b/2)? as coordinates for T®), we define ¥% by

U (w) = c(a) + [u+ w, (w € [~b/2,b/2)?), (3.43)

where [z] the representative of z € C in [~b/2,b/2)? modulo (bZ)?. Clearly, the maps ¥¥ have
Jacobian |dW%| = 1. We write E¥ for the average over u.
Given the particle profile n = n = (2y) and H, defined in (3.22)), set

H(v) =) Hu(v"). (3.44)
Let w, be the probability measure of the Yukawa gas on (’]I‘(b))”a and w their product:

wo (dv?®) = Zie*ﬁﬁa(va)m(dva), w = Hwa. (3.45)

«

Moreover, given the maps V¥, define ¥ by

[ -1, w({v)) = {Ta(v™)}) € TV, (3.46)

where configurations in the image of ¥ have n, = n, particles in the square « (in some fixed
order that is irrelevant), and U*w = [, Vi w, is a measure on such configurations of NV particles
in T.

For such a configuration z, we write z® for the vector of particles in the square a. Then
defining Hy(z) = 3., Ha 0 ¥, ' (2%), we have by Jensen’s inequality,

glog/e_ﬁHé(z))Z(z) m(dz) > ;log/e_ﬁﬁ‘l’(z)f((z) m(dz) + BV (Hy — HY). (3.47)

Reversing the change of variables and averaging over the distribution of maps ¥ with |[d¥| = 1,
whose expectation is denoted by E¥, we have

;log / o BH G > ;log / o Blla(v®) [a[ dv® + EYE®(H(v) — H (U (v))), (3.48)

It remains to estimate the second term on right-hand side of ([3.48). Let p, denote either
the normalized uniform measure on the square « or the associated torus Ty, (the distinction will
be clear from the context). We write fiq = fiq — fto Where

ga(du):ni S 6, (dv). (3.49)

o j:vjE']I‘a
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Note that [ dfi, = 1. Define
E=> nlE'E” //T . (Uf(v —w) — YU (v) — Uo(w))) fia(dv) fie(dw). (3.50)

The following two lemmas, which we will prove in the remainder of this section, estimate the
second term on right-hand side of (3.48]).

Lemma 3.12. Assume £ < b < 1. Then
EYE®(H(v) — HY(¥(v))) = E+ O(N~>°). (3.51)
Lemma 3.13. Assume ¢ < b < 1. Then
E = N°O(N?¢3p1). (3.52)
Given Lemmas the proof of Proposition is completed as follows.
Proof of Proposition[3.9. By combining 7, we have

;log/e‘ﬁH“z)m(dZ) > ﬁlog( ) - Z log/ “BHa(v*) gy 1 NFO(N263b71).  (3.53)

The first two terms on the right-hand side of (3.53)) together equal F'(n), completing the proof.
O

To complete the proof of Proposition it still remains to prove Lemmas [3.12H3.13
Proof of Lemma[3.19 We must prove that

S EVE® [Z Lot Loer, (Uf(vi — ) ap — V(U (vy) — \pg(uj)))} = E+O(N~%).
a,B 1#£]
(3.54)

We first note that the contribution of the nonadjacent squares on the left-hand side is bounded
by O(e=</%) = O(N~>), by (3.18) and ([2.2). For any «, 3 (including o = ), define

o o, (Plv) = ¥s(10)) paldv) pldu) / Y (0 w) pa(dv) g (dw), (3.55)

where the equality follows from EYE®/i,(dv) = po(dv) and [d¥,| = |[d¥s| = 1. Denoting by
a ~ (3 that the squares v and (8 are adjacent, therefore

ZE\PE“’ [Z Ly,er LojeT, (Ulf(’l}z’ —vj)la=p — Yﬁ(q/a@i) - qjﬁ(”j)))}

.8 i#]
= Y niE"E [ / / (=) =Y (o) = o)) i) )|
=) afgYas + O(N™). (3.56)
a~f

Using again [dV¥,| = 1 and EYE¥ji, = 0, we can rewrite the difference of the first term in the
last line and E as

Zn

Uy (v = w) pia(dv) pra(dw) Y0 = w) pra(dv) pa(dw) | - (3.57)
Il Il |
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We then apply the cancellation (3.58) below to this term and the last term on the right-hand
side of (3.56), i.e., —> anp NafgYas. Finally, we sum over the squares o of which there are
O(b=?) many. Using O(b=2)O(N~>°) = O(N~°°) and the definition of E, the claim follows. [J

Lemma 3.14. For any square o of side length b > ¢ fixed,

2 //WU”‘ ) o (dv) pra (o) / V(0 = ) ra(dv) pro(cuw)|

— ) NafgYas =O(N"™). (3.58)
B:B~a

Proof. Using that contributions of pairs with distance > ¢/b are negligible in U,f and unfolding
the periodization in the definition of Uf, we have

//T& Ui = o) mdo) m{du) = /oz/(U/3~a/3)Uoz Y (2 = w)m(dz) m(dw) + O(N ™).

Thus the first two terms on the left-hand side of (3.58)) are given by

5 [, wnatasmstan) + 00)

i.e., the left-hand side of (3.58)) equals

e Mg — 1 Yz — w) o (dz dw) + 0(e™ M) =N~
ﬁ%( ﬁ)//w (2 — w)pta(d=)us(dw) + O(e™N°) = O(N~)

as needed. O

Proof of Lemma[3.13, By the definition (3.50)), i, = Nb?, and since there are b~2 squares a,
we must bound

E =b"3(NV*)*EVEY / / (Uf(v —w) = YU 4 (v) = Vo(w))) fia(dv) fia(dw),  (3.59)
T(®) x T(b)

where « is any of the squares in S. Recall that the expectation EYE® averages over the parameter
€ [-b/2,b/2)? in the definition of the embedding ¥ (see Section and over the Yukawa

gas in T,. We estimate this expectation in two steps.

Step 1. For v,w € T®), we write v — w = (x,y) in the sense that (z,y) € R? is a representative

forv—w € ']l‘(b) chosen such that |z| < b/2 and |y| < /2. We claim that

EY (U (0 — w) — Y/ (Wa(0) ~ Uo(w))) = bla] + b('f;' — Yl — )+ O, (3.60)

The proof of uses exactly the same reasoning as that of Lemma Namely, by the
definitions of W, and Uy, the difference Uf(v — w) — Y (U, (v) — Wo(w)) is O(e™/*) unless v
and w have periodic distance of order ¢ and ¥, (v) and ¥, (w) have Euclidean distance order b
(i.e., Uy(v) and ¥, (w) are on opposite sides of the square ). Assuming that the difference is
not O(e=/%), the Y term itself is O(e~*/*), and only the U term contributes. The prefactor
(b|lz| + bly| — |zy|)/b? on the right-hand side of is the probability that ¥, (v) and ¥, (w)
fall on opposite sides of the torus under the randomness of E¥, i.e., when the center of the square
« is chosen uniformly.
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Step 2. We claim that

R // blz| + b\y! |$y’Ulf(U — w) il(dv) fi(dw) = nfO(£/b)3. (3.61)

This estimate does not use any cancellations due to the difference in the definition of fi, as
flo, — fie.. We may therefore replace i by fi; the terms involving uy obtained when expanding
it are analogous. Moreover, since the left-hand side of does not depend on the position
of the center of the square a, the expectation EYE® can be replaced by the expectation of the
Yukawa gas on the torus T(®). Furthermore, by rescaling it suffices to assume that b = 1, i.e.,
that the torus T() is the unit torus T. With v = £/b and denoting by E” the expectation of the
Yukawa gas on the unit torus with n particles and range ~, it is then sufficient to to show that

nQEv/ v —w| U (v —w) fu(dv) fil(dw) = nO(n~3). (3.62)

Note that O(n?+?) is the order of the left-hand side when we replace ji by the uniform mea-
sure. So the proof of the last bound can be understood by the simple heuristic that the density
of the measure [ is bounded by uniform measure at the scale v provided by the regularization
of the interaction U”. We now give the formal proof by using the local density bound for fi
stated in Theorem More precisely, dividing the unit torus into squares of length b= n®y, by
the local density estimate, each square contains O(nl~)2) particles, with high probability. Thus,
denoting the squares by « and (3, the left-hand side of is bounded by

n2EY v—w|UY(v—w)i(dv) a(dw). .
%/Lxﬁ| |07 (0 — w) fdw) fdw) (3.63)

Using the exponential decay of U” (v —w), up to an error of order O(e~*""), only the neighboring
or equal pairs of squares «, 8 contribute to this sum. For each such pair, the contribution is
O(n2b°) with two factors of b? arising from the integrals over z and w and one from the factor
|z — w|. Summing over the O(h~2) terms and using that b = n°~, the left-hand side of is
bounded by O(n2b%) = O(n213¢43). Finally, replacing 3¢ by ¢, the estimate - follows O

3.7. Consequence of quasi-free approximation. The main consequence of the quasi-free approx-
imation for the torus is Proposition [3.17|below. In preparation, we need two elementary lemmas.
The quasi-free approximation upper bound and the lower bound are slightly dif-
ferent in that the upper bound is summed over all possible particle numbers in every small tori
while the lower bound contains only the term that the number of particle in every small tori
is identically its mean. Due to the convexity of free energy, it is not difficult to show that the
fluctuations of number of particles can be estimated and they will be of lower order. This is
the content of the next two lemmas. Once this is achieved, the quasi-free approximation upper
and lower bound match up to a lower order terms. This establishes the additivity of the free
energy up to negligible errors except that the range of Yukawa interactions are different for the
gas in the original torus and the smaller one. However, the scaling of the free energy is given in
Lemma[3.7)and the error due to the change of Yukawa range is easy to estimate. Thus we obtain
that the existence of the specific free energy with effective error estimate in Proposition

Lemma 3.15. Let
1

1 1
ho(n) = 27792 (ng — )% = 1aCY (n4) — M logng — (5 - E)na logb™2. (3.64)
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Then the quasi-free free energy with particle profile n defined in (3.23|) can be written as
F(n) = 1 log N + 2702 N? + Z ha(n) — Nlogt (3.65)
3 N 4 o . .

Proof. From (3.23)) and (3.19)), recall that F(n) = % log (]X) — > o Ta(na), where

To(ng) :== —élog/ e B Xz Ualzi—21) m(dz) = 2ry*n2 — nglogl — 5(7)( o)

Ta™

By the scaling relation ([3.21)), we also have hy(n) = 2772 (n, — 7)% — 5157) (ng). The equality
Z omy?n? = 2m~? Z 24 on®N?

therefore implies

Y Tu(na) =2r?N?+ > ha(n) — Nlog.

«

This completes the proof. ]

Lemma 3.16. For any functions £, : N — R satisfying |Ea(n) — Ea(m)| < O(In — m|(n +m)%),
with v =10/b > N, we have

;logZeﬁg(“) <&(m)+ N°Do(?),  Em):=> [— 2172 (N — 7ia)? + Ealna)|. (3.66)

Proof. By definition,

log Z efEm) _ log Z e

logZexp [ZB[ 2172 (e — 0)? + (Ea(na) — Ea(ﬁa)}] . (3.67)

«

To get an upper bound, we drop the constraint ) | n, = N on n, and sum each n, indepen-
dently. Using the assumption |E4(n) — Ex(m)| < O(|n —m|(n +m)¢), the elementary inequality
that for any positive fixed numbers C, ¢ > 0 and all integers m > 0,

> exp |Cln = ml(n +m) = ey (n —m)2] < O(y 1) (m + 572 %0 (3.68)
n=0
and that n, = Nb?, the left-hand side of (3.67) is bounded by
O(log N) D72 (1ta + %)% < NOEIO( ),
This completes the proof of the lemma. O

Proposition 3.17. For any o > 0, there is 7 > 0 such that if ¢ > N~Y?17 gnd 1 > b > N0,
¢OWN) = P (NB) + O(NT). (3.69)
More precisely, O(N~T) is NS O(N#3/b+ 1/(N£?)).
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Proof. The assumptions on ¢ and b imply that the error terms in (3.24), (3.25) are O(N'~7).
By Propositions together with Lemma therefore

1 1 N .
= log/eﬂHg(Z) m(dz) > —270*N? + Nlog/ + - log < )eBZa ha(B) _O(N'=T),  (3.70)

B B n

1 ¢ 1 N

—lo /e'BH (2) m(dz) < —272N2 + Nlog/ + = lo ( )e’BZah”‘(n)—i—O N, (3.71
5log (dz) gl+3 gg N (N'77). (3.71)

We compute the sums on the right-hand sides of (3.70)), (3.71). By Stirling’s formula,
N
log<n> :NlogN—Znalogna—i—O(logN). (3.72)
e

With the definition of h from (3.64), and &, (na) = (5 — %)na 10g(nab~2) + naC (ny) and € of
(3.66)), we rewrite (3.70)), (3.71]) as

1 1
3 log/e_BHé(z) m(dz) + 2n?N? — Nlogl > () + BNlogN + O(N'™),

1 y 1 1
“1o /e—ﬁH =) m(dz) + 272N2 — Nlog/ < = lo ePEM) L~ Nlog N + O(NIT).
5 log (dz) 80< 3 g; 5 log (N'77)

By Lemma &, satisfies the assumption of Lemma Lemma then shows that the
sum over n can be estimated by its dominant term @i with error N*O(¢2) = O(N!'~7). Since

£(n) = G — ;) Eo;ﬁlog(ﬁb_Q) + Ea:ﬁc(” () = (; - ;) Nlog N + N¢O(Nb?),

this replacement yields

élog / e PHV(®) 11y (dz) + 202 N? — Nlogl = %NlogN + NCO(NB?) + O(N'T),

which completes the proof of (3.69)). O

3.8. Existence of torus residual free energy: proof of Theorem We now prove Theorem
The main ingredient is the next lemma which combines the previously proven estimates.

Lemma 3.18. For any o > 0 there exists T > 0 such that for v with n=Y/*t7 <y <n=1/3-7,

max (") (n) — (¥ ()| = O(n™7). (3.73)

More precisely, O(n=7) is n°O(nv3 + 1/(vy/n)).

Proof. We will find ug(c) > 0 such that the following statements hold. Given n € N, let
n € [n,2n] NN. Choose 0 < u,u < ug(o) such that B = n" and B = 7% are both integers and
that |BvVM — B| < 1 where M = 7i/n € [1,2]. We also set £ = n~%v and £ = 7~%v. We claim
that the following statements hold:

(O(B*n) =¢W(n) +0(n7), (3.74)
O (B) = (V@) +0(n™), (3.75)
¢“(B*) - ¢(B*1) = O(n7), (3.76)
¢O(B%n) — ¢V(B*A) = O(n™") (3.77)
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By combining the estimates (3.74)), (3.75)), (3.76)), (3.77)), we obtain (3.73]).
To prove (3.74), we apply Proposition [3.17| with N = B?n and b = 1/B. For u sufficiently

small, the assumptions of this lemma imply that the assumptions of Proposition are satis-
fied. Thus the resulting error estimate of Proposition becomes N*O(N#3/b+ 1/(N(?)) =
n?0(n'=2uv3 + 1/(nv?)) < n?*0(n'=2“v3 + 1/(n'/?**7v)) = O(n~"). This completes the proof
of . The proof of - can be done analogously.

To prove , We apply 3.4) with N = B27. This gives the needed bound since 1 J(NF2) <
n2u—w)=1y, _2 O( 2u—t _"/(\fu)) O(1/(y/nv)) when u and @ are small depending on o.

To prove -, we apply - Since ]BQM B?| < O(B), (3.13) implies

P2 2 R2 2|0 € €
CO(B) - (OB ”>'—0<|32m32m15 =0 (o ) < pst =00
(3.78)

where the last inequality follows from n°O(1/B) = ncO(1/(y/nv)) = O(n™7). O

Proof of Theorem[3.1]. Recall ¢ is defined in (3.2). We set a constant ¢ = 3/8 and for j € N,
define the sequences n; = 27, vj = 27% and G = ((”J’)(nj). For k > ¢, we then write

Zw — (¥ (n41) r+2|c (nj41) — ¢¥) (nj41)). (3.79)

] =i

We estimate the first sum in by using Lemma [3.18] Note that since ¢ = 3/8 € (1/3,1/2),
the assumptions of Lemma are satisfied with n = n; and v = v;. Thus the first sum can
be bounded by Z? aO(nJ +1/(vj/nj)) = O(2~ (1/8=€)1). For the second sum in (3.79), we
use and obtain the estimate Zk ! O(n; clte 72) O(2-(1/4=2))y,

In summary, with 7 = 1/8 — ¢, we have shown that ¢ = ¢; + O(27%7) for k > i sufficiently
large. This implies the existence of the limit lim; o ¢; = ¢ with the estimate ¢; = ¢ +O(2777).

Finally, it remains to pass from the limit along the dyadic sequence above to that for general
N and / as in the statement of the theorem. Given N large, we let jx be the smallest integer j

such that 27 > N. By (3.4)) respectively (3.73)), then

CON) = ¢¥in)(N) + O(N27%%), (3.80)
CWIN)(N) = ¢ + O(NTY8Fe), (3.81)

Combining these two inequalities then gives the claim with N°O(N~—Y/®8 4+ N=27) = O(N~%). O

4 Proof of Theorem [1.1; quasi-free approximation of free energy

In this and the following three sections, we prove Theorem and its local version Theorem
The proofs of both theorems will be parallel and we will give detailed arguments for the proof
of Theorem and remark along the way the modifications needed for the proof of its local
version.

We follow the strategy of quasi-free approzimation analogously as for the torus in Section [3]
The main differences are that the equilibrium measure can have a non-constant density and that
its support has a boundary. In this section, we present the set-up of the quasi-free approxima-
tion, and give the proof of Theorem assuming using Propositions which are proved
subsequently in Sections In Section [5] we prove the upper bound on the partition function.
As in the torus case, this upper bound can essentially be established using the Jensen inequality
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and the positive definiteness of the Coulomb potential. In Section [7, we prove the lower bound.
The lower bound involves estimating the Coulomb energy near the boundary of the support of
the equilibrium measure and is the main difficulty of the proof.

4.1. Main result. We recall the definition of the two-dimensional Yukawa gas with range R and
external potential V as well as the related potential theory from Section [2l In particular,

H}(z) = NZ Vi(zj) + ZYR(zj — 2k)
J J#k

is the corresponding Hamiltonian, ;ﬂ‘f is the equilibrium measure, p{? denotes the density of its
absolutely continuous part, and I‘I/% is the minimizing energy of the variational functional.

Theorem 4.1. Assume that V satisfies the assumptions of Theorem [I.1] or more generally those
stated in Theorem [{.4 below. Then for any o > 0, there exists a constant k > 0 such that, for
all R > N2,

1 1

1 1
ﬁ—Nlog CNe_fBH‘Ij(Z) m(dz)——NI§+logR+210gN+C+(2—5)/Cp{};logp‘lfvdm—i—O(N_“),

where C is the residual torus free energy of Theorem . For R > 1, any k < 1/24 is admissible.

The remainder of Section [4] is devoted to the proof of Theorem which is concluded in
Section {4.5] subject to the proofs of Propositions [4.5H4.6], which will be proved in Sections [5| and
[l Theorem [I.I] for the Coulomb gas is then a direct consequence, by taking R — oo, which we
do in detail in Section (4.6l

Throughout this section, we make the standing assumptions R > N2, and that V satisfies the
assumptions of Theorem i.e., the asymptotic condition and , or more generally
that the conditions of the remark below hold. We denote the empirical measure by [ and its
difference with equilibrium measure by i = ,&5, ie.,

p=N'>"6., fi=[=4— (4.1)
J

We denote the expectation of the Coulomb gas with density e~ PHY by IE‘I?. The following
Theorem is a local version of Theorem A more precise statement with precise scaling and
notation will be given in Theorem We choose to present it in the following way so that it
is easier to digest in the first reading.

Theorem 4.2 (A local version of Theorem . Consider the setting of Theorem . Then the
good boundary conditions hold with high probability. Furthermore, Theorem[1.1] hold with respect
to the conditional measure with the error term O(N~") replaced by

C(Q, A)(1 4 K?)(Nr?)~ (=) (4.2)
for any a’ < a, where a 1is the constant in (2.32)).

4.2. Short-range Yukawa approximation. The first step is a decomposition of the Yukawa po-
tential into a short-range and a long-range part. This is similar to our strategy in the proof of
Lemma [3.3] for the torus. However, due to the presence of a boundary of the support of the equi-
librium measure and lack of rigidity estimates there, we cannot prove an analog of Lemma [3.3
Therefore we subsequently cannot drop the long-range part of the interaction near the boundary.
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Given 0 < £ < R, we decompose the Yukawa potential as Y* = Y*(2) + L% (z). The formula
(2.1) shows that the Fourier transform of L% is positive and thus that L% is a positive definite
function on C. The next lemma expresses the long-range contribution to the interaction in terms
of a effective potential () and an error. We set

Q) = Q) = V() + 2 [ Lile — w) ufi(du), (43)
L=L = [ Lhe - w) affde) (), (1.4)
K = Ky = [ Lz - w) ) uffa), (4.5)

where K f% is the equilibrium interaction energy of the potential difference L% =YE_Y*

Lemma 4.3. Let 0 < ¢ < R, and let Q, L, and K be as above. Then we have the identity

Y Lh(zi—z) + NY V(z) =N>_ Qrlz) + N°Li — Nlog(R/l) — N*Kp, (4.6)
J#k J J

and in particular
H{(z) = H{(z) — N’Ly + Nlog(R/l) + N*K,. (4.7)

Moreover, the minimizers of the variational functionals Ié and I{; coincide, i.e., ué = uﬁ, and
their energies satisfy Ié = I‘If + Kf%. The Euler—Lagrange equation for the measure ué 18

/Ye(z —w) ,u,é(dw) +1Q(z)=cy ge in S and (4.8)
/Ye(z —w) ,u%(dw) +3Q(2) = cv g inC,

with the same constant cy as in the Euler—Lagrange equation for ,u‘}}.

Proof. The proof of (4.6)) is a direct calculation. Indeed, using that L%(0) = log(R/¢) by (2:2),
it follows that

| Lt - w)aftaw) ifda) = [ L - w) il (du) ifide) - og(R/0).
z#w

The equilibrium measures (minimizers) of Z{; and Ié are characterized by the Euler—Lagrange
equations ([2.13]), which state that in the supports of the measures, the equalities

1 1
VAT el =cff, JQ+Y wuh=ch

hold, and that equality is replaced by inequality outside the supports of the equilibrium measures.
By definition of @ and the Euler-Lagrange equation for ,u,{;, the solution ué satisfies (4.8)). By

the uniqueness of the minimizers, we thus conclude that ,ug = ,u‘}? and SE = S, ie., the two
minimizers coincide. Moreover, a simple computation yields that I{; =1 é + K f%. ]

In view of the above lemma, we write uy instead of ,u{? = Még from now on, we write py for
the density of the absolutely continuous part of py, and Sy for its support. The next lemma
gives an elementary estimate on () that will be useful later.
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Lemma 4.4. For z € Sy with distance > £ to the complement of Sy,
Q(2) = 2ev — 4nlpy (2) + NEO(E)||V2py [loc + O(N ). (4.9)

Proof. By Lemma [4.3] for z € Sy, we have
Q) =200 2 [ Y~ w) v ()
= 2cy — 2py(2) /Yg(z — w) m(dw) + N°O)||V?py|loe + O(N ™).

In the second equality, we used that, by the exponential decay of Y*, we may restrict the integral
over w a disk of radius O(/N¢) around z, up to an error O(N~°°). Moreover, since z is in the
support of the absolutely continuous part of puy with distance > ¢ to its complement, we may
Taylor expand the equilibrium density to second order and use that the first-order term vanishes
after integration. The definition of the Yukawa potential implies [ Y¢(z—w)m(dw) = 2m¢2.
This implies (4.9)). O

4.3. Quasi-free approximation. In this and the next subsections, we approximate the partition
function of the (long-range) Yukawa gas in terms of the quasi-free Yukawa approzimation, which
we now define. The idea is the same as in Section with the additional element that now the
boundary requires a special treatment.

Given parameters which we will chose later on with the constraint

NVt wr<b<t <1, (<R, (4.10)

we divide C into a grid of squares a of side length b with centers c(a) € (bZ)?> C C. The
last constraint will be assumed through out this paper. It will also be useful to also
consider the shifted grid, in which all squares are translated by u € [~b/2,b/2)? so that their
centers are u + c(«). We write S,, for the set of squares partitioning C such that the square
containing 0 has u as its center. We say that the square a € Sg is in the bulk if it and its
translates by u € [—b/2,b/2)? have distance at least b’ to the complement of Sy (respectively
Q) in the situation of Theorem . Denote by Dy the union of the bulk squares in Sy and by
By = Sy \ Dy the remaining boundary region. For a square o € S,, we define that « is in the
bulk if @« — u € Sp is the bulk. Similarly, we define D,, the union of the bulk squares satisfying
the previous condition and denote by B, = Sy \ D, the boundary region in this case. We will
use the notation « € D,, (or o C D,,) to denote that « is a bulk cube. Throughout Section
we assume in addition to the following condtion:

Y>> N4 (4.11)

In the context of Theorem we assume that ¥ > N~ instead of b’ > N~1/4,

Given parameters as above, we consider the quasi-free Yukawa gas obtained by removing the
interaction between particles in a bulk square with particles outside that square, and replacing
the interactions between particles in the same square by a periodic one inside each bulk square.
For the particles in the boundary region, we will use independent particle approximation with
density given by the equilibrium density py near the boundary. Since the boundary region B has
an area of smaller order when compared with the interior domain D, the independent particle
approximation is already sufficient to approximate the log partition function to order N'=¢.

