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MASSLESS PHASES FOR THE VILLAIN MODEL IN d > 3

by Paul DARIO & Wei WU

Abstract. — A major open question in statistical mechanics, known as the Gaussian
spin wave conjecture, predicts that the low temperature phase of the Abelian spin
systems with continuous symmetry behave like Gaussian free fields. In this paper we
consider the classical Villain rotator model in Z%, d > 3 at sufficiently low temperature,
and prove that the truncated two-point function decays asymptotically as |z|?~¢, with
an algebraic rate of convergence. We also obtain the same asymptotic decay separately
for the transversal two-point functions. This quantifies the spontaneous magnetization
result for the Villain model at low temperatures and constitutes a first step toward a
more precise understanding of the spin-wave conjecture. We believe that our method
extends to finite range interactions, and to other Abelian spin systems and Abelian
gauge theory in d > 3. We also develop a quantitative perspective on homogenization
of uniformly convex gradient Gibbs measures.

Résumé. (Phases sans masse du modéele de Villain pour d > 3) — Une question ouverte
majeure en mécanique statistique, connue sous le nom de conjecture des vagues de
spins, prédit que les systémes de spins équipés d’une symétrie abélienne continue se
comportent comme des champs libres gaussiens & basse température. Dans cet article,
nous considérons le modéle de Villain en dimension supérieure ou égale & 3 & une
température suffisamment basse, et nous démontrons que la fonction de deux points
décroit asymptotiquement comme celle d’'un champ libre gaussien. Afin d’obtenir
ce résultat, nous développons une approche quantitative pour ’homogénéisation des
mesures de Gibbs sur les champs de gradients avec un potentiel uniformément convexe.

(© Astérisque 447, SMF 2024
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CHAPTER 1

INTRODUCTION

1.1. Rotator models and the spin wave picture

Rotator models, such as the XY and the Villain models, have drawn considerable
attention from distinct research communities in mathematical and theoretical physics.
They are of much interest in statistical mechanics, as they exhibit new types of phase
transition for ferromagnetic systems and can be applied to the design of novel ma-
terials. A canonical rotator model is the XY model defined as follows: given a finite
set U C 79, we assign to each function 6 : U — (—m, | satisfying § = 0 on the
external vertex boundary OU the energy

HFY(0) ==~ ) cos(d(x) —0(y)),

z,yeUT
T~y

where UT := UNAU and the notation z ~ y means that the points = and y are nearest

neighbor in the lattice Z¢. The Gibbs measure of the XY model with zero boundary
condition at inverse temperature 4 > 0 is then defined the probability distribution

1
(1.1.1) dpy 1 (d6) = ZX7 P (—BHZFY () T d6(=)1e),p—0-
BU zeU
The XY model can be equivalently seen as a spin system with spin valued in the circle

S! by setting S, := e?%=. In this article, we will be interested in another closely related
rotator model, the Villain model [90] is defined by the Gibbs weight

; 1

(1.1.2) A5 (0) = v [ vs(6(2) - 6()) db(2) 101550,
T~y

where is the heat kernel on S! defined according to the identity

(1.1.3) vg(0) := zejzexp <—§(9 + 27rm)2>.

The two models belong to the class of spin systems with continuous Abelian sym-
metry. They exhibit a similar behavior and have been extensively studied in the
literature. We collect below some of their main features.
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2 CHAPTER 1. INTRODUCTION

Since the spins take values in the compact space S!, the existence of a thermody-
namic limit for the XY model (i.e., an infinite-volume limit as U — o0) is guaranteed
along subsequences by standard compactness arguments. It is additionally known that
this limit is unique, and we denote it by ,ug{y (see [79]). The Griffiths correlation in-
equalities [58, 25, 79] imply that that the expected value of the spins and the two-point
function are monotone in the domain U and in particular show the convergences

(Sz)

(Sw>ué(Y and <Sl‘ . Sy>”‘[}3(,}l; UE; <Sw . Sy>14;3(y .

w5V g1za
The same results hold for the Villain model, and we denote by ug the corresponding
thermodynamic limit (.