Fix u € [-b/2,b/2)2. The following definitions depend on u, but we do not make this explicit
in the notation. Firstly, we write S = S,, for the set

Su={u+a:acSyacC D,}U{B,}, (4.12)
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i.e. the set of bulk squares together with the boundary region. Let n = (n,,) be a particle profile
with > no = N. Similarly as in (3.23)), we define the quasi-free free energy for particle profile
n by

F(n) = llog <N> + 1 Z log/ e BHa(W) m(dv) — Hp, (4.13)
6 n ’B aCD Ta®
with
f{a<V) :ZUﬁ(vi—vj)—&—NnaQ(a), I:IB :N2IQ7B+QCvN(nB—Nuv(B)), (4.14)

i#]

where Q(a) := Q(c(a)) and Ig g is a constant defined in below. We denote by i = (724
the approximate mean number of particles in «, where « is either a square or the boundary
region. More precisely, we choose 7, to be an integer at distance at most 1 to Nuy(«); we
assume that this rounded choice is such that ) 7, = N. The precise choice of 7, is not
important as long as it is within 1 distance to no and ) 7, = N. We also impose the
convention that sums over n will always be over all particle profiles with )" n, = N.

We will prove the following upper and lower bounds on the partition function in terms of
the quasifree free energy.

Proposition 4.5 (Upper Bound). Assume that the parameters b, b’ satisfy (4.10) and (4.11). Then
there exists u € [—b/2,b/2)? such that

1

1
1o / e BHV(@) 1 (dz) — Nlog(R/¢) — N2K% < = 1o PF(n)
5lo (dz) g(R/0) k<3 gzﬂ:

+ NO(N263b~" + N20%b)|| py || o2 + O(nplog N), (4.15)

where ||py ||oo,2 s defined in ((1.7)).

The error terms in can be understood as follows. The error N2¢3b~! = (N/?)(N%b~1)
is the number of pair interactions via a Yukawa gas of range ¢ for particles in neighboring squares;
the error N2¢%b is the variation of the effective potential Q over a square of size b. The error
terms in the following lower bound cannot be obtained by a simple counting as the bound relies
on higher order cancellations which we will explain later on.

Proposition 4.6 (Lower Bound). Assume N~1/217 <« ¢ < b < N=2/5 for some small ¢ > 0,
(<R, and 1> (/b> (NV?)~V/4. Then, with 7 = 20/5, for all u € [~b/2,b/2)?,

;log / e PV m(dz) — Nlog(R/t) — N2Kb > F(n) + NSO(N'™™ 4 bv20~%)

+ O+ 20)(lpvlloos + llovies) + O log N + fiplog N). - (4.16)
More precisely, O(N'=7) is NSO(N*/5¢=2/5 1 Nb).

Propositions [4.5] and [4.6] will be proved in Sections In the remainder of Section [4] we
complete the proof of Theorem [£.1] assuming these propositions. They assert that the free energy
of a Yukawa gas with (long) range R can be approximated by that of the quasi-free Yukawa
gases with range ¢ < R, for appropriate choices of the parameters b, b’ and £. These propositions
are analogous to Propositions and with the additional treatment of the boundary and
taking into account that the density of the equilibrium measure is in general not constant.

We end this subsection by recording the following simple estimates for the bulk and boundary
regions. In the following, we usually omit the parameter v from D,, (the union of bulk squares)
and write B = Sy \ D to denote the boundary region. We write (VD =, Dy and |JD = J,, Du.
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Lemma 4.7. The following bounds hold uniformly in the shift parameter u € [~b/2,b/2)%. The
number of bulk squares (which is independent of u) is O(b=2), the number of bulk squares touching

the boundary region is O(b™1), and the equilibrium mass covered by the bulk squares is puy (D) >
— O(Y). In addition, for any o C D,

fia = O(NV)|[pvlocs e = NO*p(a) + O(NO)[Vpy o, 7p = O(ND'). (4.17)

Proof. The claim about the number of bulk squares follows immediately from the fact that the
support of Sy has diameter of order 1. The statements about the number of squares touching
the boundary region and the mass not covered by the squares follow from the assumption that
the the boundary of Sy is piecewise C'. In the more general situation of Theorem the
estimates hold by the assumption stated in the remark. Finally, follows immediately from
the fact that, by construction, py is C' on the squares . O

4.4. Consequence of quasi-free approximation. With the upper and lower bounds established in
Propositions [£.5] and the remainder of the proof is similar to that for the torus. In fact, the
following proof is simpler since the limit of the torus free energy has already been established.

First, analogously to (3.64)), we define

1
—ng logng —

1
5 —)na logb™2, where v =£/b. (4.18)

h‘a(n) = 271—72(77@ - T_La)Q —NaC — (% — 3

Then, similarly to Lemma we have the following estimate for F'(n) defined in (4.13).

Lemma 4.8. Assume that b satisfies (4.10)). There exists T > 0 such that

1
F(n)+Nlogl—N?K%— NI = Blog ( > > ha(n) +O(N?2b) (14 pvlloc1)* +O(N'T),
aCD

where ||py||so.1 is defined in (L.7). More precisely, the error O(N'~7) is NSO(NT/8/p1/* 4 ¢=2).

Proof. From (4.13)), recall that

F(l’l) ﬁ10g< > ZT na FIB, Ta(na) = —;10g /T"a e—Bﬁa(z) m(dz),

where here and in the rest of this proof, all summations over a are over @ C D. Recall the
defintion of Hp from (4.14)), hence Lemma follows from

> Tu(ne) + N?Igp + 2cy N(ng — Nuy(B)) — N°Kp
= N’If = Nlogl + > ha(n) + O(N*Cb(1+ [lpy [lee1)?) + O(N'T),
aCD

which we now prove. By definition of T,

To(na) = NnaQ(a) 4 27y*n2 — ng log £ — §é7) (na)

1 1 1
—nglogl — RQC(W) (na) — ina log ng — (5 -

E)na logb—2.

o oW

= NnoQ(a) + 27y°n
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By Theorem naC(ng) = nal + NSO(nZ/8 + 1/9%) so that 3, na("(n,) = N¢ +
b2NO((Nb?)7/® 4 (£/b)~2) = N¢ 4+ N°O(N7/8/b'/* 4- 1=2). Therefore

Za:Ta(na) = Z (NnaQ(oz) + 27r72ni - %na log ng — (% - ;>na log b_z)

o

— Nlogl — NC+ NSO(N/8 /pt/* 1 ¢72).
By definition of hq(n) in (4.18) and since

Z 2my? n = 27w2 Z — Tay) 24 47r'y2 Z Nafa — 27772 Z g,

we obtain

ZTa(na) —Z ha(ne)+Nlogl = Z (NnaQ(a) + 47y*nang — 2my°n3) —i—O(N%*E/b% +072).

«

We now compute the right-hand side of the last equation. Using that v = £/b, that 2m¢% =
IREE) m(dz) = [, Y!(z)m(dz) + O(N~>), and that 7iqc = Nb?py(z) + O(Nb*)||Vpy |
N [, pv(w) m(dw) + O(Nb*)||Vpy ||« for any z € o, we obtain

EDITEEDY / Y w) pr(E) oy ) midz) mldw) + OV )y o Vv

= N // V(2 — w) py (dz) pv (dw) + O(N?£20) | pv | 0|V pv || so- (4.19)
DxD

Analogously, we have 47v%7i,, = 2N [ Y*(a — 2)py (2) m(dz) + O(NE2b)[|Vpy | co. It follows that

S (N1aQ(0) + 4772 n00] = NS e [cxa) +2 [ Yo - 2) e (dz)| + 00 [Ty o

#2N Y na [ Vi@ - 2) oy () mide) - v (d2)
= 2cy N(N —ng) + O(N?*£*b) | Vpv |
_oN? / Y (2 — w) py(dz) py (dw) + O(N26 | oy |12),
DxB

where the second equality follows from the Euler-Lagrange equation (4.8) and ), no = N—np,
and using that in the computation of [[, 5 Y*(z — w) py(dz) py (dw), the contribution of the
absolutely continuous part of uy in B is of order N?¢2||py||%,. Using also that I g—2cy puy (B) =
— [[5.5 Y (z = w) py(d2) py (dw) by (5.13), in summary, we have proved

ZTa(na) + NQIQ,B +2cyN(np — Nuy(B)) — Z ha(na) + Nlog

=2cyN? — N? / - Yz —w) py (dz) py (dw) + O(N220) (v l|oo + [V ovllo)*.

Lemma now follows from the Euler-Lagrange equation (4.8]), which implies
2cy = 2/ YRz —w) py (dz) py (dw) + /V(z) py (dz)

= / Y2z — w) py(dz) py (dw) + IF = / Yz — w) py(dz) py (dw) + K4 + I

This completes the proof. O

32



We need the following bound showing that in the sum over n the dominant term is n = n.
The torus version of this lemma was given in Lemma [3.16

Lemma 4.9. Recall the condition (4.10). Suppose that we have a collection of functions E, : N —
R satisfying |Eq(n) — Ea(m)| < O(Jn — m|(n +m)®). Define

Em) =Y [ 2172 (1 — T1)? + Sa(na)}. (4.20)

aCD

Assume that n satisfies [@.17) and that v = /b > N=C. Then

;log 3 HEmHB0Mm10N) < £(5) + NO(NY + 2|y o), (4.21)

where the sum on n is under the constraint N = Za Ng = N + EacD ne. Notice that €
contains only contribution from the squares in the bulk.

Proof. By definition,

1
“ 1o ePEM)+B0(nplog N) _ E@m) = flo P (E(m)=E(n))+50(nplog N)
s> 5

== 1ogZexp [Zﬁ{ 217 (N — Ma)? + (Ea(na) — Sa(ﬁa)} + O(pnplog N)] . (4.22)

By the constraint N =) n, =np+ ZacD Ne, we can add the factor

]l(nB —fAp = Z(ﬁafna)) < ]l(|n3*ﬁB| < Z |ﬁa*”a|)

aCD aCD
B2my° ﬁ%v
< “5dlac DV - g - ;
exp [ o C }(nB nB 2 na

where we used 1(a < b) < e A% +4 for any constant A > 0 and Cucpza)? < #{a C
D}y Y .cpx? where #{a C D} = O(b~?) is the number of squares. Thus, at the cost of
replacing 2my2 by 72 in (4.22), we can add the following factor to the right hand side of (4.22):

exp [—cBb*y*(np — np)?] = exp [-Bel(np —np)?],

where c¢ is a constant of order one. With this preparation, to get an upper bound, we now drop
the constraint ) no = N on n, and sum each n, independently. For the bulk squares, we use
|Ea(n) — Ea(m)| < O(Jn—m|(n+m)®) and the elementary inequality (3.68)), as in the torus case.
For the boundary layer B, we similarly use

Zexp [Cn log N — cl?(n —m)?| < O(K_l)eo(m+£72)(logN)2.
n=0
In summary, using 7o = O(Nb?)||pv |l for @ € D and iig = O(N¥) by ([&.17)), the left-hand
side of (4.22)) is of order
(log N) Y v (0 +772)*|pv oo+ (log N)*(p +£7%) < O(N*07%)||py oo + O(NV (log N)?).
aCD

This completes the proof of the lemma. O
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4.5. Existence of free energy of Yukawa gas: proof of Theorem The proof of Theorem [4.1
below is analogous to that of Proposition (3.1

Proof of Theorem[{.1. We first show that if 1 > R > N~Y2%9 there is some x = k(o) > 0 such
that holds. Subsequently we will observe that any x < 1/24 is admissable if R > 1. To do
this, we apply Propositions and consider the different error terms.

First, for any choice N~/* < I/ < 1 the error terms involving b’ are N°O(ng) = N*O(NV)
using . In particular, in the situation of Theorem we can choose b/ < N~* as needed.
In the situation of Theorem this error term is N°O(N'~%) as claimed in the remark.

Next we emphasize that, in the upper and lower bounds (Propositions and , the range
parameter ¢ is not required to be the same, but we always require £ < R. We denote the value
of ¢ by £ for the upper bound and by ¢_ for the lower bound.

We first consider the case N™1/2t7 < R < 1. Take b = N~V/2+0/10 For ¢, = N—1/2+0/100,
the error terms in are bounded by N1=0/1000 For ¢_ = N—1/2499/100 the error terms in
are also bounded by N1=/1900 (we used fig = O(NV')).

With Lemma for some k = k(o) > 0 we therefore obtain

;log/e_ﬁH‘I;(z)m(dz) > —N2I{f + Nlog R + ;log <N> e Araha® _ o(NIH), (4.23)

n
1 1 N
3 log / e PHV @) (dz) < —N2IE + Nlog R + 3 log ) < >e—ﬁ aha(m) L O(NTF), (4.24)
n
n
For the rest of this proof, all summations of « are over o C D.

By Stirling’s formula as in (3.72)), and using the definitions of A in (4.18) and of £ in (4.20)
with Eq(na) = (3 — %)na log(nab=2), we can rewrite (4.23)), (4.24) as

; 1og/e—5H5‘<Z> m(dz) + N2I# > £(R) + ¢+ Nlog R + ;NlogN + O(N1=), (4.25)

1 1 1
3 1og/e—5H5<Z> m(dz) + N2I{ < 3 log Y e™ 4 ¢4+ Nlog R+ ENlogN + O(N'—).

(4.26)

By Lemma we can replace the sum over n in (4.26) by the dominant term f with error
smaller than O(N'~%). By a Riemann sum approximation using that py is C! in D,

ew=(5-3) > alog(7ab ™)

1 1 1

— <2 - 5) N/pv(z) log py (z) m(dz) + (; - 5) Nlog N + O(N(b+))[ovllco,-

This completes the proof of (@.1)) when N—V/2t < R < 1.
To show that if R > 1 then any x < 1/24 is admissible, we consider all error terms in details.
In the upper bound (4.15)), the error is
O(N?) [N%ib—l + N%ib] , (4.27)
while, in the lower bound (4.16]), it is of order

O(N®) [N + N2+ Nb+ (2= + N/ /2%)]. (4.28)
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Lemma 4.8 gives analogues of (4.23)) and (4.24) with an error term

O(N?) [N7/8/bl/4 F 1/ 412,

Optimizing the parameters yields b= N~1/3 ¢, = N=23/48 ¢y — N—7/18 Note that this choice
of parameters satisfies the hypothesis £_ /b > (Nb?)~"/* and £1 < R. The common error then
becomes O(N?3/24t¢) for arbitrarily small € > 0. The rest of the proof is unchanged. O

4.6. Existence of free energy of Coulomb gas: proof of Theorem We now choose R = N?
to deduce Theorem [L1] from Theorem [4.1]

Proof of Theorem [I.1. The equilibrium measure uy of the Coulomb gas in Theorem [I.1]is char-
acterized by the Euler-Lagrange equation

1
U 5V = ey (4.29)

in its support Sy and inequality in all of C. Define the potential Vy via the equation

Vr(z) =V (z) + 2/ <log Tl V(2 —w) + Yy + log R> py (dw). (4.30)
Explicitly, one can check that in Sy,
1
UpY + §VR =cf}, ft = cy + Yy +logR, (4.31)

holds and with the inequality > c{} outside the support of Sy,. Thus uy is also the equilibrium
measure with respect to the Yukawa interaction and external potential V. Moreover, by (2.2)),

i, = [ Uk @) + [ Vaz) pv(a)

— [Upr@m@s + [VE m@s) +2 [0 @) - UR () + Yo+ log )
1

:I€+(Yo+logR)+O(R

). (4.32)
Thus we have

élog/e_ﬁH‘Zf m(dz) = ;log/e_ﬂH6 m(dz) — N(N —1)(Yp +1og R) + O <J§> .

Moreover, (2.2) and an analogous estimate for derivatives of (2.1)) imply

k _ _ 1
ma [V (Vi ~ V) oo = O (R . (4.33)

Thus, we may apply Theorem with V replaced by Vi and with R = N2, and Theorem
then follows with Cg =(—Yp. O
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5 Proof of Proposition 4.5: free energy upper bound

Recall from the proof of Proposition 3.8 that, to each square u + «, we associate a map P% :
u+ a — T® defined by (3.26)([3-27). Analogously to (3.28), we define a two-body potential

?ue(zv w) = Z Ulf(q)g(z) - (I)Z(w))]lzequa]lequa + YZ(Z - w)ﬂngu,wng (5'1)
aESy

5.1. Upper bound: proof of Propositi In this section, the condition R > N? is imposed.
3.9

and Q, by replacing Q in the bulk squares u+a C D, by its value at the centers of the squares,
and outside D,, by adding the equilibrium contribution from the pair interaction with the bulk,
i.e.,

Qu(z) = Y Qe(u+ a))l.cura + (Q(z) +2N [ Yi(z—w) ,W(dw)) 1.¢p,- (5.2)
aESO Dy,
Denote by 1:1'5 the corresponding Hamiltonian on CV:
Hi(z) = N> Qu(z)+ > Yz 7). (5.3)
J i#j
The main work towards Proposition [4.5 is contained in the proof of Proposition [5.1] below.

Proposition 5.1. Under the assumptions of Proposition there exists u € [—b/2,b/2)* such
that (the constant K% is defined in (£.5))

1

1 ~
5 log/e_ﬁH‘}}(Z) m(dz) < 3 log/e_ﬁHﬁ(z) m(dz) + Nlog(R/¢) + N2K%

+ NO(N23b™ + N22%0) | pv || co2-  (5.4)

In preparation of the proof, we collect some notation and bounds. We write E"f(u) =
b2 f[_b /2.b/2)2 duf(u) for the average over u, and analogously to (3.30)), we denote

Y(z,w) = E“Yf(z, w), Qz) = E“Qu(z) (5.5)

The following lemma provides estimates on Y, extending the analogous Lemma for the
torus. The estimates are stated in terms of the function g defined in (3.32)).

Lemma 5.2. Assume that £ < b. Then

(i) Inside the bulk, i.e., for z,w € (D, we have Y (z,w) = g(z — w) + O(e=*) and g(z —
w) — Yz —w) = O(L/b).

(i) Away from the bulk, i.e., for z,w & \J D, by definition we have Y (z,w) = Y(z — w).
(iii) In general, and in particular near the boundary, we have the inequalities

gz —w)+0(e™ ) <V (z,w) <Yz —w) + 0™ if |z —w|e <b/2.  (5.6)

Proof. (i) This case is exactly the same as Lemma
(ii) In this case, since z,w ¢ D, by the definition (5.1)) we directly have Y (z,w) = Y*(z, w).
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(iii) By the exponential decay of Y, the definition and using that U is the periodization
of Y*, we have the bound Y (z,w) < Y*(z — w) + O(e=/%) for |z — w|se < b/2.

For the lower bound on Y for |z —w|se < b/2, we notice that Y (z,w) = Y(z—w)+0(e=/%)
if and only if either z and w belong to the same square o C D,, or z,w ¢ D,,, and in other cases
fﬁf (z,w) = 0. The probability of first event, with respect to the u-average, is bounded below by
that of the event that z and w are both in the same square, irregardless of whether the square
is in D, or not. This probability is (b — x)(b — y)/b?, and therefore

f/(z,w) > (b_xggb_y)yf(z —w) + O(e—cb/é) = g(z —w) + O(e_Cb/K).

Vv

This completes the proof. ]

Proof of Proposition 5.1 By Jensen’s inequality,
1

1 = -
5 log/e_ﬁH‘I}(Z) m(dz) < 3 log/e_ﬂHﬁ(Z) m(dz) + EE(HS — HE), (5.7)

where we recall that E‘Jf denotes the expectation of the probability measure with density e #H V.
The last term can be rewritten as

E{(H, — HY) = E{}(H, — Hy) + E}(Hy, — H}). (5.8)
Using that L% is positive definite, L% > 0, and by (4.7)), the last term in ([5.8) is bounded by
ER(H{, — HE) = —N?EELY + Nlog(R/() + N?°K% < Nlog(R/l) + N?K¥,.

To bound the first term in (5.8) for some wu, it suffices to bound the average of over u in
the square [—b/2,b/2]?. Indeed, by the mean-value theorem for continuous functions, there then
exists a choice of u that achieves the bound of the average. By the definition of ¥ and @ in

(5.5)), we have
1 - _ _
o | QB H) =BR[N YD) - Q)] BR[OV (i z) — V(e — )]
0% Ji-b2./2p ; i2s

(5.9)
For the particles in the bulk, the term involving @ is bounded using (4.9)). Indeed, the term 2cy
in (4.9) cancels and using that ¢ < b and N €04 < 02p the difference of the other two terms in

(4.9) is estimated by

N (Q(z) = Q(z))Lzep = OV EH) (I Vpvlloe + V701 [ls0)- (5.10)
i

For the particles outside the bulk, the difference of @ and @ is by the definition (5.2)) equal to

2N [ ¥1(e; = w) () = ONE) v .

By the decay of the Yukawa potential, only particles z; within distance N/ to D give a nonnegli-
gible contribution to this term. By the local density estimate, Theorem there are O(N'*¢)
such particles, so that the sum of the last expression over the particles z; in the boundary region
is bounded by N2t¢¢3 < N2¢2b.
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Similarly, dividing the sum over ¢ # j for the pair interaction in ([5.9)) into bulk and boundary
contribution, Lemma, [5.3] below implies

EE Z (2i,2j) — Yi(2 — 2;)] = NSO(N?03p71).
7]
Here we used that the contribution for the above sum where both z; and z; are outside |J D
vanishes since then Y'(z;, z;) = Y(z — zj). Moreover, for the contributions where at least one
of the particles is in the bulk, we may assume with negligible error that the other particle is at

most distance N¢/ from it and thus also far from the boundary so that the local density estimate
is applicable. This completes the proof. O

The following lemma is analogous to Lemma for the torus.

Lemma 5.3. For any u,

> 1., sennlo(zi — ) = Yz — 7)) = O(N°N?63p71), (5.11)
B¢ Y 1.cpeynlY (zi,2) — Yz — 2)] = O(N*N?E). (5.12)
,J

Proof. We use the local density for the Yukawa gas, Theorem stating that balls of radius
r > N~1/2 contain O(N7?) particles with high probability (provided that the distance to the
boundary is at least & > N~'/4). In addition, we use that for |z — zj| > ¢N° we have
Y¥(z —2;) < e °N" so that contributions to the corresponding contributions to the double sums
in the statement contribute lower order errors. As a consequence, exactly as in the proof of

E30.
E Z — 2j) = Y*(zi — 2;)] = O(N*N(N€*)(¢/b))

since each of the at most N particles z; interacts with O(N®N£2). particles z;, and the difference
g—Y*is of order £/b by Lemma5.2| (i). This proves (5.11).

The estimate for the boundary layer is analogous. Indeed, by definition, the boundary
layer has distance at least b’ to the boundary of the support of the equilibrium measure, so that
the local density estimate can still be applied. Then we similarly have

BE S L, cnld (ot 2) = V(s = 21)] = O(NO(VE).

To see that this inequality holds, we note that, up to exponentially small errors, the only pairs
we need to consider are that one particle is in the boundary and the other one is in the bulk
with the distance of these two particles of order £. Since, by the local density estimate, with
high probability the total number of particle near boundary corridor of width ¢ is N¢ and each
particle interacts with N¢? particles, the left side of the last inequality is of order N¢N¢2. [0

To bound the boundary contribution, we will need the following estimate. For z € Sy \ D,
recall from (5.2)) and the Euler-Lagrange equation ({4.8]) that

Q(z) = Q(2) +2 /D Yz — w) py (dw) = 2¢y — 2/3 V(2 — w) py (dw),
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and define the constant
Io B —/ Q(2) py (dz) + / Yz — w) py (dz) py (dw)
— 2ey iy (B / / Y w) () (). (5.13)
B

Proposition 5.4. For any u,

B " Jiewpuwn
~N2Igp —2cyN(np — Nuy(By)) + O(nplog N).  (5.14)

Proof. We fix u and abbreviate D = D,, and B = B,, throughout the proof. Let

ng) = in )(2) w(dz ‘2 — w)w(dz) w(dw
E(np) = inf !N [ QEw@)+ [[ i)

where w is a positive measure of total mass np supported on C\ D. Using the standard technique
to replace point particle by a smooth distribution of radius 1/N, the left-hand side of is
bounded above by

—E(np) + O(nplog N). (5.15)

(A more sophisticated form of this method will be presented in the proof of Proposition
where the regularity of the equilibrium measure was used only in the proof of the lower bound
of the partition function.)

It thus suffices to show that

E( ) N IQB QCvN(nB —N/Lv(B))
To do so, with @ = w — Npuy inside the infimum, we write

E(ng) — N%Igp

:firifm [N w(dz) // : w(dz)w (dw)}

-8 [ Qi) - N / / ) w) v (d2) py (duw)

— inf [N/Cw(dz) [Q(z)+2

fw:nB

Yz —w) W(dw)} Yz —w)a(de) @(dw)].