In two dimensions, the Mermin-Wagner theorem [78] shows that there is no con-
tinuous symmetry breaking at any temperature, i.e., for any 5 > 0,

(114) <Sz>ﬂg(y = 0

In particular, the system does not undergo an order/disorder phase transition. Nev-
ertheless, the system is known to exhibit a phase transition of a different type, char-
acterized by a different asymptotic behavior of the correlation function: there exists
a critical inverse temperature B, € (0,00) such that in the low temperature regime
(8 > B.), the two-point function (S, - Sp) . decays polynomially fast (which charac-
terizes a so-called topological long-range order [72]), while, in the high temperature
regime (8 < f.), the two-point function decays exponentially fast. This phase tran-
sition is known as the Berezinskii-Kosterlitz-Thouless transition became the basis
of the Nobel prize in Physics in 2016 to Haldane, Kosterlitz and Thouless. From
a mathematical perspective, the existence of this transition was established in the
celebrated work of Frohlich and Spencer [50], and has been the subject of recent
developments [75, 43, 4].

In the low temperature regime (8 > f.), additional predictions can be made regard-
ing the behavior of the model. A simple heuristics suggests that, as the temperature
goes to zero, the spins tend to align with each other so as to minimize the Hamiltonian.
Using the approximations, when 60| < 1,

(1.1.5)

exp(B cos(80)) ~ Z exp (

b (66 + zm)Z’) and  cos (27 (66)) ~ 1 — (60)* /2,
meZ

2

it is expected that at low temperature, both the XY and the Villain Gibbs measures
on large scales behave like the Gaussian measure

(1.1.6) ugFF(dqﬁ) = %exp <_§ Z (p(x) — ¢(Z/))2> Hd¢(x).

T~y

1. The monotonicity of the correlation function and the uniqueness of the infinite volume Gibbs
state were first established for the XY model [79]. However, the Villain model can be represented
as a metric graph limit of the XY model [85, 50]. By taking this limit, we obtain the corresponding
monotonicity and the uniqueness of Gibbs state for the Villain model.
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1.1. ROTATOR MODELS AND THE SPIN WAVE PICTURE 3

The Gibbs measure (1.1.6) is the Gaussian free field, and its law is fully character-
ized by its covariance matrix given by the lattice Green’s function. This heuristic
computation is the starting point of the celebrated spin wave picture originating in
the work of Dyson [42] (see also [78]). The spin wave conjecture predicts that at low
temperatures both the XY and the Villain Gibbs measures behave on large scales like
a Gaussian free field of the form (1.1.6) with a notable difference: since the approxi-
mations (1.1.5) are not exact (and does not recover the information of the periodized
field in (1.1.1) and (1.1.2)), a corrective term, corresponding to the so-called vortex
lines, has to be taken into account in the analysis, and the limiting Gaussian free field
describing the large-scale behaviors of the XY and Villain models should display an
effective temperature Beg # B (with Beg = (1 + 0(1))8 as 8 — ).

More precisely, the spin wave picture in the case of the two-point function asserts
that, for d = 2 and 3 > (., there exists an effective inverse temperature Seg > 0 (with
Ber # ) such that
(1.1.7)

<ei(0(0)70(m))> _ <ei(¢(0)f¢(fc))>

_ 1 _ 1
) (1+0(1)) = |z|” 7 + o (|:c| ﬂ)

Hp Hg

GFF
eff
Rigorous (but non-optimal) power law upper and lower bounds for the two-point
function were established in the 1980s in the celebrated works of McBryan-Spencer [77]

and Frohlich-Spencer [49] in the low temperature regime, namely, for 8 > 1,
e1fal T < (S - Sa),y < ealel T,

where 81 = (1(6) and satisfies 51 = (1 + o(1)) as 8 — oo. For a closely related
model, the two dimensional two-component Coulomb gas with small activity, Falco
justified the spin wave picture (with an effective Seg in the exponent) for all the inverse
temperatures in the Kosterlitz-Thouless phase, in a series of impressive works [45, 46].
For the two dimensional XY and Villain models, the asymptotic two point function
(1.1.7) still remains an important open question.

In three dimensions and higher, the breakthrough work of Frohlich, Simon and
Spencer [48] shows that these models undergo an order/disorder phase transitions:
there exists an critical inverse temperature (3. > 0 such that

for any 8 > G, <S””>#a #0 and for any (< G, <S””>u5 =0.
In the low temperature phase (8 > f.), the spin wave picture predicts that there exist

two coefficients ¢, co such that

C2 1
(1.1.8) (So - 5w>,nﬁ/ =a+ z]i2 +o <|x|d2> :

Considerable progress towards quantitative information for the XY /Villain model
at low temperature were made in the 1980s. In dimensions d > 3, the best known
result is the one of Frohlich and Spencer [51] who observed that the classical Villain
model in Z¢ can be mapped, via duality, to a statistical mechanical model of lattice
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4 CHAPTER 1. INTRODUCTION

Coulomb gas. They obtained the following next order description of the correlation
function at low temperature.

Proposition 1.1.1 (Frohlich and Spencer [51]). — Let ,u‘ﬁ/ be the thermodynamic limit
of the Villain model in Z%, for d > 3. There exist constants By = Bo(d), co = co(3,d),
such that for all B > [y,

1
(So - Sz)%’ =c+0 (|m|d_2> .

Moreover, denote by G the lattice Green’s function in Z%, then we have as 3 — oo,

0 (5600~ 6@ 2 (5o 8uly 2 e ((5+0(5) ) €O -6 ).

This suggests that the truncated two-point function may be related to a massless
free field in R?, which corresponds to the emergence of a (conjectured) Goldstone bo-
son. Similar results were also obtained for the Abelian gauge theory in four dimensions
(see [51, 66]). Kennedy and King in [70] obtained a similar low temperature expan-
sion for the Abelian Higgs model, which couples an XY model with a gauge fixing
potential. Their proofs rely on a different approach, via a transformation introduced
by [14] and a polymer expansion.

It is also of much interest to justify the spin wave conjecture separately for the
longitudinal and transversal two-point functions of the rotator models, i.e., observ-
ables of the form (cosf(0) cos 9(x)>u§y and (sin #(0) sin 0(1:))%“/. The best known
result is due to Bricmont, Fontaine, Lebowitz, Lieb, and Spencer [26], where, relies
on a combination of the infrared bound [48], a Mermin-Wagner type argument, and
correlation inequalities, they perform a low temperature expansion of the truncated
correlation function of the XY model and obtain the following expansion.

Proposition 1.1.2 (Bricmont, Fontaine, Lebowitz, Lieb, and Spencer [26]). — There ez-
ist an inverse temperature 1 < oo and two constants ¢y > co > 0 such that, for
any 3 > P,

C2 . . C1
— < < —7.
Bzl < (sin6(0) sm@(a:))ué(y S G2
Despite these considerable progress, the rigorous derivations of the spin wave Con-
jecture (1.1.8) remain largely open. The main result of our paper, stated below, iden-
tifies the next-order term for the Villain model in dimensions three and higher, by
obtaining the precise asymptotics of the two-point functions at low temperature.

Theorem 1. — For any dimension d > 3, there exist Sy = [o(d) and o = a(d) >0
such that, for any B > o, there exist constants cog = co(B,d),c1 = c1(B,d),
co = c2(B,d), and such that, for all 8 > By, the transversal two-point function has
the asymptotics

. . c 1
(1.1.9) (sin 6(0) sin6(x)),,y = IwI% +0 (led—“a) ,
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1.1. ROTATOR MODELS AND THE SPIN WAVE PICTURE 5

and the spin-spin correlation function satisfies

(1.1.10) (S0 Sa)y = o+ gy + O (1> .

|£L‘|d_2 |x|d—2+a

Remark 1.1.3. — The proof of Theorem 1 yields the following characterization for the
constant cg
2
Co = <SO>.U«23/ .
Regarding the constants ¢; and cg, the free field computation (1.1.5) indicates that
they should be close to the constant
1 r'(d/2-1)
C= _B exp (G(0)/8) T Apdiz

where I is the standard Gamma function. The constant C' is defined so as to satisfy
4 1 o 1
U(0)=¢(=) = =(G(0) -G = G(0 o) :

(e ) jgrn = O ( 5(G0) (x))) exp (GO)/0)+ =5 +0 ( s

In this direction, the proof of Theorem 1 yields the identities
c1=C+0( ") and ¢y =—C+0(e”P).