De D¢

The last term on the right-hand side is nonnegative, and can therefore be dropped. By definition
of @ and the Euler-Lagrange equation (4.8]), also

Q(2) + 2/ Yz —w) py (dw) = Q(z) + Q/Yg(z —w) py(dw) = 2cy.
Since the same relation holds with equality on the support of uy, therefore
E(np) — N%Igp > 2cyN | @&(d2) = 2cvN(np — Nuy(B)).

DC

This completes the proof. O
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Proof of Proposition [[.5 Summing over the possible particle profiles, we have

/e_ﬁgﬁ(z) m(dz) = Z (i) /e_ﬁﬁg(Z) ]ln(z):nm(dz)ﬂ

n

where n(z) is the particle profile of the configuration z € CV. By definition of H, for any u, the
integral on the right-hand side factorizes as

acD’a" (C\D)"5

The claim now follows from Propositions [5.1] and O

5.2. Summary. We summarize some of the key facts used in the proof of the upper bound of
the partition function of the Yukawa gas:

(i) The local densities are bounded at the scale ¢ of the interaction.

(ii) The solution of the ground state is regular in terms of derivatives of py; this is reflected

in the estimate (/5.4)).

(iii) We used the independent particle approximation for particles within distance b’ to the
boundary of the support of the equilibrium measure. In order to control the error due
to the interactions between boundary particles and bulk particles, we used that the local
density at the scale ¢ for particles at a distance of order &’ to the boundary is bounded.

6 Decoupling estimate

The proof for the lower bound on the partition function, Proposition will be presented in
Section [7} This proof is based as on a trial state similar to the one used in Section for the
torus case. Notice that the Yukawa potential has range R in the current setting instead of £ in
the torus case. Since our grid size b satisfies ¢ < b < R, many error terms which are negligible
in the torus case need now to be estimated carefully. In particular, the embedding map V¥ has to
be chosen differently from the simple average used in f. In preparation of Section
we construct this choice in Proposition below. We call it a decoupling estimate because it
allows us to pass from the original Yukawa gas to the quasi-free Yukawa gas in which cubes are
decoupled. By rescaling, we state the estimates for the Yukawa gas on the unit torus.
More precisely, the next proposition asserts the existence of a random choice of maps

U:T — [-1/2,1/2)? C R? with Jacobian [d¥| =1, (6.1)

such that the estimates stated in the proposition hold. Here T is the unit torus. The expectation
corresponding to the randomness defining the maps ¥ is denoted by E¥ (and is independent of
everything else). In the statement of the estimate in the following proposition, U7 is the Yukawa
potential on the unit torus , Y7 is the Yukawa potential on the plane , but E7 denotes
the expectation of the Yukawa gas with N particles and range v on the unit torus. As usually,
we also denote i the empirical measure and i = 4 — m where m is the uniform probability
measure on T. In the statement below and this section, it is understood that all double integrals
are evaluated on {z # w}.
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Proposition 6.1. Assume that N~'/* < v < 1 and v < R. Let EY denote the expectation

of the N-particle Yukawa gas of range v on the unit torus T. There is a random choice of
U:T — [~1/2,1/2)? with |d¥| = 1 such that

NEYE [[ (070 - w) - Y ((0) - W(w))) flde) fldu) = NONYE 55 4 579),
TxT
(6.2)
NEYEY [ () - W) - YI(E) - Bw) aldo) flde) = NONY /32 47,
TxT (6 3)

The remainder of this section is devoted to the proof of this proposition. The main reason
to introduce randomness into W is to resolve the issue that the torus distance and Euclidean
distance are incompatible. The range of the Yukawa interaction ¢, appearing in the quasi-free
gas, is small. On the other hand, we wish to use it to approximate the Coulomb energy which
corresponds to Y with R > 1. The Coulomb interaction will be pushed back to the torus; this
creates discontinuities since the torus is periodic. The naive embedding of the square onto the
torus used in Section [3.4]is discontinuous along a horizontal and a vertical line. This discontinuity
can be averaged out using the translational invariance of the torus, but the resulting interaction
on the torus is still not smooth enough to apply the rigidity estimate. Therefore we now choose
¥ to involve a more sophisticated average than the simple mean over the discontinuity lines so
as to have a smooth interaction after pushing back the Coulomb interaction to the torus.

In Section @ we will apply this estimate with the unit torus T rescaled to the torus T(®) of
side length b. For later reference, we state the rescaled version below.

Corollary 6.2. Let { < b < 1, ¢ < R, and assume that v := /b satisfies n /<y <1, Let Eg
denote the expectation of the n-particle Yukawa gas of range ¢ on the torus T®). Then there is
a random choice of ¥ = W®) . T®) — [—b/2 b/2)? with |dV| = 1 such that

WEE, //T(qur(b)(Uf(v —w) = YU (v) — ¥(w))) i(dv) i dw) = n“O(n*> /7% 4 74,

(6.4)
wBVE] [ () = () = Y (0() = $() i(de) ildu) = 070517 497,
(6.5)
Proof. The corollary is immediate from Proposition by rescaling. ]
6.1. Choice of the maps ¥,. To define the maps ¥, we define [u] through
1 1 T
—§<[u}<5, u—[u] €Z forueR, [2] = ([21],]22]) € T for z € C =R (6.6)
Then we define maps ®1,®5 : T — T by
®1(2) = ([21 + mus(z2)], 22),  Pa(z) = (21, [22 + mas(21))), (6.7)

where we will choose s(z) = sin(27z) (or any smooth periodic function with similar oscillation).
Let ® = &1 0o ®5. We choose m1,mo as independent random variables with the distribution of
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tX with X a random variable with smooth and compactly supported density, E(X) = 0, and
N—1/2 « t < 1 is some mesoscopic scale. Eventually, we will choose

t=N"14, (6.8)

Finally, let ¥, = [®(2)+(a1, a2)], where (a1, a2) is a random shift, with a; and ag independent
and uniform on [—1/2,1/2). Note that ® and ¥ are smooth function on the torus and they
preserve volumes:

d®| = |d¥| = 1. (6.9)

6.2. From euclidean to periodic interaction. All terms we need to bound can be written as in
the left-hand side of , so Proposition will be our main tool. However, these terms
involve interactions for the Euclidean distance on the square while Proposition applies to
the unit torus. We therefore first need the next Lemma [6.4] to turn the Euclidean interaction
into a periodic one; subsequently, we decompose the resulting singularities carefully. For the
lemma, we first need the following definition of an average of interaction over translations.

Definition 6.3. For any G : T?> = R and h € C, we define
Ta(h) = [ Ge. [z + H)mida),
T

where m is the Lebesgue measure on T and we used the notation .
If G(z,w) = g(|z —w|) is a function of the Euclidean distance, Tg will also be denoted by Ty
(and is obviously equal to Ty(h) = [ 9(|[z + h] — z|)m(dz)).

We remark that in the above definition and below, z — w for (z,w) € T x T is defined as the
difference of two elements in C? through the identification of T = [~1/2,1/2)2.

Lemma 6.4. Consider a Yukawa gas on the unit torus T, G : T2 — R, and assume all integrands
below are integrable. The following holds:

E / / |, Glew) =) ) = / [ Talle ) =) ). (6.10)

Moreover, if G(z,w) = g(|z—w|) is a function of the Euclidean distance, for any h = (hy, ha) € T
we have

Tg(h) = (1 = [ha])(1 = [h2|)g1(h) + [h1|(1 — |h2])g2(h)
+ [h2|(1 = |h1])g3(R) + [h1]|h2|ga(h), (6.11)

where

g1(h) == g(v/|h1]? + [h2[?), g2(h) = g(v/(1 = [l ])? + [h2?),
g3(h) = g(v/Im[> + (L = ha])?),  ga(h) == g(\/(1 = [ma])? + (1 — |ha])?). (6.12)

Remark 6.5. The above calculation is stated for h € T, and it shows that Tq = T, is not
smooth for hy =0 or ho = 0. This non-smoothness prevents us from using the rigidity estimate
(12.23)) and is the main source of difficulty we will address in this section. In addition to the
non-smoothness for hy = 0 or hg = 0, one may wonder if T has additional singularities (i.e.,
non-smoothness) at hy = £1/2 or hg = £1/2, as a function on the torus. It has not, as shown
by the following argument. Assume —1/2 < hy < 1/2 is fixred. The right-hand side of
admits an obvious smooth extension to hy € (0,1), called Tg. One readily sees that for such
hi € (0,1), we have Ta(hi, he) = Ta(1 — hi,he): T is smooth and symmetric with respect to
hi1 =1/2, so all its odd derivatives vanish there, meaning T¢ is smooth at hy = £1/2. The same
reasoning applies on hy = +1/2.
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Proof. Recall that ps is the two point correlation function for the Yukawa gas on T. By trans-
lation invariance of the distribution of the Yukawa gas, we have

B[] cewitazitw) = [[ G wpns - whmiazman)

= [[ 6te.lz+ ippatimtacimnan) = [ o) ( [ Gleule+ hm(az) ) man)

- / pa(R) T (h)m(dh) = / / pa(W) T (h)m(dh)m(dZ) = E / | Tallz — @hid)ia).

In the case G(z,w) = g(]z — w|), the assertion follows from a direct calculation of 7¢(h)

Ol

Jro(lz + h] = z)m(dz).
Denote by E(, ) integration with respect to the shift (a,b) of ¥, and write
AY =[P, — Dyl (6.13)
Then the functional 7 from Definition naturally appears in the following calculation:
Blan) (GO, W) = [ G-+ 2L [0+ 2 midd) = [ G(E+ A2 m(d) = Ta(AL).
In particular,
E(ap) (9192 = Wyl)) = Tg(AD). (6.14)

This will be useful in the following proof of Proposition

6.3. Proof of estimate (6.2). First note that, by (2.4) we have U7 (z—w) = Y7 ([z—w])+0(e"""),
so that it will be sufficient to prove both of the following estimates:

EYEYN? / (Y7([z —w]) = Y([¥, — ¥,])) fi(dz) fi(dw) = O(NFet), (6.15)

EWE”NZ/ YW = Uy]) =Y (T, — W) fi(d2) fi(dw) = O(NF) (714 + \/tﬁ> - (6.16)

From and the hypothesis 7 < 1, the sum of both error terms above is dominated by the

right hand side of ([6.3))

For the proof 0, let N71/2 <« r < ~ be some intermediate scale. Let x : Ry — [0,1]
be a smooth function such that x(z) = 1 on [0,1], x(z) = 0 on [2,00) and define ¢ = Y7,
q(z) = q(2)x(|z|/r). The proof of will consist of the following two estimates (note that
(W — Wy] = [ — Dy)):

EEN? [ [ @0, - 0.) - 3l - wl)) Fd) fldw) = N O (V?), - (617)
~ ~ 1
BN [[ (=D - ®) - (- D - w)) @) Hdw) =570 (). (618)
Optimization over r shows that (6.15) holds (note that the optimum r* = (Nt)~'/? is smaller
than + because t = N—i < 5.

For (6.17)), we proceeds by Taylor expansion around |z — w + a| < N¢r, where a = +1, £i.
We treat the case a = 0, the other ones being identical. As ¢ is supported on || < N¢r, for all
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z,w contributing to (6.17)) we have [z — w| = z — w and [®, — ®,,] = &, — ®,,. For such z,w,
from the definition ® = ®; o &5 with (6.7), we have
[@y — P, = [w— 2] + < (6.19)

Expanding ,
([Pw — @2])2 — ([w — 2])2

mq (s(wg + mas(wy)) — s(z2 + mas(z1))) >
ma (s(w1) — s(z1)) '

= 5'(w1) (w1 — 21) + O(jw — 2[*),

= 5 (wy)(we — 22) + O(|w — 2|) + ma O(Jw — 2|) + m3 O(jw — z|?),

where, here and in the following, the O error terms are non-random, namely, they do not depend
on mi, my. Denoting

A < ma (s’ (w2)(wa — 22) + O(|w — 2[%) + m2 O(Jw — z]) + m3 O(jw — 2[?)) >
ma (' (w1)(w1 — 21) + O(|]z — w|?)) ’

we have

([ = Dy]) — q([z — ])—Vi([z—w])-AJrO( sup |V2ﬂ> AP

[lz—wl/2,2[z=w]]

As my, mg are centered (under the random choice of ®), the linear terms vanish under expecta-
tion. This gives, for any fixed small € > 0,

E? (@([®: — ®u]) — 41z — w])) = E(m®)|(V?§) (2 — w)[O(|z = w|*) = ON*)1 |, _yj<ner-

We have therefore proved that

EE'N? [ [ @(8.~0.)~(z-u)) (d2) i(du) < O(N*)E (supm{w e - wll < NEr})) .

zeT

(6.20)

From the local density estimate for the Yukawa gas on the torus implied by Theorem the

above parenthesis is bounded by (N°r)? with high probability. We have therefore proved .

Equation is a consequence of Proposition Indeed, let (xx)k>1 be a partition

of unity in the sense that >, xx(z) = 1 for any z > 7, x is supported on [28~ 1y 2FF1y]

and ||X](€n)||oo < Cn(2Fr)™™. We denote f = q — ¢ and apply Proposition to Gi(z,w) =

f([z — w))xr(|][z — w]|) and s = s, = N~52%r, for some fixed small ¢ > 0. For any k such that
2k < yN¥, we have

VI Gi(z,y)| = O (![fc - y]\_j11|[x—y]|epk72r,2k+2r])

and the same estimate holds for (Gk)gz (x,y), defined in (2.24)). Proposition [2.5| gives

15 N3
NQ/ Gr(z,w) fi(dz) i(dw) = sjzs (skN°)* 7 + N2sb (s, N)27P :0( 5 >
k =0

where we chose p = |10/¢]. Summation of the above estimate over 1 < k < log N gives

N2/ G(z,w) ) fi(dw) = O <N55>, (6.21)

r2
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which proves for the term involving f([z — w]). The same estimate holds for the integral
of f([®, — Py]), because for any fixed m1,ma = O(t) the function (z,w) — f([®, — ®y]) has
the same regularity properties as (z,w) — f([z — w]) (® = Id + t¢ for some function ¢ smooth
on a scale 1). This concludes the proof of (6.15)).

For equation (6.16)), we first consider the averaging in the shift (a,b) from W: denoting
|h| = (|h1],|h2|), for any h € T we have

Egap) Y7 ([P + (a,0)] = (a,0)])) = Y7 (|A)),
Eap) (Y7 ([h+ (a,0)] = (a,b))) = (1 = [ha])(1 — [h2)Y7(|A]) + O(e™™"),

where the second equation comes from (6.14])) and the fact that Y7 is essentially supported on
|z| < N¢v. Equation (6.16) is therefore equivalent to

o 1 VN
EPEN? [ [ (A2 +1(A2)a] - [ADAIAL)D) Y (AY]) ) ldw) = O(N) <v4 ¥ t) |
On the left side of the above equation, we would like to calculate the interaction after the ®-
averaging. However, this expression is not a function of [z — w], which would be convenient for
our proof. We therefore perform an additional averaging over the torus: the above equation is
equivalent to

! ﬁ) (6.22)

E7N? / K*([z — w]) i(d2) fi(dw) = O(N°) (,ﬁ + ¥

where K*(h) =E® [ f(A™)m(dv) and f(h) = (|hn] + |ha| — [h1ha|) Y (h).
The proof of (6.22) is delicate, so before giving the technical details, we list below the main
difficulties and ingredients.

(i) The function K° is smooth on T except on h; = 0 or hy = 0, as explained in Remark
This prevents a direct application of Proposition[2.5]and is the motivation for our averaging
over .

(ii) The function K* now gained some smoothness in neighborhoods of h; = 0 and hy = 0
thanks to the convolution with the distribution of ¢X. For example, around hy = 0, K* is
smooth on a scale |thy|: for k > 1, 8,’:1Kt(h) = O(|h1][tha|~**1), thanks to the definition
of @1 in and the asymptotics t X s(hg) ~ 2wt X hy. Proposition can now be applied
for the function K*, after some surgery removing some small singular set corresponding to
the cross {|the] < N7V2 hy < N"V2Y U {|thy| < N7V/2 hy < N~1/2},

We now implement the above outline. The function K* is a linear combination of the terms

Fjh) =E* [ £l m(do), (6.23)

where A" is defined in (6.13]) and

fi(h) = |a|Y7(h),  fa(h) = [ha|Y 7 (R), f3(h) = |h1ha|Y 7 (h). (6.24)
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FIGURE 6.1. The functions FY (left) and F{(right) in [-1/5,1/5]%, v =t =1/20

We first bound the contribution from F} (and therefore F} by a similar argument), by
exploiting its smoothness properties. Thus a calculation on {h; # 0} gives

hi
O FO(R)| < C (’,h,‘ ; Wh)\) ,
h
O, FO(h)] < C||h1||’
C .
Ok Rz P (k)] < Ihl’“k% if Ky + ko > 2. (6.25)

Here we have used |85105;Y7(h)| < Cy k||~ *1+k2) and (@, — @,] = [w — 2] when ¢ = 0.

Recall that @ is defined in with mq, mo given by independent random variables with
distribution tX with X a compactly supported random variable of order one. Thus ALUHL] ~ h
with a distortion of order ¢, which makes the function \(A,[})Jrh])ﬂ differentiable on {h; = 0}.
With this in mind and explicitly writing F} with the definition , a simple calculation and
the Taylor expansion extends the estimate to

h th
O FL(W)] < C <|||+h\|| n |Y7<h>|) ,
O FL(h)] < o'h’fh"th'

1 1
k1 ak
105102 F{ (h)| < Chy iy <|h|k1+k2—1 + |th2|k1—1‘h2|k2]1|h1|<t|h2,lﬂ?l) (k1 + ko >2).  (6.26)

For some mesoscopic scale N~1/2t¢ < r <« ¢, define a partition of unity Loy (w) = Yoo Xi
where n is of order log N, Xo is supported on [0,2r], x; is supported on [2¢1r 27+1y], and
™ lloe < Con(27r) ™™, We define FY,(h) = F{(h)Xj(|ha)X (|hal) for [i], [j| < n. By symme-
try, we only need to bound each [ F}; in one quadrant: we now assume 0 <4, < n.

First, for i = j = 0 (in fact for i 4 j bounded), the local density estimate and [|F};|l =
O(rt*e) give

N2EY / / Ffi([z — w]) u(dz) fi(dw) = O(N)N?r°. (6.27)

We now assume i + j > 0.
For 2 > t27 (in other words |h1| > t|hs]|), (6.26) yields

1

k1 qko 1t
yah 02 Fy(h)| < Chy ks maX(QiT, 2j7«)k1+k2—1'

1 h2™ 1
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The area of the support of Fj; is O(r?2i7). We proceed as in the proof of (6.21). We use
Proposition with the parameter s in the Proposition chosen to be max(2'r,2/r)N—¢. Thus

gives
N2EY / / Fj([z — w)) i(dz) fi(dw) = O(N*) (

Notice that the error term in (2.25)) is negligible here by choosing pe > 10, say. We will often
use this argument and from now no we will not repeat it in details.
After summation over i, j, we obtain

Yy NE // ) fi(d2) fi(dw) = O(N?) <14 + 1) : (6.28)

20>127 v

1 1
74 + (max(2tr, 27r))4

) max(2%r, 297) (r?2177),

For i > 0 and 2° < 27 (|hy| < t|ha]|), from (6.26]) we have
1
k1 ko 1ot
|8 18 ;Fz]( )< Chy ks (ter)lirkg—l'

The area of the support of F;; is still of order 122117 so that Proposition now yields

N2E" / / ) fi(dz) fi(dw) ZO(N€)<

The contribution of such terms is therefore

> N°E? // )i(dz)fi(dw) = O(N®) (ti + ;) : (6.29)

21127 i>0 v

714 i (tZJl'r)4> (E2n(r2).

For i = 0 and t27 > N~=12%¢ (|thy| > N~1/2%¢) we have from (6.26)
1
k1 qks gt
‘a lahzﬂj( )| < C'k'lvk;2 (tzjr)k1+k271

so that Proposition gives

N2EY / / Fi([z — w]) i(dz) ji(dw) = O(N?) <71 + (tzjlr) >(t2jr)(r22j),
and therefore
N2EY // Fl;([z — w]) ji(d2) ji(dw) = O(N) <;ﬁ + Tf) . (6.30)

1/2+5<t23r

For the terms corresponding to i = 0, j > 0 and t2/r < N—1/2+¢ we need one more

decomposition. Let ' = N~1/2t¢ « r and decompose ng = A; + B; with
(i) A; supported on {|h1| < 2r'} N {277t < hy < 2771}, || Ajllee < 77,

(ii) B; smooth, supported on {|h1| < 2r} N {2771r < hy < 2717}, satisfying || Bj||e < 7, and

k1 ak T T
‘ahiathJ(h’” < Ckl,k2 <|h2’k1+k2 + (T/)k1+k2]lh1|<7"'> .
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More explicitly, A; and B; can be constructed from Fp; as follows. Let a > 0 be smooth on R,
a=1on[0,1],a>0on [1 2] and @ = 0 on [2,00). Let g > 0 be a smooth, compactly supported
function on C with [ g = 1. Define

) = Gl <r'a<zm|>> |

with the convention g, = dy when |n| > 2, and
Bj(z) = (FOj * ghg/'f‘/) (Z), Aj = Foj — Bj.

Then the functions A; and Bj satisfy (i) and (ii): for example, note that that in the region
{r' <hy <r}n{2~Y < hy <2} B ~ h1Y7(h), and this function satisfies the estimates in
(ii).

The function A; is supported on a domain of area O(2/rr’) and ||A]jo < 7/, and the local
density implied by Theorem 2.2] gives

N2EY / / = — w]) fi(d2) fi(dw) = O(N+227y).

The contribution of all A; terms is therefore

N2E? // [z — w)) fi(dz) fi(dw) = O (Nl/;%) : (6.31)

For the contribution from Bj, consider the following partition of T: 1 = Z 1/(2r)<a,b<1/(2r) Xab

j>0: t2Jr<N 1/2+e

where x4 is supported on a disk of radius 10r around (ar,br), and H Xob Hoo Cpr~™. The
contribution of B; is of order at most

PN [ Bl - wh)xa(w)de)i(du).

la|<5,29—1<bg2i+1

Let E be the event that all particles at distance 4r from 0 are known. Then

N2E / [ Bz - uban(ew)ias)icaw) = 8 ( [ 1 )N | £)
where f(z) = [ B([z — w]Xap(w) Nfi(dw). By the local law Theorem [2.2] the set of £ such that
f(z) = 0N,
Vi) = [ V(B — wlxa () Ni(du) = OV),

Af(2) = / A(B([= — w])xap(w)) N is(duw) = O(N),

has measure at least 1 — N719°. Using the (conditioned version of the) local law, Theorem
for F in such a good set we therefore have

= ([ e vitas) 1 B)|
< (W ( [ v+ [ (ono)2>>1/2 N A x00) oo = O(NY21),
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Hence the contribution of Bj is at most
N2EY / / B[z — w]) ji(dz) ji(dw) = O(N®)2I N/2y2.
All B; terms are therefore bounded by

N2EY / / = — w]) fi(d2) ji(dw) = O(NF) . (6.32)

t
j>0: t2Jr<N 1/2+e

Equations (6.27), (6.28), (6.29), (6.30), (6.31) and show that r = N~/2%¢ for arbitrarily
small ¢ is the best choice. We therefore proved

L \/N> . (6.33)

VB [ [ Fi(le - wl) i) itdu) = OV) <V4+ :

The contribution from F¥ can be bounded following the same method, and the resulting estimate
is smaller due to the extra small |hs| factor in f3. Inserting the estimate (6.33)) for F!,i =1,2,3

into (6.23), we have completed the proof of (6.22)) and thus ([6.2)).
6.4. Proof of estimate . By (6.14]) we need to bound

N2E®EY / To([AY) fi(d2) i(dw), L=L%+e, (6.34)

where ¢ is an arbitrary constant. Without loss of generality, we choose ¢ = log R —log~y, so that
from (2.2) we have

L(z) = O(|z[/7) (6.35)
for |z| < 7. Equation (6.34)) is equivalent to

N2EY / DY([z — w]) i(dz) i(dw), where D'(h) = E® / T (AP m(dw), (6.36)

and we remind the reader that ® depends on t (note that we introduced an additional averaging
over v for the same reasons as in ([6.22))).

Our estimate of is similar to , up to two differences. First, it is easier to bound
when the contributions from g1, go2, g3, g4 from are isolated, but this cannot be
performed directly: smoothness of D; across hi,hy = +1/2 requires the combination of these
four terms. In the first step, we therefore prove that the long-range contribution of Dy, which
we will denote by Ejy, is negligible (this problem was not present for K, which is essentially
supported in a small neighborhood of 0).

Second, the most delicate decompositions of K; are not necessary for D; as we have the
additional small factor for the interaction at small distance.