Remark 1.1.4. — It follows from (1.1.9) and (1.1.10) that the two-point correlation
function is asymptotically rotation invariant. Indeed, the proof yields rotation invari-
ance for the Villain Gibbs measures that are invariant under the 7/2-degree rotations
and the reflections of the lattice. For more general Villain models, i.e., replacing the
potential (1.1.3) by

Bz,
Vgay(0) =) exp (_2”(9 +2mm)? ),
meZ
for strictly positive, nearest neighbor and periodic coupling constants J ,,, one expects
the second order term to take the form of a more general (2—d)-homogeneous function.

We remark here that an alternative approach, based on elaborate renormalization
group analysis, was developed in a series of works of Balaban, and culminated in [15].
They studied a class of Euclidean field theories that are invariant under the O(NV)
symmetry group, for N > 2, and obtained results similar to Theorem 1 for these
models.

We conclude the introduction by mentioning two open questions. The Gaussian spin
wave approximation predicts that the two-point function of the XY model in d > 3
also admits a low temperature expansion like that stated in Theorem 1. The main
challenge is a technical one: in the first step of the proof (described in Section 1.2
below), a duality transformation and a cluster expansion step are used to prove that
the model can be expressed as gradient model with a strictly convex potential (this
part of the proof follows well-known arguments [51, 16]). The specific structure of the
Hamiltonian of the Villain model (1.1.2) allows an exact factorisation (in particular,
the two-point function can be factorized as a Gaussian contribution and a vortex
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6 CHAPTER 1. INTRODUCTION

contribution, see Section 3, (3.1.6)). Such an exact factorization does not hold for the
XY model and a new idea for renormalization is required to implement the argument.

The spin wave conjecture and the asymptotic two-point function (1.1.7) remains
open for the XY and Villain model in d = 2. The renormalization argument developed
by Falco [45, 46] does not directly apply, because by applying a duality transform to
the XY and Villain model, one obtains a lattice Coulomb gas with infinite activity
(instead of small activity). Building new insights into the renormalization group anal-
ysis, Bauerschmidt, Park and Rodriguez showed recently that the scaling limit of the
two-dimensional Discrete Gaussian at high temperature is a continuous Gaussian free
field (with an effective inverse temperature) in [17, 18]. Their result makes another
progress toward the spin-wave conjecture for the two-dimensional Villain model in
the low temperature regime (8 > 1). Resolving the conjecture requires extending the
results of [17, 18] to more singular test functions.

1.2. Strategy of the proof

We initiate a renormalization-Helffer-Sjostrand-homogenization program to prove
Theorem 1. The periodic potential of the XY and Villain model makes the inter-
action highly non-convex, and poses significant challenges to study their large scale
behavior. Indeed, the ground states at zero temperature already leads to highly non-
trivial variational problems (see, e.g., [5]). To overcome these difficulties, we start
from the insight of Frohlich and Spencer [51] (see also [16, Section 5]), applying a
duality transformation and a cluster expansion to the Villain Gibbs measure. In the
low temperature regime (8 > 1), this argument shows that two-point function can
be expressed as a non-linear and non-local observable of a uniformly convex gradi-
ent model (or uniformly convex V¢ model). Contrary to the Villain and XY models,
tools from PDE and homogenization theory can be applied to study the behavior
over large-scales of the uniformly convex V¢ model (see Section 1.2.2), which can
thus be used to study the Villain model via the duality transformation of [51]. The
general strategy described above encounters two difficulties. Firstly the convex model
is not nearest neighbor, and has an infinite-range with exponential tail. Secondly the
two-point function of the Villain model is mapped via the duality transform to a non-
linear and non-local observable (see Proposition 3.1.1). Understanding the behavior
of this observable requires a precise, quantitative theory to describe the large-scale
behavior of the convex gradient model.

This first part of the proof thus consists of applying a duality transformation and
cluster expansion to relate the Villain model to a uniformly convex V¢ model. It is
the subject of Section 3 and mostly follows [51] and [16, Section 5]. The second part
of the proof consists of studying quantitatively the large-scale behavior of the convex
gradient Gibbs model and treating the non-linear, non-local observable arising from
the arguments of [51] and [16, Section 5], and is the subject of the remaining sections.

One of the main tools to study V¢ model is the so-called Helffer-Sjéstrand equation,
originally introduced by Helffer and Sj6strand [68], Naddaf and Spencer [82] and
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1.2. STRATEGY OF THE PROOF 7

Giacomin, Olla and Spohn [55] to identify the scaling limit of the model. The main
insight of [68, 82] is that the large-scale behavior of the V¢ model is related to the
large-scale behavior of the solutions of an infinite-dimensional elliptic equation called
the Helffer-Sjostrand equation. The crucial observation of [82] is that the large-scale
behavior of these solutions can be studied using techniques of homogenization.

At a high level, the proof of Theorem 1 consists of developing a quantitative ho-
mogenization theory for the Helffer-Sjostrand equation and exploits the insights of
the following three works: the work of Naddaf and Spencer [82], that relates large-
scale behavior of the convex gradient Gibbs measure to an elliptic homogenization
problem for the Helffer-Sjostrand equation; the quantitative theory for homogeniza-
tion by Armstrong, Kuusi and Mourrat [7, 6]; and the application of quantitative
homogenization to the V¢ model by Armstrong and Wu [8]. However there is a dis-
tinct difference of our method compared to [82, 7, 8]. Firstly, the results of [82] are
qualitative, and a quantitative theory is required to understand the behavior of the
Villain model. To obtain a quantitative rate of homogenization it is crucial to have
some decorrelation of the underlying random field. In [7], a straightforward mixing
condition of the coefficient field is assumed. The argument in [8] relies on couplings
based on the probabilistic interpretation of the equation to obtain decorrelation of the
gradient field. In the present paper, we rely on the observation that this information
can be obtained by studying another infinite-dimensional equation, the second-order
Helffer-Sjostrand equation (see [29, (2.12)] or Section 1.2.4); in particular, the decor-
relation is a consequence of the decay estimates for the Green’s function associated
with the second-order Helffer-Sjostrand operator. We note that the second-order equa-
tion appears in the work [29], and is closely related to techniques used to develop a
quantitative theory of stochastic homogenization in [61, 62, 59, 60].

The following subsections provide a more detailed outline of the argument.

1.2.1. Sine-Gordon representation and polymer expansion. — The spin wave compu-
tation (1.1.8) is only heuristic and does not give the correct constants Cy,Cy. The
main problem for the spin wave heuristics (1.1.8) is that it ignores the formation of
vortices, which are defined on the faces of Z¢. Kosterlitz and Thouless [72] gave a
heuristic argument, indicating that the vortices interact like a neutral Coulomb gas
taking integer-valued charges.

Our proof of Theorem 1 starts from an insight of Frohlich and Spencer [51], which
makes this observation rigorous. In particular, the correlation function of the Villain
model in Z¢, d > 3 can be mapped, by duality, to a statistical mechanical model
with integer-valued and locally neutral charges on discrete 2-forms A%(Z?), interact-
ing with Coulomb potential (see Section 3.1). By performing a Fourier transform of
this Gibbs measure with respect to the charge variable, we obtain a helpful random
field representation of the Coulomb gas, known as the sine-Gordon representation (see
e.g., [49, 50]). When the temperature is low enough, opposite charges tend to bind
together into neutral (short range) dipoles, therefore on large scales this Coulomb gas
behaves like an effective dipole gas with a reduced effective activity of the charges.
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8 CHAPTER 1. INTRODUCTION

This can be formalized by applying a one-step renormalization argument and a clus-
ter expansion, following the presentation of [16, Chapter 5]. The renormalized Gibbs
measure (see (3.1.16)) is a vector-valued random interface model in A%(Z?) with infi-
nite range and uniformly convex potential. The question of the asymptotic behavior
of the Villain correlation function is thus reduced to the question of the quantitative
understanding of the large-scale properties of the random interface model.