First step. In this paragraph we prove that the contribution of the long range part in D! is of
order
1 1
v [[ B ) ) iaw) =0 v (5 + 7 ) (6.37)
v

t3

where E(h) = E® [ TL(A Al )(1 - X)(Az[,wh}) m(dv) and x is a smooth cutoff function equal to
1on |h1| + |h2’ < 1/10 0 on ‘h1| + |h2| > 1/5.
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The function 77(h) has discontinuous derivative on {h; = 0} U {hg = 0}, which imposes a
detailed analysis around these axes. We first gain some order of magnitude of 77(1 — x) around
these singularities by removing the following function,

A(h) = (R [(1 = Ih2D)gi (B) + halgs(R)] + X(h2) [(1 = [P ])gr (B) + alga(m)] ) (1 = x()),

where ¥ is a smooth cutoff equal to 1 on [0, 1/200] and vanishing outside [0, 1/100]. The function
A is smooth on T for the following two reasons. First, the function is smooth on hy = 0 because
the following three estimates cannot be simultaneously satisfied: |h1| < 1/1000, x(h2) # 0 and
(1 =x)(h) # 0. Similarly, the function is smooth on hy = 0. Second, A is smooth on h; = £1/2
and he = +1/2. Indeed, assume —1/2 < hy < 1/2 is fixed. Then (1 — [h1|)((1 — x)g1)(h) +
[h1]((1 = x)g2)(h) admits an obvious smooth extension to h; € (0,1), and this extension is
symmetric in a neighborhood of h; = 1/2, hence all its odd derivatives vanish there, so that A
is smooth at h; = £1/2. The same reasoning applies to hy = +1/2.

We define A(h) = E® fA(Aq[JUJrh})m(dv). As A is smooth at the scale of order one, from
Proposition with ¢ chosen to be N~¢ and p large enough, we obtain

v

JWW//AV—Mmm@mmozon>. (6.38)

It thus remains to estimate N2E” [[ H'([z—w]) fi(dz) fi(dw) where H? = E*— A. To understand
the regularity properties of H', assume first that the distortion vanishes, i.e., t = 0. We have
HY = T1,(1—x)—A4, so that H® is smooth on {hy # 0}N{hy # 0}, vanishes on {h; = 0}U{hy = 0}
(this is the purpose of removing the contribution from A) and satisfies (on the smoothness domain
{h1 # 0} N {he # 0})
sup |0} 032 HO ()| < Ck.
k1+ko=k

The distortion ¢ smooths the singularities on {h; = 0} U {ha = 0} as follows:

1 1

HA0] < O+ min(l o). 105108 E ()] < Cu (14 3250+ S50 ) (030
The above bounds are elementary after writing H® explicitly in terms of g1, g2, 93, g4, x and
X- It amounts to the observation that the function r(z) = Ex|x + tX| satisfies |r§k) (x)| <
Cr(1 + Ljy<2t' ). Intuitively, r;(z) is a regularized absolute value function which is smooth
at the scale ¢t and r(x) = |z| for || > 2t.

Let @ = {|h1] < t} U{]ha| < t}. Consider a partition of unity 1 = ) x; on the torus
with O(log N) summands, xo with support on €y, x; (i > 0) supported on (2:71Q;)\(2¢710,),
and the derivative bound ||X§n)||OO < Cp(2it)™™ for all integer n. Note that for H = H'y; we
have |V/H (x,y)| = O((2)~*1), and the same estimate holds for HY when s = (2it)N .
Moreover, (20710Q;)\(2071€);) has area O(2't), so that Proposition gives (take p = |10/¢])

NZ]E'Y/ H'([z — w))x:([z — w])a(dz)fu(dw) = O(NF) <(211t)3 + ?;f) ., for 2't < 10.

Summation of the above equations over i gives

v [ = =00 - uh ) i) =00 (5 + 5 ). (0.40)

Equations ((6.38) and (/6.40]) prove (6.37)).
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Second step. In this paragraph we prove that the contribution of the short range is

1 N2 NS
Vg [ [ U1l - wl) i(a2) (dw):O(N6)<74+t+72/5>’

where Ut(h) = E® [T.(A Hh) (A[Hh])m(dv). From our expression 1D for 77, we only
need to bound N2E7 [f th z —w])(dz)a(dw) (1 < 7 < 3) where

(6.41)

Ul(h) = B / w; (A (do), (6.42)

J
with

u(h) = L(h)x(h), ua(h) = [hi|L(h)x(R), us(h) = |h1ha|L(h)x(h).
The terms above all involves g;; the other ones involving gs, g3, g4 can be bounded in an easier
way, because go, g3, g4 are smooth on scale 1 with no singularity at 0.

We first consider Ul. Let N— 1/2 « u < 7 be some intermediate scale. Let X be as before
and define L(h) = f1(h)x(h/u). Then the local law, Theorem . and the bound give

~ 2 €u3 B ~
N°EY / / Uf([z — wl) fi(dz) i(dw) = O (N ; ) . where Ul(h) = E? / LA m(dv).
(6.43)

On the other hand, the same reasoning as the paragraph from (6.20]) to (6.21)) gives
~ NE
e [[ (ot - 0 - wh i) ataw) = 0 (3 )

u2

Optimization the parameter u in both previous estimates shows that the contribution from U}

is 4/5+¢
N2EY / / UL ([ — w]) ji(d2) fi(dw) = O (%) . (6.44)

We now consider the most delicate terms U and US. We decompose L}, = YE-Y7+0(e™ "),
we can just replicate the proof for F} and F} and get the same estimates as (note that, as
for Uf, we could also have used the short range bound for an improved but unnecessary
estimate). This concludes the proof.

7 Proof of Proposition 4.6 free energy lower bound

In this section, we construct a trial state to give a correct lower bound for the free energy, and
thus prove Proposition 4.6, Recall the assumptions of the proposition

1> 0/b> (NbQ)*l/“, NV« <b< N7, (<R, 1=2¢5, (7.1)
which we will assume throughout this section.

7.1. The trial state and embedding of the torus. Throughout the proof of the lower bound the
parameter u € [—b/2,b/2)? is fixed arbitrarily, and all estimates will be uniform in the choice of
u. To obtain a lower bound on the partition function, we first restrict the particle profile to n.
For this, we define the indicator function

X(z) = 11( —HB)H]l(na —ﬁa>1;I]1<zj€DUB> (7.2)
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where n(z) is the particle profile of the configuration z € CV i.e., n(z) = (nq(z)) where n,(z)
is the number of particles z; € o (with « either a bulk square or the boundary region B).
We then start with the trivial bound

1 1 ,

ﬂlog/e’BH‘lj(z) m(dz) > Blog/eﬂH‘};(z)X(z)m(dz). (7.3)
Next we break the permutation symmetry of the particles. We order the squares « arbitrarily as
a1, s, ... and write x(z) for x(z) multiplied with the indicator function of the event in which
the particles z1, ..., z5,, arein ai, the particles 2z, 41, .., 27, +7,, are in ag, and so on. Then

a1

1 ~pHf(E) ¢ _ 1 (N > 1 —pifa) ¢
ﬂlog/e x(z) m(dz) 6log N + ﬁlog/e X(z) m(dz).

As in the lower bound for the torus in Section [3.6] to each bulk square «, we associate a
map
T, : T = . (7.4)

The main difference between these two settings is the choice of the embeddings ¥,. We now
choose ¥, as the re-centered version of the map defined by Corollary

Uy (v) = c(a) + ¥O (0) = ¢(a) + b¥(v/b) (v eT®). (7.5)

This choice of the maps will enter in this section only through the estimates given by Corollary[6.2]
and the fact that [d¥| = 1.

The remaining set-up is parallel to that for the torus in Section Let wy be the measure
of the Yukawa gas on Tphe, with density

o (AVE) = e~ BHa(v) 1 (v, (7.6)
Zo,
where H, was defined in as the energy of a torus Yukawa gas in T, with range ¢ (in
principle, there is an external potential Q(«). Since it is a constant, we remove it). For the
boundary, we take wp to be the measure under which the particles are independently distributed
according to the equilibrium measure, i.e., wp = MV@HB on Band Vg : B — B to be the identity
map. With the fixed particle profile n = n, the quasi-free approximation is the product measure
w =[], wa (where the product also includes o« = B). Given the maps V¥, define ¥ by

U [[Tas x B™ »CN, ¥({v}) = ({Tv"}) € CV. (7.7)

In particular, ¥*w = [, V5w, is a measure on configurations of NV particles in C. Under the
map U,, using that |d¥,| = 1, the measure w, transforms to

1 g (-1 1 g p—1
= o —BHA(Yg (Z)) -1,y _ = —BHa(¥Y, (Z)) .
Zae || AU, (z) = Zae || dz;,

where we write U1 (z) = (U (z1), U (2),...) if z = (21,20,...). Thus defining Hy(z) =
> Ho o ¥ 1(2z%), by Jensen’s inequality,

élog / e M5 (2) m(da) > élog / e Py (2) m(dz) + BV (Hy — HE).  (7.8)
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Reversing the change of variables and averaging over the distribution of maps ¥ with |[d¥| = 1,
whose expectation is denoted by E¥,

1 R 1 2 fo!
—lo /e_ﬁHV Y > — lo /e_ﬁH"‘(V ) dv® + Q 7.9
5log ¥z glog ];[ (7.9)

where Q = EYEY(H(v) — HE(Uv)) with H(v) = 3, Ha(v®). We abbreviate by EYE® the
expectation EYE* with w = [[, wa, where w, is the measure of a Yukawa gas of range £
defined in the previous paragraph. Then, in summary, we need to estimate 2 = 0y + Q2o where

QO = EYE®(H(v) — HG(TV)), Qp:=EE®(HH(Tv) — HI(Tv)), (7.10)

and we recall that Hé is the Yukawa energy of range ¢ with potential Q. Thus 2 is the error
of a short range Yukawa gas in the quasifree approximation and is similar to that in
for the torus. The second term was absent for the torus because it was essentially handled by
Lemma at an earlier stage; the choice of ¢/ < b in is the key reason that this term is
much simpler on the torus than the current general setting. The control of this term requires a
more careful choice of the maps V.

7.2. Lower bound I: the short-range term {2;. In the next two lemmas we estimate the short-
range contribution 7. These lemmas are analogous to Lemmas for the torus setting.
Besides the density of the equilibrium measure is not constant, that there is a small contribution
from the boundary, we also need precise estimate on €27 in the dependence of the parameters ¢
and b. With the current more sophisticated choice of the map ¥ and the decoupling estimate,
Corollary we will be able to estimate ; effectively.

First recall notation similar to that discussed around . As previously, U, f is the Yukawa
potential on the torus T®) 2 T,. Also, flo, = fla— o Where pi,, is the normalized uniform measure
on T, and where fi,, is defined in . We observe that, by construction, the expected empirical
measure /; under EYE® in each square « is uniform with total mass n,/N:

NEYE® (iila) = Napta, Where jiq(dz) = b1 ,co m(dz). (7.11)

The next lemma replaces Lemma for the torus. Similarly as in (3.50|), we define

E=) nlE'E* // (Uf (v —w) = YU 4 (v) = Uo(w))) fia(dv) fie(dw). (7.12)

aCD TaxTa

We also write Hp = Y ach H,, and decompose H f) (z) into bulk and boundary contributions as

H p(z) = NZ Q(zj)1:,ep + ZYE(ZJ' — k)L, sep,  Ho p(z) = Hy(z) — H p(z). (7.13)
j j#k

Lemma 7.1. Assume 1 < £ < b and recall that E is defined in (7.12). Then

EYE(Hp(u) — H p(Tu)) = E + NO(N?(63 + 6*0%))||pv || % . (7.14)
N2Ipgg — IE‘I’E“’(HéyB(u)) = N°O(N?0%0)||Vpy|loo + O(iplog N). (7.15)

The proof of the above lemma occupies the remainder of this subsection. Before proceeding
with the proof, we state the estimate for E in the following lemma.
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Lemma 7.2. Assume the parameters b and ¢ satisfy the condition (7.1)). Then E defined in (7.12)
satisfies

E= NEO<b*2 ((Nb2)4/5 J(6/0)?? + (é/b)*‘*) ) = NEO(N*5 /25 4 520~4) = O(N'~T+ N°b20—4),
(7.16)

Proof. This is (6.4 of Corollary and the fact that there are O(b~2) bulk squares a according
to (4.17)). O

We now prove Lemma The main error in is the one with the factor N2(¢3 4 b2¢?),
which is of order b smaller than the main error term in the upper bound . The reason we
gain an additional factor b here, roughly speaking, is due to the fact that the leading error from
the left side of a square is canceled by that from the right side provided that the densities of
the two neighboring squares are the same. Since the density variation is of order b, the next
order error carries an additional factor b. (A similar cancelation could have been obtained also
in the upper bound . Since this refined estimate is not needed in this paper, we chose not
to present it for the sake of simplicity.)

Proof of (7.14). Estimating @ by (4.9) and n, by (4.17), the difference of the contributions of
the external potential is

BBV 3 37(@) - Q@Lca)] | = [V 3 na [ Q) - Q) ()
aCD i aCD

<N 3 o [(pv(@) = pr(2) a(d2)] + N 3 O v )OI T201 )
aCD aCD

<OV 2| Vpv||3) + O(N N?E pv |0V pv [loo)-

To estimate the two-particle interactions, it suffices to show that

> EVE® [Z Lyero Loyer, (U (0i = 0j)Tazg — Y (Wa(v:) = Up(v;)))
a,BCD 1#£]

= E+O(N*C)(llpv |l + IVovlls)?. (7.17)

The outline of the proof is analogous to that of (3.54) for the torus. Again, the contribution of
the nonadjacent pairs of squares on the left-hand side is bounded by O(e=¢/*) = O(N~>°). For
any squares q, 3, define

Vo= [[ o, Y () = W) o) ) = J i) maldn ms(a@o). (718)

axf

Denoting by « ~ 3 that the squares o and [ are adjacent, exactly as in (3.56|), therefore

> E'E¥ [Z LyseTa Lujety (Ug (v = vj)Lazg — Y (Walvi) — ‘1’5(%’)))}

a,BCD i1#£]
= S BB [ (U= w) = Y al0) = Wa(w) ra(d0) )
aCD aXla
=) MafgYes + O(N ™). (7.19)
a~f
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The difference between E and the first term on the right-hand side of the above equation is

_2 _ v w Lo —w v w .
aCD [/AQUbU w) pra(dv) pa(dw) — / Y0 = w) pa(dv) pa(dw) | (7.20)

where we have used that fi, = fiq — . For the squares o C D not touching the boundary, we
use the cancellation below and for the squares touching the boundary instead the weaker
estimate . By these estimates, and summing over o using that there O(b~2) squares o not
touching a boundary square and O(b~!) squares touching the boundary, it follows that the last
display equals

ST S aiisTas + O ) (lovlioe + [Vpv )
aCD B:f~a

This proves ([7.17]). O

The following lemma replaces Lemma for the torus. The argument requires more care
since we here do not have n, = ng.

Lemma 7.3. Assume that b > £. For any bulk square o whose neighboring squares do not touch
the boundary region B,

2 [//T - Ul (v — w) pra(dv) pia (dw) / Y0 — w)) pa(dv) pia(dw) } Z NafpYas

= 0N pv |0 I Vv |lso) + O( —0y(7.21)

For all other squares a, we still have

ni[//MTQUf( ) a(10) o () = [ V0= ) a0) ()] - %nanmﬁ

= O(N?b%)|Ipv [|%-  (7.22)

Proof. For any fixed square « of side length b > [, using that contributions for distances > /¢
are negligible, by unfolding the periodized interaction we have

[ v mmanmn = [ [ i umag man) 00

and thus
J L =) == 0) () o) -3 / [ Y1) () st + O ),
Therefore the left-hand side of (7.21]) equals

Ty Z (e — 71p) //axﬁ V(2 — w)pa(d2) ps(dw) + O(N ™).

B:B~a
Note that for a # 3,

/ Y= whma@s(an) = 0470 sup / Y2(z — w) m(dw) = O(b—3¢%).

ZEQ
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Using | — fig] = O(NbB3)||[Vpy|leo and fig = O(NV?)| pv e, the claim follows.

For the boundary squares, we do not use any cancellation between the difference of U and
Y¢ and Y in , but we still use the cancellation between U’ and Y*. Analogously to the
above, the difference between U¢ and Y and the Y terms are each bounded by

O(NV)20(0*F) | pv |13 = O(N?bE%) || pv ||
This completes the proof. ]
Proof of (7.15). By definition, we have

EYE“[H§ 5] = EYE¥ ZY zi — 2j) WJGBJFNZQZJ +22 ZY zi — 2j)

1#£j z,€EB z€D z;€B

Moreover, by definition of the expectation E¥E®, the particles in B are distributed indepen-
dently according to the restriction of the equilibrium measure py . If the particles in D were
also distributed independently according to the equilibrium measure, the above right-hand side
would be N2Ig g + O(nplog N), with the error term O(7iglogm(B)) = O(np log N) resulting
from the inclusion of the diagonal ¢ = j in the first sum. In reality, the particles in D are dis-
tributed according to the periodic Yukawa gas in the squares «; under this measure the expected
empirical measure is uniform on the squares « with constant density 7,/N; we may replace this
constant density in the bulk squares by the density of the equilibrium measure with an error
O(Nnpl?bt)||[Vpy oo = O(Nnpl?b)||Vpy|leo. In summary, we have

EYE“[H 5] = N%Ig.p + O(N??b) | Vpy ||oe + O(Rplog N)
as claimed. ]

7.3. Lower bound II: the long-range term €2, and conclusion. In the next lemma we estimate the
term €o. It is in this estlmate where the randomness of the ¥, enters in an essential way through
the decoupling estimate, of Corollary |6. We recall the decomposition HE o=Ho ¢ pTH 67 B

of the energy into bulk and boundary part from and decompose H‘I}z analogously

Lemma 7.4. Assume the parameters b and { satisfy the condition (|7.1]) and recall Ké from (4.5)).
Then

Qy = Nlog(R/0)+N?*Ki+N°O(N'"7 + b2+ O(N?b*)||Vpl|2, 5 +O((log N)b~2 + nplog N).
(7.23)
More precisely, with O(N'=7) = NSO(N*/5/62/5), we have

EYE®(HG p(Pv) — Hif p(¥v)) — Nlog(R/l) — N*Kp,
= NTO(N'T +207%) + N°O(N?4) || Vp|% 5 + O((log N)b~?),  (7.24)
EYE“(HG p(Uv) — Hf g(Tv)) = O((log N)b~? + nplog N). (7.25)

Assuming this Lemma, we can now prove Proposition

Proof of Proposition[{.6. By (7.3)—(7.10),
1
ﬁlog/eﬁH‘e(z) m(dz)
NEDE a0 e | 1 ~BHB(") 4 B
g N + Blog e e du —I—Elog e du” +Qy + Q9 (7.26)

aCD

WV
™| =
5}
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where the combinatorial factor %log (]1\1[ ) arises analogously as in (3.41)). By definition, the first
three terms on the right-hand side give F'(f1). By Lemmas and the last two terms on
the right-hand side, Q; + Q2, contribute the explicit terms N log(R/f) + N2K% as well as the
error terms in the statement of the proposition. ]

The rest of this section is devoted to a proof of Lemma[7.4 We start with a proof of (7.24)).
Proof of (7.24). We start with (4.7), which implies that

EYE(Hf o U — H{ o W)~ Nlog(R/()~N*Kf = —N’EVE® (Lio¥) = —~N’EVE¥ Y " (Qap07),
OC7B
(7.27)

where we define (note that Q4 should not be confused with ; and €»)
Qustz) = [[ (v w) () 7 (7.28)
aX

here p% = g% — ,ug and we have made its dependence on z € CV through the empirical measure
fv = [i* explicit. Recall ¥ from (7.7) and note that Q.5 o ¥ is a function on [[, Ta>. For any

v €[], T2, denote by gy (dv) =n 'y jiv; €T, Ov; (dv) the normalized empirical measure on T

as in ([3.49). We also denote by fi(dv) = b~2m(dv) the normalized uniform measure on T, and
set fia = fla — po- We rewrite Q0,5 0 U as

Qus(W() = [ L) — W) [0~ Py (Wa(e) o)
x 52y (dw) — Rpv(s(w) ps(dw)],  (7.29)
where we changed variables v — W, (v) and used (6.9). We then rewrite
[ (d0) — NEpy (Fa (1)) o (d0)] = it (d0) — [NV py (W (v) — e ralde).  (7.30)

Using that E“ Y (dv) = 0 to see that the cross terms between the 1Y, and pg or fug terms vanish.
This gives

N?EYE*Q,5 = 1a=piafigEVE® / /T : LR (Ve (v) — Vg(w)) ¥, (dv) i} (dw)
aX B

VYR [ L) () oy (Fal)~ o | mid) o () - | mict)
(7.31)

The proof is completed by bounding the sums of the two term in ([7.31]) over a, 8. The first
term with o = f is the key difficulty requiring the sophisticated averaging over W. Indeed, by
(6.5)) of Corollary and using that there are O(b~2) bulk squares «, we have

> nzevee / Ly (Wa (0) — Waw)) i (dv) it (duw)

aCD aXTa
= Nb20((NBH)Y2 ) (£/b)*/° + b*0~4) = NSO(NY5/02/> 1 p20~)  (7.32)

as needed. The sum over «, 5 of the second term on the right-hand side of (7.31)) is bounded as
needed in Lemma [7.5] stated below. O
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In the statement of the following lemma, a naive bound of the left-hand side is N2b?. We
gain an extra factor b for each integration variable due to the cancellation of the integrand, and
thus obtain the resulting stronger estimate.

Lemma 7.5. Assume the parameters b and £ satisfy the condition (7.1). Then we have
2 Umw l Na T_Lﬁ
N YEE [[ L) =Wstw) [y (Va(e)—gieg] m(an) oy (¥s(w) —irg] m(aw)
o,B axXlp
= NONZ)[[Vpy |25 + O((log N)b~2)  (7.33)
where the sum is over bulk squares a, 3.

Proof. By changing variables, the claim is equivalent to

N Y EVEY / /a . Lz — ) [ov(2) - %} m(de) v (w) - <25 | m(duw)

a,BCD
— NFO(N24) [ Vpy 2,5+ O((log N)b~2).  (7.34)

By definition of 7, we have |, — Nuy(a)| < 1, and thus (recalling that py has density py)

N 1

pr(e) = it = pve) = 8 4 O(0) = g [ mldQ) (ov(2) = r(€) d + Ol (7:39)
as well as - ) .
pr(w) = 3% = [ mlde) (v (w) — pv(€)) d + (). (7.36)

We will use these bounds below and also bound L% (z—w) by O(log ¢) = O(log N) in the integral.

We first consider the diagonal terms o =  on the left-hand side of . We claim that the
contribution of each such term is O(log N)[N2b5||Vpy ||%, + 1]. To see this, note that the factor
log N is due to L%, and a factor b2 arises from each of the integration of z and w. The first
terms on the right-hand sides of (7.35)—(7.36) contribute a factor b||Vpy || each from bounding
[pv (2) — p(Q)] respectively [py (w) — p(&)], while the error term are of order 1/(Nb?). Since there
are O(b~2) many bulk squares «, this bounds the sum over the terms o = 3 as claimed.

Next we consider the off-diagonal terms a # §; we drop sub- and superscripts from L and p
to shorten notations. We use a Taylor expansion to find that the sum of these terms is bounded,
up to remainder terms, by

vy 5 // [~ 0 P~ ] [T €+ T8 6
ot ? JaxB ) Jax

% |Lla= Q)+ VL) (z=C—w+8) + V2 L{a—&) (= —w+8)?| m(dz) m(dw) m(dC) m(ds).

The remainder term are bounded similarly without using symmetry and produce the error terms
depending on [|V3p|s. We return to the main terms. By symmetry, the odd terms in (z — &)
and (w — ¢) do not contribute. The leading terms are therefore the quartic terms. These terms
are bounded by

N2 ([[Vplloe + [V pllo0)?.

The factor b* comes from b~4b*b?* with the factor b=* coming from the summation over squares;
the b* factor coming from the volume of the integration of z and w, and the last b* factor comes
from the size of products of (z — () and (w — &) in the formula. This concludes the proof. [
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Proof of (7.25). We now bound EYE“Q,4 for 3 = B and o C D. Since iy = i — py and
EYE“i|, is the uniform measure on o with total mass nn /N, we have

N

EYE® (fiv]a(dz)) = (Nbe)v(Z)

~1) rla(a2)

EVE (jiv |5(d2)) = (N;f(m - 1) v (d2).

Since fi|p and the /|, are independent under EYE“, and since the number of squares a is O(b~2)
and bounding L% by O(log N), therefore

W EE [ [ L) Walw) v (02) ()

«

=Gt ) E [ L, 70 (i =) mtao metaw

=0 ((logN)‘ﬁB — Npuy(B)| Z‘ﬁa - Nuv(a)‘) =0 ((logN)b_Q) .

Similarly, for « = 8 = B, we have

N2EYE® /
z€B

= (MjfB) - N)Q / /B Lz = w) () py (dw)

_ 2
np _
= (MV(B) — N> O(log N)py (B)? = O(fplog N).

This completes the proof. ]

[ = w0 L () )

7.4. Summary. In order to prove the lower bound for the partition function of the Coulomb gas,
we used a quasi-local approximation whose main building blocks are Yukawa gases on torus. Due
to the natural that the lower bound is proved via a variational trial state, all estimates needed
are with respect to a Yukawa gas on tori. In particular, the rigidity estimate needed in the lower
bound is with respect to a Yukawa gas on a torus. This rigidity estimate is done in Appendix [A]

8 Proof of Theorem [1.2: central limit theorem

In this section, we prove Theorem Our proof uses a modification of the loop equation, which
is a relation between one- and two-point correlations. It allows to obtain the moment generating
function for linear statistics of the Coulomb plasma in terms of expectations of terms involving
one-point and two-point correlations with respect to a tilted measure. The density estimates
of Section [2| provide sufficient control on the one-point terms in the loop equation. The two-
point correlation term in the loop equation is singular and can be decomposed into short- and
long-range contributions. The long-range part can be decomposed further into scales which can
then be bounded using local density estimates for all scales. Thus the short-range contribution,
which we call the local angle term, is the main difficulty to obtain the CLT.

In [5], the loop equation was used to prove a central limit theorem for § = 1, by bounding
the two-point contribution using the determinantal structure of the microscopic point process
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(which holds only for = 1). In [6], we used the loop equation approach for Coulomb plasma for
any 3 > 0 to obtain rigidity estimates, by introducing the local density estimates to estimate the
long-range part of the two-point contribution and bounding the angle term by a trivial bound.
In this section, we obtain an effective estimate for the angle term for general 5 > 0. We deduce
this estimate from Theorem and the fact that the estimates for the remaining terms in the
loop equation can be obtained also for version of the Coulomb plasma that is tilted by a small
two-body interaction.

We remind the reader that all estimates in this section are with respect to a Coulomb gas
with or without an angle correction term; the Yukawa gas is used only in the approximation
of the free energy of the Coulomb gas, in Sections {7} In particular, the estimate of the angle
term, to be presented in this section, is with respect to a Coulomb gas. This estimate requires
not just the local density bound, but the sophisticated rigidity estimate which is a consequence
of the loop equation. The rigidity estimate will also be needed for Yukawa gases on a torus, to
be presented in the Appendix [A]

8.1. CLT for macroscopic test functions. We first prove Theorem [1.2|for macroscopic test func-
tions f. For this, we ﬁrst prove that a version of Theorem [T.2] holds up to certain random shift,
the local angle term A defined by

. N h(z) — h(w) _lz=w?® _ _ 9f(2)
f E—— _Z 2 = —= .
where § = N~1/2+7_ Note the integrand is singular at z = w since
h(z) = h(w) _ v
L= = O9h(z) + Bh(z) 2 + O(|2 — w))

We recall the definitions of X{; and Y‘f from (L.11)) and (1.12)), as well as the norms from (1.7),
and that we write || f||co for || f|loo ks with b= 1.

In the proof of [6, Theorem 1.2], more precisely in [6, Lemma 7.5], we showed that is
bounded by O(N¢) with very high probability. Assuming this term was < 1 instead of O(N¢), a
small modification of the argument in [6, Section 7] would already imply Theorem[1.2] A similar
strategy was used in [4,[5], where a version of was shown to be approximately equal to

—%Y‘f for 8 = 1, by using the exactly known correlation kernel for the microscopic correlation
functions in this integrable case. Our strategy now is to first prove a version of Theorem in
which the contribution of the angle term has been removed (in Proposition 8.1 below), and
then subsequently, by combining this argument with Theorem [1.1] prove that the angle term
is in fact negligible up to the constant —fo (in Proposm

Proposition 8.1. Suppose that V satisfies conditions ( . and -, or more generally the
conditions stated in Remark[{.2. Then for any small o, the following holds. For any function f
satisfying the same assumptions as in Theorem (in particular the support of f has distance
of order 1 to dSy ), for smalle and th"2N?7 +tb=2(| f||cc.ap < 1, we have for any 0 < |u| < O(2)

i tN 1
log Byre ANUXY—AVL ) / 2 ~ 2y
tﬁN ogEye oy IV f(2)]" m(dz) v
+O(NTVETHYE L NZTF) | floosp + OUNTT07%) || fll2 55 + ONT270]| fllap).  (8.2)

Proposition 8.2. There exists k> 0 such that if o = k/6 and 0 < |u|,t < N=2%/3,

) 1
ve M = — Y+ O(N ) (1 + | fle)* (8:3)
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The above two propositions will be proved in Sections below. We first note that the
estimate ({8.2]) given by Propositionwithout the angle term Ay, Fon the left-hand side would
imply a CLT for X{;. This angle term is controlled by ({8.3]) of Proposition By combining
the two estimates, we can complete the proof of Theorem for macroscopic test functions.
For mesoscopic test functions, a similar argument applies after conditioning (see Section .

Proof of Theorem 1.3 for macroscopic test functions. By assumption, f is a macroscopic test
function with ||f|]oo5 bounded. Let ¢ and & be as in Proposition Then, with A = Nt in the
identity

w—Nlog Eye™ BNeXY, _ tﬁN (logEVe BNHXY—AL) _ logEVthfeBNtA(/) , (8.4)
the claim follows by using the estimates , 8.3)) for the two terms on the right-hand side of
, and finally replacing x by 3k. O

8.2. Loop equation with angle term. We start the proof with an integration by parts formula.
Consider a smooth bounded function v : C — C, and G smooth, defined on z; # 29 such that
G(z1,22) = G(#2,21), and

limsup(|G(21, 22)| / log | 22]) < 1 (8.5)

|z2| =00

for any fixed z;. For any z € CV we define

WS () = — > (w(z) = v(2))0:, Gz, ) Za v(z) = N Y _v(z)0V (z). (8.6)
J#k J
The following elementary lemma is often referred to as Ward identity or loop equation. For
example, it was used in [5] to study fluctuations of the empirical measure when 5 = 1, and
in [6] to prove rigidity for all 5 > 0, with in both cases the interaction G being the Coulomb
potential C. Its relation to Conformal Field Theory is discussed in [29]. In this work we need a
perturbation G of the Coulomb interaction by the local angle term.

Lemma 8.3. Under the above assumptions, we have

G,v 1
EF (W) = SEG( Do (0(z) + 0(20)) (0s + 02,)G (25, 20) ).
J#k
where the expectation is with respect to Pﬁ,v defined in .

Proof. The proof is a classical simple integration by parts: for any j € [1, N], we have

E (9:,0(z5)) = BE (v(2;)0:, H(2))

where both terms are absolutely summable and the boundary terms vanishes because (i) with
probability 1, no two z;’s have the same real or imaginary part, (ii) v is bounded, G satisfies the
growth condition , V satisfies the growth condition . Summation of the above equation
over all j € [1, N] therefore gives

N N
ﬁt\, ZE(azju(zj)) - IE( 3 o(z) (aZjV(zj) +3 (025G (25, 2) + 902Gz, zj))))

=1 py
<iv (25 (&ZJV z;) + Z 0z; — 0z1)G (2, zk)>> + E( Z Z v(25)(0z; + 02;)G (25, zk)>
Jj=1 k#j J=1 k#j
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Using G(zj, 2) = G(2k, 2j), we can continue the equation with

N
(Zv 2;)0-,V (2j) ; Z (U(zj)(azj — 021)G (25, z1) + v(2k) (02, — 025) G2k, zj))>
Jj=1 Jj#k

z (Z(( )—i—v(zk))(azj'+8Zk)G(Zj7zk)>
Jj#k

0(2)0,V (25) ;Z (vz) — vla)) (02 — 920Gz 20))
Jj=1 J#k

E( D (0(z) + v(20)) (02 + 02) Gz, ).
Jj#k

[a—y

Mzm

=E(

+

DO =

This concludes the proof. ]

Before considering the interaction G with additional angle term, we temporarily restrict our
-1

attention to the Coulomb case, where 0.,C(z; — z) = —5(2j — 2)

Lemma 8.4. For any f : C — R of class € supported on Sy and z € CV, recall X\]; defined in
(1.11)) and h, depending on f and V', defined in (8.1)). With these notations, we have

X =~ Wi + 7 > oneu) + s M) iy (a2) (), (87

where iy = i — pwy and we used the notation W"} = Wg "

Proof. First remember the following two identities:

/“V(dw) =0V (2), f(z)= i/éf(w)m(dw). (8.8)

Z—w Z—w

The first equation holds for z € Sy and is obtained by the Euler-Lagrange equation, the second

equation is a simple integration by parts. We therefore can write

K-y ’%@ =
, Zj
= N// o fiv (dz) oy (dw) +Zh 2)0V (z) // — py (dw) py (dz)

1 h(zj) — h(zk) N hz) = h(w) _ ~
- + > h(z)0V(zj) // v (dz)ay (dw),
2N port 2j — 2k Z Sy W
which is equivalent to . In the first equation we used (|1.6) and (8.8), and in the second
equation we used ({8.8)). O

MV (dw)pv (dz)

We now decompose the last term in (8.7)) into a sum of the long-range and short-range terms.
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For this purpose, let ¢(z) = e I2 and, given a mesoscopic scale 6 = N —3+0

r

, we define

0 _lz—wl?
d 2
7 (2 — w) :/ Bz —w,r) L =" (8.9)
0

» |z —w|?’

lz—w|?
o dr 1—e 202
+ _ _
@e(z—w)—/e @(z—w,r)rS— W

U (z,w0) = OF (2 — w) (2 — @) (h(2) — h(w)), ¥'(z,w) =V (z,w)+ ¥, (z,w). (8.10)

As in the proof of |6, Lemma 7.5] (see also [20]), we have decomposed the last term in (8.7)) into
a relatively long range part and, essentially, a local angle term:

];//Ziw h(’i:h(w)gv(dz) iy (dw) = ALT 4+ AL~

w
where
A N \py iy (d2) iy (d 11
1% _5 2 h(sz):uV( Z)MV( w)v (8 )
h— N - _ _
Ay = ) ” U, (z,w) fiv(dz) fry (dw). (8.12)
By definition (8.1)), we also have
N N — |z—w|?
A= re [[ MM S o ) = Real, (819)
zF#Ww -

ie., fl{; is just Re A}‘L/’_ with h chosen according to .

Note that, in the above decomposition, we could have considered any fixed non-negative
function ¢ € C*°(C) with compact support or fast decay at infinity, as in [6, Lemma 7.5].
We here chose the Gaussian scale function for the sake of concreteness and some convenient
simplifications. Compared with [6], we also write the mesoscopic scale as 6 rather than N—1/24.

8.3. Coulomb gas with angle perturbation. We now define the perturbed Coulomb gas. The
Coulomb gas, exponentially tilted by the real-part of the local angle term, is defined to have
pair interaction and potential given by

t
G=C— iRe\I',:, Vi=V+tf+tF, F= Re/\lfh(-,w) py (dw), (8.14)

where h = % (we will see that h = hg defined in (8.17)) below). We also include a t-dependent
constant in the perturbed Hamiltonian and define

t . ~
H,; = H‘% - §N2 Re// U, (2, w) py(dz) py (dw) = H‘C/_Hf - NtA{/. (8.15)

Notice that the interaction term involving Re W, , the potential term involving ¢F' and the
constant term in were recombined into flé which was defined in . Notice further
that the subscript V is different from the subscript V + tf in the Hamiltonian in (8.15|).

For the proof of Proposition [8.1 we require the following Proposition [8.5] regarding a local
density estimate for this interaction.
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Proposition 8.5. Consider the Coulomb gas with Hamiltonian (8.15)), with V, f € €? and tN?° <
1 and |Vh|so <1 andt € [0,1]. For all s € (0, %), for all f supported in ball of radius b= N—*
contained in Sy with distance of order 1 to the boundary, we have the local density estimate

X[ < VNO||flloo,20 (8.16)

with respect to the measure Pgt t. In particular, for any ball as above, the number of particles in
that ball is bounded by O(Nb?) with high probability.

Proof. The proposition is a direct consequence of Theorem Indeed, (8.15)) corresponds to
the choice G(z,w) = %e—p—wﬁ/(w?) in (2.8)) which satisfies (2.9) since ||Vh|o < 1. O

For 0 <t <« 1, we define

0f)
20V (2) +tf(2))’

hi(z) = = ho. (8.17)

In the next lemma, we collect some elementary estimates for h; and F;. Recall that V satisfies
the growth condition ([1.4)) and the regularity assumption (1.10)).

Lemma 8.6. Assume that the support of f has distance > N~Y2+% to 3Sy,, and that
072 fllooap < 1. (8.18)

Recall = N=Y2t9 Then the following estimates hold:

Piellks < 07 f ook 1,[1 + 0721 flloo k2] (8.19)
tF(z) = O(N"2) 72| flloo,2.0 (8.20)
tAF(2) = O(N"Y2*Yh ™3| [l oo, (8.21)

Proof. Using that t||Af]l < 1 and (8.18]), we have

IVl 10V (9I(V +tf))ll

oV +ih T o rip S0 W leaslt 0T )

HVhtHoo S
10

Similar estimates hold for higher derivatives and we get in general (8.19). We can bound ¢F' by

— |zf'w|2
() = [ MELR G ) = OV = O e

zZ—w

which is a small correction to V + tf. Similarly, we have

Z—’UJZ Z—'LU2
tAF(2) = tAh o dw) — 2tVh v o d
(&) =180 [ = au) —20906:) [ (902 ) av(aw)
|z—w|?

+th(z)/<Awezmi> py (dw) = O(N~1/2Fote),

where for the last estimate we integrated w by parts to avoid the singularity. O

By using the local law of Proposition in the loop equation, as in [6, Section 7], we obtain
the following estimate. Recall that A{/ was defined in (8.1)) and satisfies (8.13).
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Lemma 8.7. Suppose that the assumption (8.18|) holds. Recall o is the parameter in the definition
(8.1). Then for any 0 < |u| < O(t)

f_if N 1 1 t
710gEve_tﬁN(Xv_AV+uf) = t87r / |Vf(z)|2m(dz) _ By‘f + 7 Re/ E‘G/S (A}‘L/SH’) ds
0 S S

+ O(N 2R fl3) + OEND2N*?|| 13 ,) + O(N Y240 fl|ap), (8.22)

1
tBN

_ ftN 1 1 ¢ he,— he
log Eye tBNX3, &r/]Vf(z)IQm(dZ) _ By‘f 4 tRe/o Egﬂf (Av‘jrsf +AV:;f> ds

+ONY2H74 Y ) 4+ O(ENTD 2N £]3,) + O(N /b fly).  (8:23)

Proof. We focus on ; the second bound can be proved in a similar way. Note that
the expectation on the right-hand side of (8.23)) is with respect to the standard Coulomb gas
without local angle term, and that the terms A?/S’is are with respect to the external potential
V + sf. The estimate was essentially obtained in [6, Section 7] already. The short range
angle term, A?,SJ:S > Was difficult to estimate in |6, Section 7]. In , we added an angle term
in the Hamiltonian so that there is no such short range angle term on the right side of .
The following proof is written for u = 0 for the simplicity of notations; we will remark on the
modification needed for the general case in the proof. Furthermore, the error A?/i’_ - A?/J_ru 7
will be estimated in Lemma [R.8

We denote by Z; the partition function corresponding to the Hamiltonian . Then the

left-hand side of (8.22)) can be written as
1 1t 1
—— (log Zy — log Z, N = - s——log Z; + N .
tBN(Og + —log Zp) + /fduv t/o {6 5N o8 + /fduv]ds
Using the definition (8.15)) of Gy, we get
1 R
Oy oa 2+ N/fdw - N/f(dw — duy,) +ReE€;(— x{, +A{/).

Ast <« 1 and Af is bounded and supported in Sy, the supports Sy and Sy, coincide. Together
with the explicit formula for the equilibrium measure (1.6)) and with (8.20)), we have

Nt N
N [ s = dp) =57 (1957 dms 3 [ 17eaF|dm

Nt o
=5 194 am 02N 1

where we have integrated by parts twice in getting the last inequality and also used that the
support of the integrand has area O(b?). Using with the choice V; for the external potential
(and the unperturbed Coulomb pair interaction), we have

G f h=\ _ G L ion 1 Bt he— h—
B (- +ay7) =B (5w - 75 2 Ohelaw) — Ay - Ay + Ay D
k
The perturbed interaction Gy satisfies G(zj, 2) = G¢(2k, 2j) and the growth assumption (8.5),
SO Lemma applies. Together with the definition of G} and recalling WG = W‘(,z’h, we have

S (W@; +6 3 (halzj) — he(=))0:; Re Ty, (5, zk)> — EG! (vajtﬁht)
i#k
1
= ZEG (Do (hez) + he(z)) (s + 02,)Gelz5, 20) ). (8:25)
J#k
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In summary, equations (8.24]) and ( give

BN

1
_ fz (he(z) = he(z1))0z, Re W, (25, 20) + 50 D (halzg) + ha(z2)) (0, + azj)at<zj,zk))
J#k J#k

1 Nt 2 G 1 ik ghe— | b
3t10th+N/fde— M/\Vﬂ dm+ReEV;<—Mzk:aht(zk)—AV§ — AT+ A

+O(tb 2 N?)| %25 (8:26)

We now evaluate all terms in the above expectation. The difference Aht’f — Ah " is bounded in

Lemma below. For the general cases with u # 0, A ~ should be replaced by AV g Notice
that Lemma [8.8]is valid for all 0 < |u| < O(t).

The other terms are bounded as follows. By (8.16)),

1 1
ReE(! (- NG Ohu(zx)) = ~ 5 Re / Ohe dpvi, + O(N“V2740) [ Vhy s (8:27)
k

To compute the main term on the right-hand side, recall that V; = (V +tf)+tF. By integration
by parts and the explicit formula for the equilibrium density,

1
—BRe/ahthVt :——R / =5 V+tf))A(V+tf)dm+0(t/8htAde>
——/AflogA(V—i—tf)dm—i—O t/@htAde)
= _EYfH) /|Af2dm> + Ot 2N f112 3 (8.28)
= —BYf+0<tb N2 113 5.

Finally, differentiating ¥ and using give

t _lzim=l? 2i — 2.2 e
|5 S (hul)ha(z0)0:, Re Wy (55, 5| < CxclIViilZ, 32 oo (1+392’)+e N
J#k JFk:z; €Q

where () is the N¢f#-neighborhood of the support of h. Using the boundedness of the local
density, implied by (8.16)), we have, under the assumption (8.18]), that

t — o—T&
ReEf (5 D (he(=) = hi(z2))0:, Re Wy, (25, 20) ) = O(EN7*62) Ve[
ik
= O(th 2N¥ )| flZ 0y (8:29)
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Similarly, yields

& S (hulz) + haz))(@, +02)Clz 2)

i#k
t Oh(zj) — Oh(zy) _l===l”

= NZ(ht(zj) + he(zr)) ;j > e 20

J#k

t _lzimal? e
= O lhellolV?hllos Y- e @) + 0™

j;ﬁk:ZjEQ

to ol e

= O(b s Yo e @ ) +0N).

J#k:z;€Q

The local density estimate (8.16) then again gives

1 t oy o
ReEF (5 D (hu(z) + he(20) (D, +05)Grlz,2) ) = O(Gb N2 ) £ 5
i#k
= O(th 2 N*7*9) || f112% 5.0- (8.30)
Collecting the error terms and using (8.32) and b > 6, we get the error terms
N7 Fllag + ENDT2N | fI3 + N7V290) flla. (8.31)
This concludes the proof. ]

Lemma 8.8. Recall assumption (8.18|) and that h; is defined in (8.17). For any 0 < |u| < O(t)
we have the estimate

EG (Al = AlT, ) = OV Y270y g+ OUN b 2) | f2 5y (832)

An analogous estimate holds with E% replaced by ]Ef/

Proof. To simplify notation, we set u = 0 in the following proof as the general case is proved in
the same way. By definition,

A=Ay = G [ (e 02) ) = 95 ) ) ] (839
Decompose the integrand into
(W, = (2, w) iy (d2) iy, (dw) + W3, (2, w) [fav; (d2) iy, (dw) — fiv (dz) v (dw)]. (8.34)
To estimate the first term, using that
050hs(2) = O (|[V fllsol V2 flloo + V2 f112%) = O™ £136 5.1 (8.35)

with high probability with respect to the measure PS t we have

v W ) i (42 o () (3.36)
<N / ds / / 1000 (2)| 1002 = ] < 0) v (02) v, () (8.37)
< 0N +42) £, 4, (8.:38)
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where we used the local density estimate Proposition and the factor 626 comes from the
integration restriction that z is in the support of f and |w — z| < 6.

Similarly we can estimate the second term in . We start with the bound that, with
high probability,

N// U, (2,0) [fiv; (dz) — fiv14p(d2)] fiv, (dw)
— O(N // (2, w) EAF(2) m(d2) iy, (dw) = O(NY<6%2)||Vhy | [[LAF oo

= O(N2579) | £l 52| ot = OV 975207 f 2

where we have used Lemma to bound ||Vh¢||co||tAF||ec and assumption (8.18]) in the last
step. Similar argument also leads to

N [ 5, w) [ () = ivaas (@) i () = OV [ [ 7 (200) AF(2) m(dz) v (o)
= OVI#16262) [V e | Al = OWVZ*=05 )] £

Collecting all these bounds and using I £11%, 25 <l flI% 35> We have proved Lemma 8.8, Notice
that we have used assumption (8 in the proof so that the right side of (8.32)) does not involve
|| fll4,p- This completes the proof O

8.4. Proof of Proposition The proof of Proposition follows the strategy in [6] by first
estimating the sum of the long and short range angle terms with the local law Proposition

Lemma 8.9. For any € > 0, uniformly in 0 < t < 1 with t|Af|lc < 1, we have

EG (A% + AL ) = OBl (8.39)
Proof. The proof is exactly the same as that of [6, Lemma 7.5], using the local density estimate
Proposition Here A~ corresponds to t < N~Y249 in that proof and At tot > N~1/2+. O

Inserting these bounds into , we obtain the following rigidity estimate. This estimate
is essentially the same as the rigidity estimate for the Coulomb gas, i.e., [6, Theorem 1.2]. The
only difference is that the estimate is with respect to the Coulomb gas with an angle term, i.e.,
the measure IP"G/:.

Proposition 8.10. Assume the same conditions as in Pmposz’tz’on. Foranye >0, s € (0,1/2),
for any [ supported in a ball of radius b = N~—* contained in Sy with distance of order 1 to 0Sy,

Xp =< fllooa (8.40)

with respect to the measure Pgt.
t
Proof. The proof is exactly the same as the proof of |6, Theorem 1.2]. O

Finally, using this rigidity estimate instead of the local law of Proposition we obtain the
following improved bound on A%, which consists of correlations at range longer than N~1/2+o,
The proof of Lemma [B.11] uses a loop equation and will be given in Section [A.4] where a
systematical treatment of loop equation will be presented. We remark that a similar estimate
for Coulomb gas was already proved in [6].
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Lemma 8.11 (Refined estimate on the long range angle term). For any ¢ > 0, uniformly in
0 <t <1 with t||Af||so < 1 and for any function g, we have

EG (A7) = OV )blglloe.20- (8.41)

In particular, when g = hy, the last term is bounded by O(N~7%¢)| f|ls5. For a Coulomb gas
satisfying (2.32) a similar estimate holds, i.e.,

ESor (45,7) = OV 7*)bllg]o 2 (8.42)

Proof of Proposition [8-1. Proposition 8.1] follows immediately from (8.22)) and Lemma O]

8.5. Concentration of the angle term (macroscopic case): proof of Proposition In this
subsection, we assume b is of order 1. The main input of the proof of Proposition [8.2] is the
following estimate of large deviations type, which is a direct consequence of Theorem

Corollary 8.12. Assume that V satisfies the conditions of Remark [[.3. Let 0 < t < 1 and
k < 1/24. Then for any f € €° whose support is contained in Sy and has distance of order 1
to the boundary of Sy, assuming that t|Aflle < 1, we have

1 5 tN I 1
—BtNX{, _ 2 LA\ vs —k 2 2
17 g Bre M = /|Vf| dm+<2 ﬁ> Yy +O(NT"/t) 1+ Aflloo3)* +OO|Af 15

Proof. By Theorem we have

1 N
——log Eye PINXU — N/fduv =5 vy = Iv)

tBN
1 1)1 N
37 5) 7 [ pvarlogpvae — [ pvlogpy | + O NTY),  (8.43)

with an f-dependent error term. More precisely, by Remark [4.2] with V fixed, the f-dependence
of the error term can be taken to be Ot !N ~%)(1 + | Af|c0.3)%

Using that py = ﬁAV]lgv and pyiep = ﬁ(AV + Af)lg, for f with compact support
contained in Sy such that tAf < AV in its support, an explicit calculation (see, e.g., [6,
Proposition 3.1]) shows that

t2
Fyses — Iy :t/fd,uv— 87r/|Vf|2dm, (8.44)

and that

1 1 1 PV
" / pv+iflog pvyer — / pvlogpy | = — / Aflogpy + — / pv+if log il
t 4 t 1A%

— o [arioepy +0 (t / (Af)2> L (845)

where for the last equality we expanded log(1 + tAf/AV) to first order and used [Af = 0.
Equations (8.44) and (8.45)) in (8.43)) conclude the proof. O

Proof of Proposition 8.3 Let k be as in Corollary [8.12)and write W = V —tf. By an elementary
identity as in (8.4)), we have

1 Af 1 _ f_af f
G log By e ™Al s — v <log Epye #NXV=AV10p) _og Ewe—,BNth) '
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We can replace X{; by X{;V in the two exponents in the above equation since X{; — X{jV is a
constant which cancels in the above expression. Also, fl{, fuf = A‘J:V () By Proposition

f Af
BNH(XT,—A

1 _ 1
L ogEwe Wi = Yl 4+ NCO(N® + N~ + NY23) (1t || foc,0)%.

tBN
By Corollary with V replaced by W, we can estimate the last term log Eye ™V Xy Recall

from (8.28) that YV{, = Y‘f + O (¢t [ |Af|*dm). Putting all these bounds together, we have
arrived at

1 if 1
oy log By s = 2V 4 NFO(IN® + N7 4 7 N7 NV (1 | o 5)%.