1.2.2. Random surfaces and Helffer-Sjostrand equation. — Our study of the large-
scale properties of the random interface model starts from the insight of Naddaf
and Spencer [82] that the fluctuations of the field are closely related to an elliptic
homogenization problem for the Helffer-Sjéstrand equation [68, 89]. This approach has
been used by Giacomin, Olla and Spohn in [55] to prove that the large-scale space-time
fluctuations of the field is described by an infinite-dimensional Ornstein-Uhlenbeck
process and by Deuschel, Giacomin and Ioffe to establish concentration properties and
large deviation principles on the random surface (we also refer to [88, 21, 22, 31, 30] for
extension of these results to some non-convex potentials, and [73] for a study of a more
general class of Hamiltonians). The strategy presented in many of the aforementioned
articles relies on a probabilistic approach: one can, through the Helffer-Sjéstrand
representation, reduce the problem to a question of random walk in dynamic random
environment, and then prove properties on this object, e.g., invariance principles,
using the results of Kipnis and Varadhan [71], or annealed upper bounds on the
heat kernel, using Delmotte and Deuschel [41]. However, the results obtained so far
using this probabilistic approach are not quantitative. A more analytical approach
was developed by Armstrong and Wu in [8], where they extend and quantify the
homogenization argument of Naddaf and Spencer [82], resolved an open question
posed by Funaki and Spohn [53] regarding the C? regularity of surface tension, and
the fluctuation-dissipation conjecture of [55].

Besides the approach based on the Helffer-Sjéstrand equation and the random walk
representation, various techniques have been successfully used on the model. Funaki
and Spohn [53] established the hydrodynamic limit of the model relying on methods
developed in the setting of the Ginzburg-Landau equation with a conserved order pa-
rameter [65]. A renormalization group approach has been implemented in the works
of Adams, Kotecky, Miiller [3] and Adams, Buchholz, Kotecky, Miiller [2]. In these
contributions, the authors study the V¢ model for a general class of (perturbative)
non-convez potentials (in a low temperature regime) and establish (among other re-
sults) regularity properties as well as the strict convexity of the surface tension of
the model. The articles [3, 2] differ from ours in various aspects. In [3, 2], the authors
consider a nonconvex perturbation of Gaussian, and proved after successive renormal-
izations the surface tension (i.e., the log partition function under different tilts) gains
sufficient regularity and convexity. In the present article, the gradient-type model ob-
tained from the Villain model by duality is uniformly convex, and the main difficulty
relies on the specific structure of the model: the Hamiltonian has infinite-range, the
observable we wish to study is highly non-linear and non-local. Therefore it is not
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enough to prove the Gibbs measure converges to a Gaussian free field in the scaling
limit, and we need to estimate the correlation of nonlinear functions of the field with
high precision, which we do by implementing methods from PDE and homogenization
theory.

On a high level, we follow the analytical approach, namely the program developed
in [82, 8] on homogenization for the random interface models. Since the sine-Gordon
representation and the polymer expansion give a random interface model valued in
the vector space R() with long range and uniformly convex potential, an application
of the strategy of Naddaf and Spencer [82] to this model leads to the Helffer-Sjostrand
operator

(1.2.1) L = —Ag + Lipat,

which is an infinite-dimensional elliptic operator acting on functions defined in the
d

space Q x Z<¢ where ) is the set of functions ¢ : Z¢ — R() (see (3.4.4) for the precise

definition of this operator), where 2 is the space of functions from Z? to R() in
which the vector-valued random interface considered in this article takes its values.
The operator Ay is the (infinite-dimensional) Laplacian computing derivatives with
respect to the height of the random surface and Z is an operator associated with a
uniformly elliptic system of equations with infinite range (and with exponential decay
on the size of the long range coefficients) on the discrete lattice Z¢. The analysis of
these systems requires to overcome some difficulties; a number of properties which
are valid for elliptic equations, and used to study the random interface models, are
known to be false for elliptic systems. It is for instance the case for the maximum
principle, which is used to obtain a random walk representation, the De Giorgi-Nash-
Moser regularity theory for uniformly elliptic and parabolic PDE (see [84, 39|, [57,
Section 8| and the counterexample of De Giorgi [40]) and the Nash-Aronson estimate
on the heat kernel (see [11]).

To resolve this lack of regularity, we rely on a perturbative argument, and make
use of ideas from Schauder theory (see [67, Section 3]), as well as the ones from the
large-scale regularity in homogenization (see Avellaneda, Lin [12, 13] and Armstrong,
Smart [10]); we leverage on the fact that the inverse temperature 3 is chosen very
large so that the elliptic operator £ can be written