This proves (8.3) in the specific case t = N™4% = N ~2/3%  Moreover, the bound also holds
as claimed for smaller ¢ by the monotonicity of ¢ + ¢t~ !logE(e!*) applied with the choice
X =BN(Af, ., +3Y). 0

8.6. CLT for mesoscopic test functions. To extend the proof of the central limit theorem to
test functions on mesoscopic scales, it suffices to prove the following estimate for the local angle
term. Recall that A{/ was defined in (8.1)) and satisfies (8.13)).

Proposition 8.13. Suppose that V satisfies the conditions and . Let s € (0, %) and
assume that f is supported in a ball of radius b = N~% contained in Sy with distance of order 1
to the boundary 0Sy. Then there exists T = 7(s) > 0 such that with high probability under the
measure P‘(;,

. 1 .
Al + 50 < (N8 e (8.46)

This proposition can be proved by following the strategy used in the proof of Proposition
after conditioning on the particles outside a mesoscopic ball with radius of order b containing
the support of f. Before implementing this, we complete the proof of Theorem using ((8.46)).

Proof of Theorem [1.3 for mesoscopic test functions. We apply (8.23) and we need to estimate

the term 1 Re fot ES, s A}‘L/SJ; ;T A}‘L/S:gf) ds on right hand side of ([8.23). The term A™ is again
bounded by Lemma To estimate the expectation of A~, we now use (8.46|) which implies
that with high probability

Ahs 1

_ 1 _ _
Vo = =5 Wy + O g 5 = =5 + 0L/ 4+ 8572)| fll5

where we have used Y‘f vsf = Y‘f + O (s [|Af|*dm) as in (8.4F)). Clearly, the high probability

estimate immediately implies the same estimate under expectation. Integrating s from 0 to ¢,
this implies an estimate on the term % Re fg ng tsf (A}‘L,SJF_S st A}&fg f) ds. Inserting this estimate

into (8.23)), we have completed the proof of Theorem O

In the remainder of this section, we prove Proposition For this, we use the approach
of local conditioning of |6] and then proceed as in the proof of Proposition The local
conditioning and its properties are given in Section [2.6] Relative to the conditioned measure,

for f compactly supported in Sy C Sy, the definitions (1.11)), (1.12)) translate to

- 1
XJ]\CI,V_XJJ\},W_ZJC(ZJ‘)_M/JCdMW; Y‘;_YV];—M/Aflongdm,
J
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where pyy is the density of the absolutely continuous part of pyy; inside the support of f, this
density equals that of py up to rescaling. The angle term relative to the conditioned measure
is

0f(2)

. . M _ - -
il = Ay = Y re //;é Wy (2, w) i (d2) fiw (dw), Py = (8.47)

. 0O (2)

The following proposition is a conditioned version of Proposition Note that Lemma [2.6

implies that the assumptions of this proposition holds with high probability. Thus by the Markov
inequality, the following Proposition immediately implies Proposition [8:13]

Proposition 8.14. Let W be the conditional potential defined above and assume that it satisfies
the conclusions of Lemma . Choosing the local angles cutoff @ = M~Y/2%7 with o = 7/6, for
any 0 <t < M—27/3 we have

1

if Ly
g 08 Bwe! MR = O (14 | o5.0)°. (8.48)

To prove Proposition [8.14] we need a version of Theorem for the conditioned measure.
Recall that pyy denotes the unique minimizer of the energy functional

Tur(u) = [ 1o = m(a2) ) + [ W) ) (8.49)

defined for probability measures supported in B, and that its minimum value is Iyy = Zy (uw).

Theorem 8.15. Let W be the conditional potential defined above and assume that it satisfies the
conclusions of Lemma . Then there exists T > 0 (depending on the constant T in Lemma
but possibly smaller; here we have abused the notation and use the same symbol ) such that

with 6P € R defined in Theorem

1
——log / e PHiy (2) @M (dz)
BM
1 1

— —MIy + %P + %logM +(3- 5) /B pw (2)log p (z) m(dz) + O(M "),

where pw is the density of the absolutely continuous part of pywy .

Proof. We apply the local version of Theorem [I.1] i.e., Theorem [£.2] to the conditional Coulomb
gas satisfying the properties stated in Lemma [2.6] To apply Theorem we first rescale and
center the domain B, which is a disk of radius b, to the unit disk D with center at 0. Since the
translation is trivial, we will assume that the center of B is already at the origin. Denote the
rescaling by z = bu and define the new Hamiltonian IfIgV (u) through the identity

/ e_ﬂHg,(z)m(@M(dz):/ e—ﬂﬁﬁv(U)mé@M(du), (8.50)
BM DM

Hence HS, (u) is a Coulomb gas with external potential W (u) = W (bu) up to a constant. More
precisely,

. 1
HS, (u) = HS (u/b) — 2M B logb = H%/(u) —M(M —1)logb— BMlogb2.
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By Theorem [£.2] there exists 7 > 0 such that

—log /B ) m®M (dz) = — log /D e () @M (qu)+ M log b—(;—;) log b2

11 .
—) [/ pyir (u) log pyi, (u) m(du) — log bz} +O(M™T).

2 p/lp

Recall the normalization conditions for the densities [ pyj, (u)m(du) =1 = [ pw(z)m(dz). Hence
pri(w) = pw (bu)b? and we have

1
= —M(Ij; —logb) + logM+(

[ pituros g w) midu) ~ ogt? = [ pw () 1og py (2) m(d2).
D B

A similar argument shows that (Ij;, —logb) = Iyy. We have thus proved Theorem . O

Proof of Proposition[8.14 By assumption, the potential W satisfies the conditions of Theo-
rem and therefore the assumptions of Proposition Together with using Proposition |8.15
to replace Theorem the proof of Proposition follows in exactly the same way as that
of Proposition O

As in the proof of Theorem [8.15] one can also derive a conditioned version of the CLT, stated
below; we omit the details of the proof.

Theorem 8.16. Suppose W is the conditional potential defined above and assume that it satisfies
the conclusions of Lemma . Then for any 8 >0, ¢ € (0,1) and large C > 0, there a positive
constant T > 0 such that the following holds. For any f : C — R supported in the ball with same
center as B and radius b(1 — ¢) and satisfying HfH47b < C, and for any 0 < X\ < M'~27, we have

ﬁ1og (E&Wem(ﬂ (-2 > /|Vf m(dz) + O(M ™). (8.51)

Note that the measure associated to the external potential W + ﬁ f is a perturbation of the
original measure provided that

IANAf| < [MAW| = |[NAV].

Our assumptions [|f|l,, < C and A < M 1227 guarantee this condition. Also note that, in the
context of the above Theorem [8.16] our test function has shrinking support so that

W= [5G ooz dm(z) = 1= [ A S () = Ol allV s, s =

AV ()

where we used (2.30)) and denoted the center of 7 by zy. Thus Theorem with A of order 1,
implies there is no shift of the mean in the convergence to the Gaussian free field for mesoscopic
observables:

d
X/, N%;JV <0 - |Vf|2)

Appendix A Rigidity estimates for Yukawa gas on torus

In this appendix, we prove Theorem and Proposition The proofs use the same ideas as
that of |6, Theorem 1.2]. We will also prove Lemma by the same argument.
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A.1. Loop equation. As the first step, we state the loop equation for the Yukawa gas on the

14
torus. Given a function v : T — R, the function W‘l,] Y TN — C was defined by . For
simplicity of notation, we denote it by W} (z) in this section, i.e.,

Wi (z) = — Z(v(zj) — 0(2))0U (25 — z1) Za v(z5) NZv(zj)ﬁ‘/(zj). (A.1)
j#k J
By Lemma Eg[(Wﬁ) = 0 since the Yukawa interaction Y* (and therefore U*) are functions
of z; — z;. Given ¢ : C — R supported in Sy, further abbreviate

1 9q(z 1 q(z
9= 208 gy 140 (A2)
™ pv (2) ™ pv (2)
where py denotes the density of py (2.14) with respect to the Lebesgue measure. The following
lemma extends Lemma from the Coulomb gas to the Yukawa gas.

Lemma A.1. For any q: T — R of class €> supported on Sy and z € TN, recall X1 defined in
(L.11)). Then we have

Xp = W) + Zah w N [[ . ()OU* (= — w)jiy (d2) v (dw)
Nm? / / 90U )y (@ (), (A.3)
where m = =1 an h is defined in . Thus for any smooth enough f: T — R with
qg=f— / fdm —m2*A7(f - / fdm) (A.4)
supported in Sy, where A is the Laplzcian on the torus, we T;Lave
X/ = - Zah )+ N// (w)OU* (= — w)jiv (A=)jiv (dw). (A.5)

Proof. As in the proof of Lemma we have
2 / DU (5 — w) py (dw) = OV (2), (A.6)
1 _
0l2) = 5= [ (-400qw) + mqw)U'(z = wym(dw)

= % /(45Q(w)6Uf(z —w) + m?q(w)U*(z — w))m(dw), (A.7)

where again the first equation holds for z € Sy by the Euler-Lagrange equation, the second
equation holds by the definition of the Yukawa potential as the Green’s function of —A + m?
and integration by parts — the boundary term vanishes by periodicity. We therefore have

X{I/—2Z/ w)OU (2 — w)py (dw) +Z/ zj — w)py (dw)

—2N // W)U (2 = w)py (dw)py (d2) Nm? // w)U*(z = w)py (dw) py (dz)
_oN // AU (z — w)i(d) v (dw) + Zh )V (=)

- [[[htw) = m)OUz — ey (dw)ay (02) Nm? 2 [[ @ - vz o).

73



In the first equation we used (A.2)) and (A.7)), and in the second equation we used (A.6). Since
the integrands in the double integrals are symmetric, we arrive at

1 - -
X = 57 2 (h(s) = )20 (5= )+ N /I ,(H) = )9V~ )i (@2 ()
m2
bV ) g [ g - w(az)md),

J

which is equivalent to (A.3)).
For the consequence, note that moving the last term on the right-hand side to the left-hand
side, the left-hand side becomes X7 with

m2

flz)=alz) — o q(w)U*(z — w) m(dw) = ((1 — K)q)(2),
where )
K =1-(1-2A)" = %, (1K) =1-m2AL.

Therefore, given f as in the assumption, we can choose ¢ = f — m2A~Lf.
Finally, since [duy = 1, we have X{; = X{;_C for any constant c. Hence the assumption
fT fdm = 0 is trivial to remove. O

A.2. Estimate on two-point correlations. For the analysis of the loop equation, we need weak
decorrelation estimates for two-point observables. The following simple estimate based on Taylor
expansion and the boundedness of the local density. Let w; be a nonnegative mollifier such that

[ wi(z)dz = 1, w; has support in a square of side length ¢, and Hw,gn)Hoo < Cpt~2 " foralln > 0.
In the lemma below g is an arbitrary function on T2, unrelated to the normalization (A.2).

Lemma A.2. Consider the Yukawa gas on the unit torus with range N~='/277 < ¢ < 1. Recall the
definition and the notations of Proposition . Fiz a scale t with N~Y*o <t < N7°.
Then for any fized p € N and € > 0, there exist functions |FUX) (z,y)| = O(|Vig(x,y)|) such
that the following bound holds with high probability:

J[ otew ) i) - ggkj: [ 799 m(daymicy)

< ([[ ooz vyt - aatw - i ) ) + oI, (4
where || - ||1 is the L'-norm over T x T, and

ok(z,y, z,w) = cx(z — z)k1 (z — 2)k2 (y — w)k3 (g — H_J)k4.

Remark A.3. This lemma uses only that the density is locally bounded w.r.t. the Yukawa gas. In

its application, we choose t such that tPHggp)Hu(TxT) < N~°P, If g is a function smooth at the
scale W, say, then t = W N ¢ is such a choice.

Proof. By Taylor expansion, for any (x,y) € B(z,t) x B(w, t) (defined in (2.24])) we can write

p—1 4
9(zw) =) > (H(aai)’“g(a?,y)> er(®y, z,w) + Rp(z,w:a,y),  (A9)

-]:0 Ekl:]7al€{z7jyy7g} i=1
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where
1
Ry(z,w:z,y) = C’/ (1 —=5)PVPg(x + s(z — ),y + s(w —y)) ds ¢p(z,y, 2z, w)
0
is the remainder term. Here VP is understood as a multi-indices differentiation operators with

total degree p and the right-hand side of R, is understood as a sum over all indices with |p| =
We now rewrite

J[ tewy i) idw) = [ [ gevw) i) itdw) stz - o) atw - ) mide) midy). - (A.10)
and insert the equation ([A.9)) into this identity. This gives the sum in (A.8) with

4
ICIEDS (H(aa»kigm,y)):0<\ng<w7y>!>- (A1)

aiE{va@y,Q}

To complete the proof, it remains to bound the remainder term

[ v | =] | /01“ — )’ VPgla+ s(z — )y + s(w—y)) ds

<[ [ ooty z0w) itdz) itdw) (s - ) n(w — )] m(da) micly)
< C’//O (g@(m,y)) m(dz) m(dy) sup‘//gop z,y, 2z, w) wi(z — x) w(w — y) p(dz) f(dw)|.

By the local law, Theorem i.e., that the empirical density is bounded with high probability,

for any function k supported in a square of size w > N~1/2 we have

/ k()] Ad2) < Cu?|k]loor (A12)

and the same estimate holds with fi replaced by [ since it is trivially true for py . Hence
sup‘//gop x,y, z,w)wi(z — x) w(w — y) (dz)ﬂ(dw)‘ = O(t").

This proves the the bound on the error term and completes the proof of the lemma. O

A.3. Analysis of loop equation and proof of Theorem We next analyze the terms in the
loop equation.

Lemma A.4. For any A > 0, there is a constant C' such that for any smooth f : T — R supported
in a ball of radius b with b > N~Y/2, there exists fs support in a ball of radius by :== b+ Cslog N

for 0 < s <logN such that h(z) = MV#(Z)(?(I —m2A71) f(2) can be written as
1 log V' 45
h(z) = ——— / 73 A ) ON"lloors), A.13
@)=t (01 ) O A flrs). (A13)
1 £slloo e < CbA 8)2N| flloc b (A.14)

It is useful to keep in mind that if f is dimensionless then fs has a linear dimension 2.
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Proof. We write
OATf(2) = /OO dteaf(z) = /M dte'2df(z) + /OO dte "2af(2). (A.15)
0 0 M

Since A has a spectral gap of order one w.r.t mean zero function and df is mean zero for any
f with compact support, there is ¢ > 0 such that

/ dte' Gf(z) < / dte= 81 (2)ll2 < |1 lloonpe M.
M M

We choose M = (log N)? so that this term is an error term of the form N =4 f||;  for any A > 0.
The heat kernel on the unit circle is given by

gi(x) =2m Z ki(xz + 2mk) = ﬁe_x2/4t [1 +2 Z e~ R/t cosh(mkz /t)

keZ k>1

where k(z) = (47t)~1/2¢72*/4_ The heat kernel on the two dimensional unit torus is given by
Gy(z) := g¢(x)g:(y). Now change variables s? = t. Clearly, the function G2 decays exponentially
at scale s. Rewrite G,2 = G} + G2 with G1(2) = Gy2(2)nsc10g N(2) Where C is a large constant
and 7,(z) is a mollifier in a ball of radius a with 7,(z) = 1 if |2|] < a/2 (note that we have
changed the subscript from s2 to s in G* so that the subscript indicates the scale of the support
for the functions G*). Define

fulz) = 82 / G (= — w) f (w) m(duw).

Clearly, fs is supported in a ball of radius bs and satisfies the bound (A.14]). Certainly, when
bs > 1, fs is supported on the entire torus. The error term involving G? can be trivially bounded
and the constant A can be arbitrary large by choosing C' large depending on A. O

In next lemma, which is parallel to [6, Lemma 7.5], we estimate the last term in ({A.5]).
The proof of this lemma uses only the local law (2.18]) (In the later application, we only need
V =f/N.)

Lemma A.5. For any f : T — R, define h as in Lemma and G(z,w) = (h(z)—h(w))OU*(z—

w). Then, for the Yukawa gas on the unit torus, we have

st (v [, o ivian ivtan) =o (v (1+ ) [TV

Proof. We first write

U (z) = Ui(z) + U™ (2) (A.17)
i<m
where U; is supported in £;/2 < |z| < 2¢; with ¢; = 27/ and U™ is supported in |z| < 24, =
N—1/2+¢

Case 1: U™, For any function k supported in a ball of radius b, using the fact that the empirical
density is locally bounded up to a factor N€¢, with high probability we have

\N / / (9K (2) — Fk(w))U™ (2 — w) i(dz) fi(dw)| < NP2V oo < N2,k loo.2
(A.18)
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wheref2,b? comes from the volume in the integration and we have used |(z—w)|U ) (z—w)| < C.
Recall that h is defined in Lemma A4 We can apply the previous inequality to k = f. To

bound the other contribution due to the integral of £=20f,, we use that f, is supported in a ball

of size by and apply (A.18) and (A.14) to obtain (ignoring the small error N=4 from )

& 1+€€2 log N ds
2|5 [[ene - anwnu ><z—w>ﬂ<dz>ﬁ<dw>] < [ SO s
< N[+ (VNL) 0] Bl o2 < N%[1+ (\/N&n)_ Jol o3

Case 2: U; for a scale ¢; := g < £ (notice that ¢ is also used to denote the function in Lemma
and (A.2))). Suppose that k is a function supported in a ball of radius r (note that r can be
either smaller or bigger than ¢). We will prove

EY' (N /I ,(H) — KUtz = w) v (d2) ﬂv(dw)> — O(N*)A(@)*r [z (A19)

where A(q) := 14 g¢~' + (V' Ng)~'. Summation over i < m will give an appropriate bound.
Let M;(z,w) = (k(z) — k(w))U;(z —w). Our goal is to bound N [, M;(z,w) fiy (dz) fiy (dw).
Treating k(z)—k(w) as a multiplicative factor, we can apply Lemmato the function U;(z—w)
with the scale s in the lemma replaced by ¢/N ~¢. By applying the decomposition for fixed
and large enough p, for each 1 < j < p and k we need to estimate

/ / FUR (2, 9)Q, ym(dz)m(dy),

Qo y = / / (k(2) — k(w))px(z, ¥, 2, w)wg(z — z)we(w — y) A(dz)a(dw), (A.20)

where w, is a smooth mollifier at scale ¢ (more precisely, ¢N~° as mentioned in Remark
The reader can follow through this minor change in the following proof).

We now prove that the contribution from j = 0 in the decomposition of the left hand side of
(A.19)) is bounded by the right hand side of . Recall that when j = 0, pk(z,y, z,w) =1

in (A.20). Rewrite k(z) — k(w) = (k(2) — k(x)) + (k(y) — k(w)) + (k(z) — k(y)) and we consider
the term involving k(z) — k(z). The other two terms can be estimated in a similar way. Let
R, (2) = (k(z) — k(z))wq(z — x). To prove (A.19)), we apply the local law (2.18) to have

- _1l4. _ _1
| / 2))g(2=2) fi(d2)| < QN TFZ [ VaRa(2) 1) HI R (2l o)+ N 20 A2 R oo
(A.21)

\ / wq(w=y)i(dw)| < aN [ Voo (0=) | ) Hlwa (@9 g™+ N Ay (w—y)llo |
<qINTEA@Q). (A22)
We now claim that
[ v @)@ (19 Ba o) ey + IR s+ N2 R

< ¢?r¥q! {qfl + 0+ N2 1 o2 = A7 (IF o2 (A.23)
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If this holds, then the last three inequalities imply the j = 0 case of (A.19).
To prove (A.23)), we first consider the case r > ¢q. Recall |U;(z,y)| < ¢ '1(|lz — y| < q).
Furthermore,

IVeRe(2)l|Ly() < 1(R(2) = k(7)) Ve (2 = 2)|[Ly(2) + wa(z = 2)VE(2)]| Ly (2)
Clearly, the contribution of this first term involving ||V, R.(2)1,(.) on the left hand side of

(A.23) is bounded by
‘ / / Ui, y)m(dz)m(dy) || (k(2) — k(x))Vesg(z — 7)1 5
< || VE]lso / m(dz)1 (dist(z, supp &) < ) |qVeq(z — )| pace) < 72 Vhlloo < 71lloo 2

All other terms are bounded similarly and we obtain (A.23)) in this case r > q.
We now assume that » < ¢. In this case, we view k(z)wq(z — =) ~ k(2)Laist(z,supp k)gqq_Q
and obtain

[ Kot o) it

where we have used r < ¢ < { and N —1/2 < . This implies that

/ / Us(z, y)m(dz)m(dy) / K2z — ) pldz) = O (arN =3z, ).

Similar inequality holds with k(z) replaced by k(z). This concludes the proof of , and
therefore the contribution from j = 0 in .

One can check in a similar way that the same bound holds for any j since the factor ¢/
induced by the derivatives on U; is compensated by the size of the function ¢y. Notice that for
all j, we need at most two derivatives on k; all other derivatives will apply to explicit functions
depending on U;. Summing over all j and ¢ and using ¢ < C¢, we have thus proved

PN 1+ lzacs) , v
< Laisenon Wy (| VR a2k oo

_ _1
< ]ldist(a:,supp k)<qd 2TN 2+€”kHOO,27T7

ZN// Mi(z, w) i (d2) fiv-(dw)| < N 37 A2 Bllooy < N% (14 (VN ) 120 [ oo
i<m z7Fw i<m

(A.24)
From the definition of h in Lemma [A74] we need to consider two contributions of h: one is
k = Of, the other involves the s integration. Since f is supported in a ball of radius b, the
contribution from df can be trivially bounded by

N2 1+ (VNL) 0Bl < N2 [1+ (VNLR) 2] F o0

where we have replaced 7 in (A.24) by b.
Applying now (A.24) to k = dfs, we bound the other term of h involving s integration by

eN s
N[0+ (Vb)) 122 / b0k, + Nl
0
2e —1712 /-2 e ds A
< N%[1+ (VNE) 1% A F oo+ N Flloos
0

_q2b? -
< N1+ (VL) o oo+ N A1 oo
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where we have again used (A.14]).
Combining Case 1 and 2, we have bounded (A.16)) by

2
N[+ (VL) ™)+ N [0+ 5] I loeisn + N e (A.25)

where the term N/2,[1 + 2—3] comes from the Case 1 and the other terms come from Case 2.

Recalling ¢, = N~1/2%¢_we have proved (A.16). O

Proof of Theorem[2.]]. We will assume V = 0; the general case can be proved in a similar way.
We again employ the loop equation and calculate

1
BlogEgee_ng /dslogEU %o —/ dS( Sf/NX f/N—l-N/f MO—st/N))
hs
/dsESf/N( Wk n — Nﬁ E Ohs(z;)

—N// w))OU (2 — w)jfis/n (d2) fis g v (dw) +N/f Mo-ﬂh;mv))

where hg(z) = Wpsf}N(Z)g(l —m?A™1) f(z) and pgp/n as in (A.2). By Lemma [A.5]

b2

B [ (02) = 1)U e = 0y (@egyv(dw) = O( N7 (14 ) ) s

Whs

By Lemma B3 B\ Wiy =

= 0. Using m = 1/, we have

/ “asN [ =gy == [ s [ 16 (& = m)pe) miaz) + L)
:o(/ ds/f —A+m)f) = O(E(1+ 52 [1f % 20

where we have used (co — csp/n) = 5y | f(z)m(dz) which is a consequence of ( and the
normalization condition [ ,uf/ = 1. Finally, usmg the fact that the local density is bounded and

(A.14), we have
t
1 UZ _ b
/0 ds MEsf/sz:ahS(zj) O, =m* AN fllr = O (1 + 75)b[1flloc 2.

Collecting these estimates gives

1 ¢ _i1ax7 b?
108 e — O N2 (14 1)) [y + 17 o) (.20

By Markov’s inequality with ¢t = 1/[|f||, 3, this implies Xg =O(N®)(1 + b2/€2)||f||oo’37b with
probability at least 1 — e~V", which proves Theorem O

With Theorem proved, we can now prove Proposition
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Proof of Proposition 2.5 We apply the identity (A.9)) which expands the left hand side of ([2.25)
into a Taylor series with error term. To prove (2.25)), we only have to estimate each term in the
summation in (A.8). From the rigidity estimate Theorem we have

N / (1 2 (2 — D)2 (z — 2)f(dz) = O(N)skr a2 (14 2)2 , (A.27)

and a similar estimate holds around y. These two bounds together imply that each term in the
summation in (A.8) is bounded by O(N¢) (S% + %)s7||Vg|l1 and this completes the proof of the
proposition. ]

A.4. Proof of Lemma In this subsection, we prove Lemma which is an estimate with
respect to the Coulomb gas with an angle correction term. Recall the definition of the long

range interaction in (8.11f), given by

N 5 -
A =3[ Vi) (@) v (),

where
o0 r — ef%
Ui (z,w) = @ (z — w) (2 — w)(h(z) — h(w)), @F(z—w) = /9 Oz — w,r)i—5 = 1]2—11)]2

Our proof of Lemma is based on transporting a proof for the Yukawa gas to the Coulomb
setting. For this purpose, recall that the long range part in the decomposition (A.17)) for the
Yukawa gas is of the following form

Go(z,w) = (h(2) — h(w)) Y Ui(z — w), (A.28)

<m

with £,,, ~ N~1/2%7 for some o > 0 fixed. Using the rigidity estimate (2.23) for the Yukawa gas,
we claim that

BV <N / / G2 w) fiv (d2) [Lv(dw)>‘ < N7+l (A.29)
zZFw

To prove this bound, we keep the estimate (A.21]) unchanged but for ({A.22), instead of the local
law, we apply the rigidity estimate (2.23))

| [t = pytan)| < N7 (14 @218 e~ 0) s (A.30)
Using [|wy(- — 9)|loo.3,4 < g2, we therefore improved (A.24)) to

N 1\’
N Mi(z,w) fiv (d2) fiv (dw)| < 1+ Bl o2, A31
SN [ e v )| < e (1 o) bl (A

i<m

gaining a factor (v N,,)~! over . This proves . Notice that the extra derivative
required in applying the rigidity estimate is performed on the test function w, so the number of
derivatives required on h remains the same when compared with the earlier results relying on
the local law.
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We return to estimating AT, ie.e the proof of Lemma for Coulomb gases with or without
an angle correction term. Notice that W) (z,w) is of the form k(z — w)(h(z) — h(w)) with
k(z —w) = ®f (2 — w)(z — w). Hence we can apply the decomposition and express AT
similarly to G in . Due to the short range cutoff by 6 in the definition of <I>g, we effectively
have a cutoff at the scale § = N~1/29  This is consistent with the choice of ¢, ~ N—1/2+o
in . Instead of the rigidity estimate for the Yukawa gas, we apply the one with
respect to the Coulomb gas with an angle correction term, i.e., . Notice that in ,
llwg (- — ¥)lloo,3,¢ in (A.30) was replaced by ||wq(- — y)||oo,4,q- Since w is a smooth mollifier, both
norms are of the same order. Following the argument in the proof of , we have therefore
proved Lemma

The key observation in this proof is that the application of the rigidity estimate yields an
improvement over the local law for all functions of scales bigger than N~1/2¢. So any estimates

based on the local laws can be improved by a factor N~7 for functions at scales greater than
N_1/2+0.

Appendix B Local law for the Yukawa and Coulomb gas

In this appendix, we prove Theorems Our presentation follows closely that of [6] and we
therefore mainly present the differences. The interaction in Theorem is a Yukawa potential
instead of the Coulomb potential in |6, Theorem 1.1]. To allow for this change, we first develop
generalizations of the basic potential estimates used in [6] to the Yukawa potential. Once these
estimates are given, the rest of the proof is parallel to that of |6, Theorem 1.1]. The proof of
Theorem is essentially the as same as that of |6, Theorem 1.1] under slightly generalized
assumptions. Its proof requires only minor adjustment to the original proof which we will
comment on later in this appendix.

B.1. Some potential theory for the Yukawa potential. We start with properties of the Yukawa
potential. They are parallel to those of the Coulomb potential used in [6].

The following proposition characterizes the Yukawa potential of the equilibrium measure in
terms of an obstacle problem. The proposition is similar to the analogous result for the Coulomb
case, but requires a slightly different characterization of the admissible potentials than the one
stated for the Coulomb case in [24], for example. We give a proof for completeness, as we were
unable to locate a suitable reference.

Proposition B.1. Under the assumptions of Theorem [2.1], the following holds. Define

uy(2) = sup{~UL(z) +c: ~U.+ ¢ < Vv >0,v(C) < 1}, (B.1)

v,c

where the supremum is over measures v and constants c. Then uy,y = —Uﬁv + ¢y where cy s

the constant in (2.13)).

Proof. By definition, uy, > —Uﬁv + cy since the right-hand side is a subsolution of the same
form as inside the supremum in . To prove that in fact equality holds, suppose otherwise
that wy ¢(z0) > —Uﬁv (20) + cy for some 2y € C. Then there exists some positive measure 7 with
7(C) < 1 and constant ¢ € R for which —Ug(zo) +c> —Uﬁv (20) + cv. By considering 7|p,, for
R > 0 large enough we may suppose that 7 is compactly supported, and by convolving with a
smooth mollifier we may suppose 7] has a smooth density. Consider the function

g(z) = max(—Ug(z) +é, —Uﬁv(z) +cy).
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By writing max(a,b) = “TH] + @ and convolving the absolute value by a smooth, compactly
supported, symmetric mollifier, we may check that g(z) = —U,s (z) + ¢ for some positive measure
n, and necessarily ¢ = max(é,cy). To show that g is a subsolution of the form in we
need to show that 7(C) < 1. For this, suppose without loss of generality that ¢ = ¢é. Denote

D={z: —Ug(z) +c< —Uﬁv(z) + cy}. Then

noD) = [ o.(-UL - /A ("))

oD

- /D (i — ) +m? /D <—U§ — (=T,
=[}ﬁ—m»+nﬂég%¢+e—vva+ww»+m{4@v—a<ﬁun—umD»

Thus (D U dD) = n(dD) + uy (D) < i(D). Since clearly n(C\ (0D U D)) = 7(C\ (0D U D)),
we have n(C) < 7(C) < 1. Now,

— (—UZ + Cv)

l {
(A - mQ)(_Un - (_Uu ) =Nn—H (C - CV) 2 0.
Since strict inequality holds in the first inequality for zp and the functions involved are continu-
ous, equality (as distributions) cannot hold on the second line. But this implies n(C) > py (C) =
1, a contradiction. O

We also require the following properties of the Yukawa potential (2.1)). Recall that

¢ 2] = —a(s+1/s) 48
Y(2) =g(a), a= -, where g(a) = / e AST/S - (B.2)
1
In fact, g(a) = Ko(2a) where Ky is a modified Bessel function of the second kind. In particular,
the gradient of the Yukawa potential has the expression:

\Y 1 1
[, WI2l _ g lel el _ 1 e

VY 2) =g () =9 ()5 =—2[(a), a=1,

(B.3)

where ~ de ~
fla) = [ als+ 1o = [T ayge et g,
1 s a
The function f is smooth in a > 0, satisfies f(0) = 1, and is positive and decreasing. As a
consequence we have |[VY*(2r)| < [VY*(r)|/2.
Since VY*(2) ~ Vlog ﬁ for z — 0, the following formula (B.4]) follows as in |6, (3.21)]. Let

v C C be a C! curve and 7 a measure supported on ~ for which the potential Uf; is continuous
on C. Then for z € v we have

- . n(Br(2)) / ‘ —
O Ul(z) =7 lim ——""2 + [ VY2 —w) - an(d B.4
n 77(’2) WTi)Iél+ S(BT(Z)) + . (Z ’U)) 7“7( w)’ ( )
where 0, denotes a one-sided derivative in the normal direction 7 = n(z) and s denotes the
arclength measure of +, if the limit on the right-hand side exists.

The formula (B.4)) implies the following estimate for the density of a measure supported on
OD. For the statement, define

. % . e %w')s(dw) € (0,1), (B.5)
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and note that I* is increasing in £ with I* = 14+ O(1/¢) as £ — oo and I* = O(f) as £ — 0. The
proofs of the following Lemma, and are based on elementary potential theory.

Lemma B.2. For any (signed) measure w supported on 0D, denote by w = % [ dw the constant
part of w. Then

dw 2
1% - “’H < 2 107U om: (B.5)
1 ¢
)Ha U, Hoo oD, (B7)
and 1
9, Us(1) = o= [ 8, UL(2) 5(d2) < (|0, Ugloo,om- (B.8)
27 Jon
Proof. By , we have
dw 1 y ’ _
—(z) = 20, U, ( VY (z —w) - n(z) w(dw) | . (B.9)
ds o
For z,w with |z| = |w| =1 and 2z # w,
z—w oz z—w 1—w/z 1
-t — = R - 5 = R —_— = — B.lo
Sl (i) e (10
and, by (B.3]), therefore
LoUY (s —w) - n(z) = f(Z ;EU" ). (B.11)
It follows that J .
w ‘(
— 2 . B.12
as\H) = 27r<8U /f 2 “’w)) (B.12)
Integrating (B.12)), we obtain the identity
¢ 2 —r7t
(1-1 )/w = — 0, U, (2) s(dz). (B.13)
2T oD
Applying this identity to w, since [ dw = [ dw, we obtain
1 1
{ 14 —7r7l
- £ = — . B.14
Ul = 5 [ ULt = o [ 8, UL) st (B.14)
This shows (B.8). Similarly, from (B.12), we obtain
-] < envee (B.15)
which shows , and also similarly,
e 1 | < solon (13.16)
ds 2€ Wwoo\27rnwoo- '
To show , ie.,
dw 1 4
efjow 1 < Yot ‘
- [ < gpenvie B.17)
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write

:%_% dw—i—%/(l—f("z_gw')) w(dw)
:%_% dw—ir% (1_“;.2—;}\)) (Cj;)(w)—;r/dw> s(dw)
+/< |)> (W)';T/dw-

Taking absolute values on the supremum over 9D, and using (B.15]), therefore

ds—/f ) ) o

1

1
> ||— dollso — (A =IN—= — — [ dw|loc — (1 =T°) |— [ d
1% - L doloo — (1= 191 % L [ o — )55 [ 4.
dw 1
2167_7 d oo T 5 _eoo-
15 = 5 [ el = 51002

Together with (B.16]), we obtain (B.17)). O

We will also need the following properties of the function

I(2) = (YZ ) 7;213(0”) (2). (B.18)

Clearly, l.(z) is radial, so we can define h, through Vi,.(z) = —(z/|z|)h.(|z|) for z # 0.

Lemma B.3. For any ¢ > 0, the function h,(t)is positive, increasing for t < r, decreasing for
t>r, and
he(t) > |VYX()|  fort >r. (B.19)

Proof. That h,(t) is increasing for t < r can be seen as follows. For t > 0, since Y* is symmetric,
Vi (t) = VY'Y (z —t)m(dz) = / Re VY'(z — t)m(dz) = / Re VY*(2) m(dz)
|z|<r 10 - (8)—t

where U, (t) is {|z| < r} minus the region {|z| < r : Rez > t} and the reflection of the latter
region about the axis Rez = ¢. In particular, the region U, (t) — t is increasing in ¢.

To prove and that h,.(t) is decreasing for ¢t > r, we use the Yukawa version of Newton’s
shell theorem: there is M*(r) > 1 such that for t > r

1

2mr Jiz)=r

Yt — 2)s(dz) = MY(r)YE(2). (B.20)

Denote the left-hand side by f(¢). Then f is a bounded and radially symmetric solution to
(=A+1/02)f(2) =0 for |z| > r. Therefore, for t > r,

710+ 10~ 50 =0, (B.21)
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and the solutions to this ODE are of the form
F(t) = Al(t/6) + BEo(t/0), (B.22)

where the I,, are the modified Bessel functions of the first kind and the K, are the modified
Bessel functions of the second kind, and A, B are constants depending on r. The Yukawa
potential equals Y*(z) = Ko(|z|/f). Since Io(t) — oo as t — oo, therefore A = 0 and thus
f(t) = BKy(t/¢) = BY*(t) for some constant B = M*(r).

To see that B > 1, we assume that » = 1 and ¢ = 1/2 to simplify the notation (the

general case is analogous). Denote by 6 the angle of z with respect to the real axis so that
|t — 2|? = 12 — 2t cos 6 + 1. Recall (2-1) and note that the function j(z) = [ e VZ(st1/9)ds i
convex for x > 1. With 2 = t?> — 2tcos + 1 and using the Jensen inequality, we have

f(t) =Eg(t? — 2tcos +1) > §(t* — 2tEcosf + 1) = g(t> +1), E=(2m)7 " /de. (B.23)

It is elementary to check that
=1. (B.24)

Hence we have proved that B > 1. (In fact, B > 1 for any r, ¢ fixed, but we will not need this.)
In particular, for ¢t > r,

L= [ Y=

w2 l2|<r 2

/ [ vt —t) s dr = MY (B.25)
0 Jlz|=s

with M(t) = L Jo @ar)M*(r)dr > 1. Thus, for t > r,

\Vi(t)| = M*(r)|VY*(t)] = [VY(2)). (B.26)
The first equality implies that |V1,.(t)| is decreasing for ¢ > r since [VY*(t)| is decreasing. The
inequality implies that (B.19]) holds. O

In Section below, we require the following two technical lemmas to locate the bulk of the
support of a perturbed equilibrium measure. Lemma, is a small adaption of |6, Lemma 3.6]
to the Yukawa case; Lemma is a similar statement that applies to a radially symmetric
potential on the boundary of a disk instead of a point charge outside a disk.

Lemma B.4. For any 20 € C,w € C, o > %, and r € (0,1) such that that |z9 — w| > 2r, there
erist Z € C and k € R such that

o(l(z0—2)+ k) = %Yz(zo —w) and o(l(z—Z2)+k) < %Ye(z —w) for all z € C. (B.27)

Moreover, the point Z lies on the line passing through zy and w at distance at most r from zg
between zg and w.

Proof. By and since o > 1, the map z — V1, (2 — 2) takes B,(z) onto By, (0) D
Bojwyem) D Bivye(en)(0), where we also used IVY£(2r)| < 4[VY¥(r)|. Therefore, as in [6,
Lemma 3.6], it follows there exists a unique choice of Z € B,(zp) so that the gradients of
ol (- — Z) and $Y*(- — w) match at z. By choice of k, we can in addition arrange

o (1, (z0 — 3) + k) = %Ye(zo —w). (B.28)
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It remains to be shown that with the above choice it is in fact true that

o(lr(z—2)+k) < %Yz(z —w) forall z € C. (B.29)

As in the Coulomb case, the point must Z lie on the line between the points zg and w, and it
suffices to show the inequality on this line (by the same argument as in the Coulomb case, |6,
Lemma 3.6]). Moreover, without loss of generality, we can assume that w =0, zg > 0, Z > 0, so
that this line is R. Thus it needs to be shown that

f(z) = %Yg(a:) >o(l(x—2)+k)=g(x), zekR.

As in the Coulomb case, denote by h the common tangent of the graphs of f and g drawn at
x = zp. Since f is convex and ¢ is concave on [Z — r, Z + r], the graph of f lies above h and the
graph of g lies below h on this interval. Especially g(x) < f(x) on [Z —r, Z+ r|. Moreover, since
f'(xz) <0 and ¢'(x) > 0 for z € (0,2), the inequality g(z) < f(z) holds by these observations
for x € (0,2 4 r].

To prove the inequality for = € [Z 4 r,00), we have ¢'(t) < f/(t + Z) < f'(¢t) by (B.19), for
t € [Z+r,00). It follows that

g(w)—g(ﬂr)—ﬁ g’(t)dtéﬁr fle)dt = f(x) = f(z2+7),

which by g(2+7r) < f(Z+r) implies the desired inequality g(x) < f(x), now proven for z € (0, 00).
The case x < 0 is actually not required for the application, but true. Indeed, for x € (—o0,0) it
also holds that ¢/(z) < f/(x) and it is clear that f(z) > g(x) as  — 07, so it remains to check
the inequality as x — —oo0. As in the Coulomb case, this follows from k < 0, which follows from

1 1
ok = §Y€(ZO) — O'lr(Z() — 2) < §Y€(2T) - O'lr(r) < 0.

This completes the proof. ]

Lemma B.5. Let r € (0, %) and o > oy and £ = £y, where og and £y are sufficiently large absolute
constants. Then for any zyg € C with |zg| < 1 —2r, there exists a constant k € R and zZ € C with
|Z| <1 —1r on the line through 0 and zy such that

o(lr(z0 — 2) + k) = +021o(|20/€) and o(lr(z—2)+k) < +0215(|z|/0) for all z € D, (B.30)
where + is either always + or always —, and Iy is a modified Bessel function of the first kind.

Proof. Throughout the proof, x > 1 means that x is larger than a large absolute constant. Let
I(z) = C(Io(|21/6) - 1). (B.31)

Replacing k by k — £ /o, the claim is equivalent to the claim
o(lr(z0—2)+ k) =1(20) and o(l,(z—2)+ k) <I(2) for all z € D. (B.32)

For the right-hand side, for £ > 1, we have

I6) = P+ OEI/0), V1) = (+00/0) 2 V2I(:) = 1aca + 000, (B33
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For £>> 1, the map 2 — oVl (z) takes B,(0) onto B,yye(y(0) D By1-c)/r(0) D B1(0). Thus,
by appropriate choice of Z and k, the derivatives of ol,.(z — Z) and +I can be matched at any
|20 < 1. It remains to show the inequality in . By definition of [, and since, by , the
derivatives of Y*(z) are well approximated by those of —log |z| for £ > 1, we have

V20, (z) = —%(1“2 +0(1/0) for |2 < 1. (B.34)

Together with (B.33)), using that 1/72 > 1 > 1/2, it follows that the function .(z — Z) + k stays
below £1(z) for |z — Z| < r, provided that ¢ > 1. Using further that {,(0) — ,(r) = § + O(1/¢),
we can choose o > 0 and £ > £ large enough that

o (1,(0) = () > 2(1 +0(1/0)) = sup(£1) ~ inf (D).

Since o (,(0) + k) < supp(=£1), it follows that o(l,.(z — 2) + k) < infp(+£]) for |z — Z| = r. Since
l.(z — Z) is decreasing in |z — Z| the inequality then holds on all of D. O

B.2. Perturbed Yukawa equilibrium measure. As in [6], to prove the local law, we will condition
on the particles outside small disks. To handle this conditioning, we next state adaptations of
the results of [6, Section 3.3] to the Yukawa case. As in [6, Section 3.3], we can assume here
that Sy = pD for some p > 0, where D C C is the open unit disk. Furthermore, we assume the
density of uy is bounded below by ﬁa in pD for some parameter o > 0. The class of perturbed
potentials W that we consider is as follows. Let v be a positive measure with suppv N pD = &,
t >0 and let R € €(pD) satisfy (A —m?)R = 0 in pD. Then W is given by

(B.35)
0, z € pD*,

Wiz = {tV(z) +2U%(2), +2R(2), z € pD,
where we write D* = C \ D for the open complement of the unit disk. Both perturbations U’
and R are m-harmonic inside pD), i.e., (A —m?)R = 0 and analogously for Uf. In particular, by

(2.13), this implies that the density of puy is equal to tuy + constant in Syy. For z € 9(pD) we
f(z)—f(z—en)

- for

write n = n(z) = z/|z| for the outer unit normal, and we write 0, f(2) = lim. |
the derivative in the direction 7 taken from inside pD.

The next two propositions show that the bulk of the equilibrium measure py is stable under
suitable perturbations W of the form , and that the density of uy on the boundary remains
bounded. To prove the stability of the bulk we use the obstacle problem characterization (B.1))

of the support.

Proposition B.6. Suppose that V and W are as above (B.35)). Then, for any £ > 0, the support
Sw of the equilibrium measure with Yukawa interaction of range ¢ and potential W satisfies

max(||v], pl|On Rloo,0,p + (t — 1))
at '

Sw D {z € pD : dist(z, pD*) > Kk}, where kK = C\/
(B.36)

Proof. As in the proof of [6, Proposition 3.3|, except that we must now replace ¢ by ¢/p, we may
assume that p = 1, and we define D = {z € D : dist(z,D*) > x}. The replacement of ¢ does
not matter since the estimate is uniform in ¢. By Proposition to prove the proposition, it
suffices to exhibit, for any 29 € D, a test function v, = v = —U%(2) + ¢ with v(20) = 3W (20)

and satisfying the requirements for the potential in (B.1)) with W instead of V.
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This test function is chosen almost exactly as in the Coulomb case, with the small difference
in the handling of the perturbation R. Indeed, recall that by assumption R = U ﬁ for a (signed)
charge distribution p supported in D*. Up to an additive constant, we may replace p by its
balayage w onto JD, i.e., we choose the measure w supported on 0D such that R = Uf 4+ cin
D. The existence of w follows as in the Coulomb case; see e.g. [43]. We choose ¢y to be the
sufficiently large absolute constant from Lemma[B.5] For £ > £y, we decompose w = wo+w4 —w—
with wp a measure of constant density with respect to the arclength measure on JD such that
[dw = [ dwp and with wy positive measures. For ¢ < £y, we simply decompose w = w} — w_
with w4 positive measures and set wg = 0. In both cases, Lemma implies that the total
charge of w4 is estimated by

Jw | = 09 Rlloc,o- (B.37)

Then, similarly as in |6, Proposition 3.3], we will choose the function v of the form

v(2) = tuye(z) + oL(z) + vLo(2) = U“ " (2), L(z) = / (I (2 = Z2(w)) + k(w)) (v + ws ) (dw),
(B.38)

where 0 > 0, r > 0, k : suppr — R and Z : suppr — D are parameters, and the function I, is
now defined by (B.18)), and Ly(z) is chosen of the form

Lo(Z) = lr(z — Zo) — ]{30

for some Zy € C and kg € R to be chosen later.
Step 1. With the choice

)

- L (t—1) =+ flo| \/||u+w+||a+'y 1
=0)]|0, R s = ma -, ’ _o, /W Twrllory 2
Y ( )H n ||oo,8]D) (o} m X<2 ||1/+w+|| r - .

the function v is of the form —Uﬁ+c for a positive measure p of total mass at most ¢+ [|w_ || —vy—
ollv+wy| < 1. Indeed, by definition, —tuy,,+U,,_ is the potential of a positive measure of mass
t + ||w—|| and —o L — vLg is the potential of a negative measure of total mass —col|v + w4 | — 7.
Their sum is the potential of a positive measure since

20
(A —m?)(tuyy — U~ + oL +~Lo) > 2mtpye + 2mw_ — T—QHV + w4l — ) >0, (B.39)
where we used the assumption py, > o/ (4m).

Step 2. For appropriate choice of the parameters Z and k (depending on 2p), we have v(zp) =
$W(z) and v < W in D. Indeed, replacing [6, Lemma 3.6] by Lemma stated below the
proof, we choose the parameters Z and k exactly as in the proof of [6, Proposition 3.3] to achieve

oL(z) < ;/Ye(z —w) (v +wy)(dw) for all z €D, (B.40)

oL(z) = % /Yé(zo —w) (v + wy)(dw). (B.41)

This concludes the proof for ¢ < £y. For ¢ > {y, it remains to handle the remaining part of
the perturbation, which is the potential U£ generated by the constant part w of w. Since the
Yukawa potential of @ is m-harmonic in |z| < 1, radially symmetric and bounded as |z| — 0, as

in (B.22)), it is explicitly given inside D by
Ub(z) = £ACI(|21/6) (|2 < 1),
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for some constant A > 0 depending on ¢ and @, where I,, are the modified Bessel functions of
the first kind. Using that Iy = I; by general relations between Bessel functions,

z _ Li(|z]/¢) =
VUL(2) = £ A201,(|2|/6) = = 0, UL (1) =2 =
] L(1/0) ||
The modified Bessel functions satisfy the asymptotics
1 1
Io(t) ~ 1+ 11t2, L(t) ~ 5t ast— 0. (B.42)
Therefore, with (B.8)), the constant A is given by
9, US(1) —r7t —rrt -
A=t = (14 0(1/0))9, Us(1) < (14 O0(1/0))[10, Uy llso,op = O(1)|0;, Rl|oo op-
201, (1/0)

(B.43)
By Lemma there exists a large constant ¢ such that we can choose ky and Zp and v =
O(1)]10; Rl|oc,op such that with v = o A,

yLo(z0) = UL(20), ~Lo(z) <UL(z) for all z € . (B.44)
This concludes the proof. ]

Proposition B.7. Suppose that V and W are as above and assume in addition that py s
absolutely continuous with respect to the 2-dimensional Lebesgue measure. Then uw = p+n,
where p 1s absolutely continuous with respect to uy, and n absolutely continuous with respect to
the arclength measure s on dpD with the Radon—Nikodym derivative bounded by

dn B -
pH%HOO < C(””” + vl + 2010, Rl|oo,0pp + |1 — t]pl|0, VHoo,apJD)- (B.45)

Proof. The only change in the proof of Proposition compared to [6] is the change of the
logarithmic potentials to Yukawa potentials. In particular, the formula (B.4) holds and VY*(2)
is proportional to V log é 0

B.3. One-step estimate for the Yukawa interaction. As in [6, Proposition 4.1], we use a simple
mean-field partition function estimate to obtain a bound on the fluctuations of smooth linear
statistics. In the following, dm denotes the Lebesgue measure and is not related to the mass m.