gZSpat = —%A + gzperta
where the operator Zper¢ is a perturbative terms; its typical size is of order ,6’_% < B~L
One can thus prove that any solution u of the Equation (1.2.1) is well-approximated
on every scale by a solution @ of the equation —Ag — %A for which the regularity can
be easily established. It is then possible to borrow the strong regularity properties of
the function w and transfer it to the solution of (1.2.1). This strategy is implemented
in Section 5 and allows us to prove the C%!~¢-regularity of the solution of the Helffer-
Sjostrand equation, and to deduce from this regularity property various estimates on
other quantities of interest (e.g, decay estimates on the heat kernel in dynamic random
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environment, decay and regularity for the Green’s matrix associated with the Helffer-
Sjostrand operator). The regularity exponent ¢ depends on the dimension d and the
inverse temperature 3, and tends to 0 as § tends to infinity; in the perturbative
regime, the result turns out to be much stronger than the C%%-regularity provided
by the De Giorgi-Nash-Moser theory (for some tiny exponent « > 0) in the case
of elliptic equations, and allows to quantify (precisely) the mixing properties of the
random field.

1.2.3. Stochastic homogenization. — The main difficulty to establish Theorem 1 is
that since the Villain model is not exactly solvable, the dependence of the constants c¢;
and ¢y on the dimension d and the inverse temperature (3 is highly non explicit; one
does not expect to have a simple formula for these coefficients. However, it is necessary
to analyze them in order to prove the expansions (1.1.9) and (1.1.10); this is achieved
by using tools from the quantitative theory of stochastic homogenization.

This theory is typically interested in the understanding of the large-scale behavior
of the solutions of the elliptic equation

(1.2.2) —~V -a(z)Vu = 0 in R?,

where a is a random, uniformly elliptic coefficient field that is stationary and ergodic.
The general objective is to prove that, on large scales, the solutions of (1.2.2) behave
like the solutions of the elliptic equation

(1.2.3) —~V-aVu =0 in RY,

where a is a constant uniformly elliptic coefficient called the homogenized matriz. The
theory was initially developed in the 80’s, in the works of Kozlov [74], Papanicolaou
and Varadhan [86], and Yurinskii [91]. Dal Maso and Modica [32, 33] extended these
results a few years later to non-linear equations using variational arguments inspired
by I'-convergence. All of these results rely on the ergodic theorem, and are therefore
purely qualitative.

The main difficulty in the establishment of a quantitative theory is to transfer
the quantitative ergodicity encoded in the coefficient field a to the solutions of the
equation. This problem was addressed in a satisfactory fashion for the first time by
Gloria and Otto in [61, 62], where, building upon the ideas of [83], they used spectral
gap inequalities (or concentration inequalities) to transfer the quantitative ergodicity
of the coefficient field to the solutions of (1.2.2). These results were then further
developed in [64, 63, 59, 60].

Another approach, which is the one pursued in this article, was initiated by Arm-
strong and Smart in [10], who extended the techniques of Avellaneda and Lin [12, 13],
the ones of Dal Maso and Modica [32, 33] and obtained an algebraic, suboptimal
rate of convergence for the homogenization error of the Dirichlet problem associated
with the non-linear version of the Equation (1.2.2). These results were then improved
in [9, 6,7] to obtain optimal rates. Their approach relies on mixing conditions on the
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coefficient fields and on the quantification of the closeness of dual monotone quanti-
ties (see Section 6). An extension of the techniques of [7] to the setting of differential
forms (which also appear in this article in the dual Villain model) can be found in [35],
and to the uniformly convex gradient field model in [34]. In [81], Mourrat and Otto
study the correlation structure of the corrector and prove that it is similar, in the
large-scale limit, to the one of a variant of a Gaussian free field. Their strategy shares
some similarities with ours: under some suitable assumptions on the coefficient field,
they use a Helffer-Sjéstrand representation formula to study the correlation of the
corrector, and reduce the problem to the question of the quantitative homogenization
of the Green’s function associated with the heterogeneous operator (1.2.2).

To prove Theorem 1, we apply the techniques of [7] to the Helffer-Sjostrand equa-
tion to prove the quantitative homogenization of the mixed derivative of the Green’s
matrix associated with this operator. The strategy can be decomposed into two steps.