Proposition B.8. Let ¥ = Xy be a smooth domain with boundary 0% or X =T (with 0% =0).
Given a potential W € Cl:zcl(ZW) possibly depending on the number of particles M, assume that
there exist u : Yy — Ry and v : 0%y — Ry (if 0%w # 0) such that duy = uwdm + vds,
where dm is the 2-dimensional Lebesgue measure and ds is the arclength measure on OXw  (if
OXw #0). Assume the conditions (i)-(iv) as stated in [0, Proposition 4.1] but replace the bounds
on ﬁAW (which is the density in the Coulomb case) more generally by the same bound on
the density of the equilibrium measure u and also modify the assumption (iv) by replacing ¢ by
¢t = Uﬁw + %V — ¢y, where the constant cy is the one in . Then, for any constant A, for
any bounded f € C?(C) with compactly supported (A —m?)f,

log/e‘ﬁHM’W(z”zf(zj) m(dz) < =BM° Iy (uv) + M (f, pw) + 525 (f, —(A —m?) f)
+O(M~)[|Aflloc + O(M log M), (B.46)

log / e PN () 1y (dz) > —BM2 I, () + O(M log M), (B.47)
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and consequently for any £ > 1+ 1/8,
|57 #5) = M [ £ duly| = 0(6) (VATIog NS (-2 + ) )2 4 A6 ) . (Bas)
J

with probability at least 1 —e=¢BMlog M

A in the assumptions (i)-(iv).

with the implicit constant depending only on the numbers

Proof. The probability estimate is obtained as in [6] from the partition function bounds
and (B.47)), which are analogous to [6, Lemmas 4.3 and 4.4] except that ||V f|2 = (f, (=A)f)Y/?
is replaced by (f,(—A 4+ m?)f)!/2. The lower bound can be proved exactly the same way; for
the upper bound we may bound the energy slightly differently from below, as follows, avoiding
the need that the support of (A —m?)f is contained in Sy .

All the properties of the Coulomb potential used in the proof of |6, Lemmas 4.3] also hold
for the Yukawa potential and on the torus. Replacing the point charges by charged disks of
radius €, and denoting by D’(,-) the Yukawa analog of D(,-), we get the bound

. N . 1
Hy(z ~ i M Z f(z) = MDY, i) + MP(W — 537 f, ) + O(M log )

= v (D%ﬂ(f), AO) -+ (W) = (e £.49)) + M2 (gl £, — ) + O(M log 2).
Writing
D' (@), 49y = D (uw, pw) + 2D" (w1 — pw) + D (0 — pw, 4 — puy)
and further using the Euler-Lagrange equation (2.13) to write

€)

2D (pw, i — pw) + (W, 1) = (W, ) + 2(¢5 o — powr) +2(U% L ) — ),

where (¢ = Uﬁw + 3W — cw = 0 on Sy, we therefore can the bound HY,(z) — ﬁiM >.; f(z) by
M2 (o) + DA = a1 = ) = (5 £,49)) + 22 fo = paw)
+M2(wf 1) — p) + 2M*(Uf, (1) = 1) + O(Mloge™).
We write
DY () =, p — pw) = (g3 £, 1)) = o= (g fHUSe s —(A=m®) Ul )= (i fo )

The Yukawa potentials decay exponentially at infinity, so we may integrate by parts and use the
elementary inequality —|ab| + [b|> > —|a|?/4 to get

o= (g S + Ul s GO, ) = (g Vi + VUL, VUL, )
> —W(Vﬁ V)= _W(fv (=A)f).

By the same inequality we have

1 1 4 2774 2
ﬂ(mf‘F Uﬂ(€>—uw’m Uﬂ(€>_NW) > _STI'Z;M2 (f7 f)
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In conclusion,
MDA, jO) + MP(W — iz £, 1)
> M2 (Hy () = 35 (F1w) — bz (F,—(& =) )
+ 20 = ) + MG 9 = )+ 202U 9 = ) + O Tog ).

In the same way as in [6], for the error terms on the last line,
M

M
B B

(f© — £,0)] < = C|Aflloo < M~ Af]loo
and
2M?|(U,e  p° — )| < CE2MA + CVeM™ <1,

by choosing e sufficiently small depending on A and such that log% = O(log M). Finally, we
use that 2M?2(¢%, i — pw) > 0 by the Euler-Lagrange equation to conclude the proof. O

Remark B.9. For test functions f supported in S€ and satisfying the condition [ fdm =0,
¢ 1 2
/fd,uV = /fM(AV—m V) dm.

(We recall that dm is the Lebesque measure and not related to the mass m.) Consequently, if V
is replaced by V + R with (A —m?)R = 0, and assuming that f is supported in the intersection
of the supports of the equilibrium measures of V and V + R, and that [ fdm =0, we have

/fduev = /fd;/wa-

Since we are ultimately interested in test functions without the condition [ fdm = 0, some
additional care is required. (The condition was not necessary in the Coulomb case in [6].) This
problem will be addressed at the beginning of the proof of Proposition [B.10}

B.4. Yukawa gas on the torus: proof of Theorem We follow the proof of |6, Theorem 1.1]
to improve the estimate of Proposition [B.8|to the stronger one asserted by Theorem by using
local conditioning. Compared with [6, Theorem 1.1}, there are two main changes in Theorem
(i) the domain is now a torus rather than the plane, (ii) the interaction is the Yukawa potential
rather than the Coulomb potential. The domain change is only visible in the first step of
the induction in the proof; it does not have any effect after the first step when we take local
conditioning. The change from the Coulomb potential to the Yukawa potential does require
changes in the local conditioning; it will be taken into account by replacing the potential theory
estimates in [6] by their generalizations in Sections B.1

First, we note that [6, Section 5] applies without changes except that the Coulomb potential
log 1/|2| is replaced by the Yukawa potential Y¢(z) in all expressions, and with the additional
condition that | fdm = 0 in the assumption of [6, Proposition 5.3]. This condition is necessary
because, with the m-harmonic perturbation V,, inside the support of uy we now have

N

= — -+ const.
Hw MMV

by (2.14). As explained in Remark the additional constant has no effect if both sides are
integrated against a test function f with support in the support of py that satisfies [ f dm = 0.
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Next, we adapt [6, Section 6] to the Yukawa case. Here two modifications are required. First,
the scaling of the Yukawa gas is different, which leads to a different recursion of scales. Second,
in the case of the Yukawa gas, as noted above, the density of the equilibrium is only stable
under m-harmonic perturbations up to a constant, and thus a small extra argument is required
to remove the mean zero condition.

As previously, we write £ = N~1/2+9 for the range of the Yukawa potential. Given & > 0
(and assuming e < 0), we set sp = 0 and

51 = ((i + )AL +5)> e

for € > 0 fixed sufficiently small. As long as the second term in the minimum above dominates,
the sequence s; grows linearly as j(J — ¢) until the scale s = % — 20 is reached. After that, the
first term dominates. Then s; evolves according to % — 0 —¢; then % — %(5 ; then % — %(5 — %6 and
converges geometrically to % — 2¢. In particular, given s € (0, %), we can fix e > 0 and n < o0
such that s,, = s, and we will assume such a choice from now on.

The induction assumption (A,) is modified as follows (as a formal remark, note that com-
pared to [6], we changed the index of the condition A; into A, as, in the current paper, t refers

to the argument of the Laplace transform).

Assumption (A,). For any bounded f € C?%(T) with supp(A —m?)f C BS N Sy, we have

3 G = [ Fdu] < N At N A e (B9
J

Proposition B.10. For arbitrary e > 0, (A,) implies (A;) for any 0 < r < s < (3+3r)A(r+0)—¢
(with the implicit constants depending on € ).

Proof. First, we show that, for any s as asserted in the proposition, it suffices to prove that (A;)
implies (A’), where (AY) is defined exactly as (A;) except that the test functions f are required
to obey the additional mean zero condition [ fdm = 0. Indeed, assume (A,) and that we have
proved (A’) for all s as in the statement of the proposition. Recall from above that B = By is a
disk of radius N~° and that Bj the disk with the same center and half the radius. For any test
function f supported on B2 we define f;(z) = 272 f(27%z), and write

k-1
F=TFe+ D (fi— firr),
i=0

where k is the largest integer such that 2* N =% < N~*. Then
1A filloo = 27" 1A flloos  (fir (=A +m?) fi) < 27%(f, (= A +m?) ). (B.50)

Therefore, with s; = s — (i +1)/logy N for i = 0,1,...,k — 1, applying (A},) to the mean zero
function f; — fi+1, we obtain

N D) — iz = [ (= i) du
J
< N2 A(fy = fir) oo + 2NTE(fi = firn, (A +m2)(fi — i)/

< 2N A f [l + N2, (= A 4+ m?) £)1V2.
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Similarly, applying (A,) to fx, we have

N ) = [ el < (VAo NE (i (A 4 ) 1))
J

< (27HNTIAS oo + 27 ENTET (S (<A m?) f)?)
< (27N TTYAS oo + 27 ENTET (S, (<A 4 m?)f)).

Then
k—1
Jifz.f(zj)_/f_;]Z(fk Z] +Z fz Z] fz+1 Z])) /(fk+z fz—i—l)
J J 1=0
k
< S @ ENTEA S floo + NS (A + m?) f)Y?)
i=0

< N7 A flloo + N7275(f, (A +m?) )12,

It remains to prove that (A,) implies (A%) for s as in the statement of the proposition. This
proof proceeds exactly as in [6, Section 6.1], with the only essential changes in [6, Lemmas 6.2—
6.3], since now m? > 0 in (B.49). Indeed, the required properties of the conditional equilibrium
measure follow from Propositions [B.6 as soon as [6, Lemmas 6.2-6.3] are adapted.

In [6, Lemma 6.2], which states that 7 = 1+ O(N~%) (where we recall that 7 = %MV(B))
and v(C) = O(N~%), with high probability, the following changes are necessary. Recall that
X+ are smooth cutoff functions with

X+lB=1, X+l =0, X-|Be =0, x-|p_ =

obeying ||[VFx4|le = O(N*$/n¥) for k = 0,1,2 (see [6] for the definitions of the expressions).
We replace the estimates on (x4, —Ax+) by

(Xt (A +m?)xs) = 0NN /n?) + O(N'"¥ N72%) = O(1/n) + O(N'72072%),
and thus
N7 (s, (A + m?)xs) = O(N 474 /) 4+ O(N~472) = O(N~4),

Using this, the rest of the proof of |6, Lemma 6.2] proceeds as in [6].

In |6, Lemma 6.3], which states the estimate N ~* ||VRHL°°(B) = O(N~%), with high probabil-
ity, we make the following changes. We change the definition of f from f(w) = N7*V (¢ (w) log \zflwﬂ
to f(w) = N=*V(¢(w)Y*(z — w)). In particular, the property that Af = 0 on A° is replaced
by (A —m?)f = 0 on A¢, and using this, the estimate on (f, —Af) is replaced by (here again
we use a notation from [6], namely a = N~),

NT2(f (=A+m?) f)
— N—l—ZTO(N—2sN2s’ loga\/az) + N—l—ZTO(N1—25N25| loga!Q) _ O(N_4S_C€),

so that, again, the rest of the proof of [6, Lemma 6.3] proceeds as in [6]. O
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Proof of Theorem[2.3. Proposition [B.§| applied to the torus ¥ = T and with M = N verifies
Assumption (Ag). We then apply local conditioning, exactly as in the proof of |6, Theorem 1.1].
For the conditioned measure, since £ < N ¢, we may replace the torus Yukawa potential by the
full plane Yukawa potential since

HNO ZUZ i —zk) + O(N ZY i — 2k )+ O(N™)
Jj#k iF#k

with error bound uniform in z € TV. By inductive application of Proposition the assump-
tion (A,) is verified for all s € (0,1). This completes the proof. O

B.5. Coulomb gas on the plane: proof of Theorem @. Theorem is generalization of [6),
Theorem 1.1] in the following three ways: (i) the distance of the support of the test function
to the boundary of the support of the equilibrium measure can be > N~Y4 4 t1/4 rather than
order 1; (ii) the Coulomb potential can be replaced by the perturbed Coulomb potential; (iii)
or replaced by the Yukawa potential Y* with £ > N2. We will show that all these changes have
only minor effects on the proof. The condition > N~V4 4 ¢1/4 arises because N~1/4 4 1/4 ig the
scale that can be controlled without induction. Indeed, the requirement of distance > N—1/4
was already implicit in [6], but the distance requirement was simply estimated crudely by order
1 there. When the perturbation is present, i.e., t # 0, there is an additional error term which
leads to the condition >> t}/4; see below.

We begin with the condition on the distance to the boundary. In the proof of |6, Theorem 1.1],
in [6, Section 6], by replacing V' (z) by V(z—zp) for some fixed zy € Sy, it was sufficient to restrict
the induction to functions supported in the centered balls B = B(0, s N %) C By = B(0, N*).
For test functions whose support has distance > N~1/4 4+ ¢1/4 to the boundary of the support
of the equilibrium measure, we now choose zy to be N-dependent points with dist(zg, S{;) >
N-Y4 4 /4 This requires no changes in the proof because the initial estimate (here given
by Proposition below) has no restriction on the support of the test function f. Writing
t = N2, in the first inductive step, we can choose the scale as N 5! with s; = (1/4Aa/2) —&.
By assumption the ball of this radius centered at zg is contained in the support of the equilibrium
measure and has density bounded below there. Hence there is no change in the remaining steps.
Thus the condition > N~Y/4 4 ¢1/4 arises because N~1/4 4 ¢1/4 is the scale that the density in
that scale can be controlled without induction.

As a preliminary step towards Theorem [2.3] we prove the following estimate, which provides a
weaker fluctuation bound than asserted in Theorem [2.3] However, once this bound is established
for all scales, Theorem [2.3| then follows from the same estimates.

Proposition B.11. Assume the same conditions as in Theorem . Write t = N72% and suppose
that supp f has diameter at most N~—°. Then
Xr
N

To prove this bound, we proceed as in the proof of [6, Theorem 1.1]. The first ingredient is
the following generalization of the one-step estimate |6, Proposition 4.1].

< (VA 4 NV g+ (N2 4 N2 A

Proposition B.12. Assume that the potential W and the number of particles M satisfy the as-
sumptions of [6, Proposition 4.1]. Consider the probability measure on E% with density pro-
portional to e PH(®) where we assume that for some constant K the Hamiltonian H : E% —R
satisfies the uniform estimate

|H (z) — H§;w(z)] < tMK. (B.51)
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Then for any bounded f € C?(C) with supp Af compact,

D fz)—M / fduw = O(&) (tMK + Mlog M) |V fllz + M~ [Afllac)  (B.52)

with probability at least 1 — e SPEME+MIog M) for qny & > 1+ 1/B. The same estimate holds for
the Yukawa gas with £ > M?.

Proof of Proposition [B.13. The proof of the proposition is completely parallel to the one without
the perturbation G, only with an additional error term from (B.51)). Namely, by the assumption

(B.51)), we may trivially estimate
log/eﬁHcMaW m®M(dz) —tMK < log/eﬁH m®M (dz) < log/eﬁHﬁﬂW m®M(dz) + tMK.

By [6, Lemmas 4.3-4.4], the partition function of the Coulomb Hamiltonian (without perturba-
tion term) can be estimated as

1

3 log/e_BH‘%/ m®M(dz) > M2 Iy + O(M log M),
1 log/e_ﬁHg‘“rf m®M (dz) < M*Iy + !
B h 832
Here we have used the improvement commented in the proof of Proposition which gives the
improved factor for the error term proportional to ||Af||~ and avoids the restriction on ||A f]| s
that was assumed in [6, Lemmas 4.3-4.4]. From this and with f replaced by f/s, we obtain the
estimate

(f.—=Af) + O(M )| Aflloc + O(M log M).

1 Gi Xppe L _ —ay L
610gEVte = szﬁg(f, Af)+OM™) - lIAflloo + O(E),

with F =tMK + M log M. As in the proof of [6, Lemmas 4.1], choosing
1
s =E72||Vflla+ M~AETY|Af|oo,

this implies
1
3 log Eyte™r/* = O(E).

By Markov’s inequality, P(X; > O(sE)) < e ¥, and since the same estimate also holds with f
replaced by — f, we have

IP’(Xf =0 <]51/2vaH2 + M_AHAfHoo>> 1 2e-F,

which implies the claim (B.52]).
Finally, we note that for the Yukawa gas with £ > M? we have Y*(z) + log |z| = constant +

O(|z|/M?) by (2.2). The constant part of the energy does not affect the measure and the error
term O(1/M?) is uniformly bounded by O(1) when summed over all M? pairs of particles (which
we may assume to be at distance of order 1 due to the growth of the external potential) and
therefore does not affect the estimate either. O

As in the proof of |6, Theorem 1.1], the proof of Proposition now follows from iterated
applications of Proposition [B:12] to the conditioned measures associated to increasingly small
balls. This induction proceeds almost exactly as in [6, Section 6], with the additional element
that, in each step, we improve also the bound K for the conditioned measure. We first give an
outline of this induction now. Recall that we write t = N 22,
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First step. In the first step, using (2.9)), the difference H — Hgv ~ is bounded uniformly by

Z G2, 21)] < tZe_‘zﬂ'_z’“P/(%z) < tMK, (B.53)
Jk:j#k J#k
with M = N and K = N. From Proposition|B.12| we therefore get the high probability estimate
Xf 1

N SN TA oo + (NTU+ N7V

This estimate proves an effective estimate on the number of particles on scales N~*° for s <
1/4 N a2, ie., > NV ¢1/4,

Induction. By induction, supposing we can control particle numbers on the distance scale N=",
in Proposition applied to the conditional measure in a ball of the former scale, we have
M =~ N'72" and a = N/M =~ N?". With the range of the perturbation in the interaction given
by 0 = N~1/2+7 it follows that holds (see Lemma below) with

K =0(M Vv N%).

Using this estimate, by conditioning exactly as in the proof of [6, Theorem 1.1}, for any f whose
support has diameter at most N7, we obtain from Proposition the estimate

X MV N?* 1 MV (MN?)3

< (N7 NP A f + (N £ N VS

+ MEN"Y) ||V

This is an effective estimate on particle numbers on scales N~° for s < (r+ %) vV (3 + 5) + ¢,
improving the assumed estimate. We remark that, as far as the scales are concerned, this is the
same recursion as in the case of the Yukawa gas, with ¢ replaced by a/2.

To set up the induction formally, we replace the assumption (A, ) of [6] by the following one.
(Note also that as before we changed the index ¢ from condition A; from [6] into A, as, in the
current paper, t refers to the argument of the Laplace transform).

Assumption (A,). For any bounded f € C?(C) with supp Af C BS N Sy, we have

X —1-2r —2a—4r —ir —a—2r
WfﬂN AN A f oo + (NT277 + N[V 2. (B.54)

As shown above, for r = 0 this is (B.52)) applied with M = N and V = W and the trivial
estimate K = N. To prove Proposition it is enough to prove the next proposition.

Proposition B.13. For arbitrary € > 0, (A,) implies (As) for any

0<r<s<(%+g)/\(%+r)—5, (B.55)

with the implicit constant in (B.54]) depending only on e.

To prove Proposition exactly as in [6, Sections 5-6], we condition on the outside of a
ball Bs on scale s and replace the Coulomb potential of the outside charges with the Coulomb
potential of the equilibrium measure. To ensure that the equilibrium measure of the conditional
system inside B; does not move much under this replacement, we use |6, Propositions 3.3 and
3.4] and the analogues of |6, Lemmas 6.2 and 6.3], where the input assumption is replaced by
our new assumption (A, ); the lemmas are checked exactly as in the case of the Yukawa gas. The
additional required estimate is the bound K on , which is given by the following lemma.
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Lemma B.14. Assume (A, ). Then, with high probability, uniformly for all configurations of the
M charges inside B, the estimate (B.51)) holds with

K =O(N'™2" v N§?).
In particular, if B is at scale N~" and 0 = N~Y/2%9 then the right-hand side is O(M v N%).

Proof. Recall that the perturbation term in the Hamiltonian is bounded by >, ;. e~ lzi—zl?/(26%)

We split this term into the three contributions: (1) both particles are inside B, (2) one
particle is in B and one outside B, and (3) both particles are outside B. The contribution
(3) with both particles outside B is a constant for the conditioned measure and thus irrelevant
for the estimate on the conditioned measure. Contribution (1) is trivially estimated by M?2.
Contribution (2) is bounded by O(M(N6? + N'=27)) by the local density estimate, with r-HP
for the configurations outside B. This gives the claimed estimate. ]

Proof of Theorem[2.3. As in the proof of Proposition we condition on the particles outside
a ball B of radius N~* and assume that f is supported in the ball with the same center and half
of the radius. However, since (A /2_0) has already been proved, by Lemma we now have
the optimal estimate K = O(N27). The theorem then follows directly from the one-step bound
on any scale b as in the assumption of the theorem using this bound on K, implying that
tK = tO(N?%7) = O(1). O

B.6. Conditioned versions: proof of Theorems The proofs of the conditioned versions
of the local density estimates are analogous to the original (unconditioned) versions. Namely,
we prove the unconditioned versions by inductive conditioning on increasing small balls. The as-
sumptions of the conditioned versions are exactly such that the inductive assumption is satisfied
for the conditional measure. We omit the details.

Notation index

Interaction

C 2d Coulomb interaction, page 2

G generic two-body interaction, page 1

G generic perturbation of the interaction, page 7

L, difference between Yukawa interactions U? with ranges ¢ = w and ¢ = v, page 13
Tc Interaction G averaged over translations of the unit torus, page 42

Ut periodic Yukawa interaction on T with range ¢, page 6

Ut periodic Yukawa interaction on the torus T, with range ¢, page 17

Uf periodic Yukawa interaction on T(") with range ¢, page 15

Y interaction Y;* averaged over u, page 18

y* Yukawa interaction on C with range ¢, page 6

fﬁf sum of periodic Yukawa interaction on tori T,, with origin u, page 17

Potential

Q= Q% effective potential for the Yukawa gaz with range ¢, page 28

U ﬁ Yukawa potential with range ¢ associated to a measure u, on the torus, page 8
V external potential, for the Coulomb of Yukawa gas, on the plane or torus, page 1
Ylf Yukawa potential with range ¢ associated to a measure u, on the plane, page 8
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Hamiltonian, energy

A f
Ay,
R+
Ay
h,—
Ay

Measure

G
Prvs
19%

local angle term for the test function f, page 60
long-range angular term, page 63

short-range angular term, page 63

Hamiltonian for interaction G and external potential V', page 1

Hamiltonian for the Yukawa interaction on T with range ¢ and external potential V',
page 7

Hamiltonian for the interaction UO{, page 17

Hamiltonian associated to interaction fﬂf , page 17

minimum of Zy, page 2

energy functional with Coulomb interation and external potential V', page 2

energy functional with Yukawa interaction with range ¢ and external potential V,
page 7

equilibrium energy of the Yukawa potential from scale ¢ to R, page 28

LY, = [ L;(z — w) i(dw) (dz), page 13

evaluated Hamiltonian in the Ward identity, page 61

expectation for the Gibbs measure associated to a Hamiltonian A, page 12

Lebesgue measure on C or on the torus, page 2

equilibrium measure for external potential V' and Coulomb interaction, minimizer of
Ty, page 2

equilibrium meaure for external potential V and Yukawa interaction with range £,
minimizer of Z¢,, page 8

empirical measure, page 2

difference between empirical measure and equilibrium measure, page 9

Gibbs measure for interaction G, external potential V', inverse temperature 3, page 2
density of uy, page 2

Partition function

& (n)
¢O(N)
¢O(N)
F(n)
A%
Z(v)

b,n

G
2NV,

a normalized version of log Z,S’L),

page 15
a normalized version of log Zj(\f), page 12

torus residual free energy, a normalized version of log Z](\f), page 12
quasi-free free energy for particle profile n, page 17

associated to Hamiltonian H](\f), at inverse temperature 3, page 12

associated to Hamiltonian with interaction Uf, at inverse temperature 3 (v = £/b),
page 15
associated to Hamiltonian H]C\iv, at inverse temperature 3, page 2

Other Symbols

o
b
b

index of the squares, page 16
mesoscopic scale for test function, also noted N~¢ page 3
torus side length, page 15
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AY increments of the map ®, AY = [®, — ®,], page 43

0% relative interaction range, v = £/b, page 15

14 range of the Yukawa gas, page 6

Cg universal constant in partition function second order asymptotics, page 3
m inverse of the Yukawa interaction, m = 1/¢, page 8

n = (n,) particle profile, assignment of number of particles to squares «, page 16
n = (n,) expected particle profile, page 17

N—*% mesoscopic scale for test function, also noted b, page 3

oL embedding of the square alpha, shifted by u, in T® page 17

v A distorted map defined along subsection [6.1] page 41

Y a map from T, to «, with discontinuity lines having origin u, declared to be flat,
page 20

Y another map from T, to « based on ¥, with distortions, page 52

Su set of squares such that square containing 0 has center u, page 29

Sy equilibrium set, support of uy, page 2

Sé equilibrium set, support of ,uff, page 8

T unit torus, page 6

Te torus of side length b associated to the square «, page 16

T®) torus of side length b, page 15

X{; linear statistics of function f centered with py, page 3

Y‘f limiting shift for the expectation of X{;, page 3

|'loos  OO-norm up to k-th derivative, page 3
H-Hoo’k’b oo-norm on scale b up to k-th derivative, page 3

O(N~°°) subpolynomially small error term, page 6
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