The first one relies on the variational structure of the Helffer-Sjéstrand operator and
is the main subject of Section 6: following the arguments of [7, Section 2], we define two
subadditive quantities, denoted by v and v*. The first one corresponds to the energy
of the Dirichlet problem associated with the Helffer-Sjostrand operator (1.2.1) in a
domain U C Z¢ and subject to affine boundary condition, the second one corresponds
to the energy of the Neumann problem of the same operator with an affine flux. Each
of these two quantities depends on two parameters: the domain of integration U and
the slope of the affine boundary condition, denoted by p (for v) and p* (for v*). These
energies are quadratic, uniformly convex with respect to the variables p and p*, and are
approximately convex dual to one another. They additionally satisfy a subadditivity
property with respect to the domain U, and one can show that they converge as the
size of the domain tends to infinity to a pair of quadratic, convex dual functions, i.e.,
there exists a positive definite matrix a such that

V(va) —_ lp'5~p and v (va*)

[U]—oo 2

The matrix a plays a similar role as the homogenized matrix in (1.2.3); in the case of

the present random interface model, it gives the covariance matrix of the continuous

(homogenized) Gaussian free field which describes the large-scale behavior of the

random surface as established in [82]. The objective of the proofs of Section 6 is to

quantify this convergence and to obtain an algebraic rate: we show that, for large g,

there exists an exponent a > 0 depending only on the dimension d such that for any
cube O C Z¢ of size R > 0,

1 1
(1.2.4) v(O,p) — 5p-ap| + v (Lp") - 5" a7 'p*| < CR™™.
The strategy to prove the quantitative rate (1.2.4) relies on the approximate convex
duality of the maps p — v (U, p) and p* — v* (U, p*). Following [7], we use a multiscale
argument to prove that, as one passes to a larger scale, the convexr duality defect

_|_

p— inf [v(Od,p)+v* (O,p*) —p-p7,
p*eRd
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must contract by a multiplicative factor strictly smaller than 1, and thus it is equal
to 0 in the infinite volume limit. More precisely we show that the convex duality
defect can be controlled by the subadditivity defect, and then iterate the result over
all the scales from 1 to R to obtain (1.2.4) (see Section 6.1.3). As a byproduct of
the proof, we obtain a quantitative control on the sublinearity of the finite-volume
corrector defined as the solution of the Dirichlet problem: given an affine function I,
of slope p, and a cube Op := [~ R, R} N Z? of size R,

Z (I, + Xrp) = 0 in Og x Q,
XRp = 0 on ODR x Q.

This estimate takes the following form

c

(1.2.5) IXRpl L2 (O ) < Fiza

where the average L?-norm is considered over both the spatial variable and the random
field (see (2.1.5)).

The second step in the argument, which extends the results of [8], is to prove
quantitative homogenization of the mixed derivative of the Green’s matrix associated
with the Helffer-Sjostrand operator (1.2.1); it is the subject of Section 7. In the setting
of the divergence form elliptic operator (1.2.2), the properties of the Green’s function
are well-understood: moment bounds on the Green’s function, its gradient and mixed
derivative are proved in [41, 19, 28], and quantitative homogenization estimates are
proved in [7, Sections 8 and 9] and in [20]. The argument used here relies on a common
strategy in stochastic homogenization: the two-scale expansion. It is implemented as
follows: the large-scale behavior of the fundamental solution  : Q x Z? — R(E)*(2)
of the elliptic system

0 = 8y in Z% x Q,
is described by the (deterministic) fundamental solution G : Z¢ — R(:)* () of the
homogenized elliptic system

—V -aVG = §; in Z°.

The proof of this result relies on a two-scale expansion for systems of equations: we
select a suitable cube [ C R? and define the function, for any k € {1,..., (%)}
a (2)

My =G+ Z Z XR,e;; ViGik-
i=1 j=1
We then compute the value of Z5# and prove, by using the quantitative information
obtained on the corrector (1.2.5), that this value is small in a suitable functional
space. This argument shows that the function $# (resp. its gradient) is quantitatively
close to the functions { (resp. its gradient). Once this is achieved, we can iterate
the argument to obtain a quantitative homogenization result for the mixed derivative
of the Green’s matrix. The overall strategy is similar to the one in the case of the
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divergence form elliptic Equations (1.2.2) but a number of technicalities need to be
treated along the way pertaining to either the Witten Laplacian A, (this difficulty has
been successfully addressed in [8]), and the infinite range of the elliptic operator Zspat
(using the exponential decay of the interaction is enough to adapt the arguments
developed in the nearest-neighbor setting).

1.2.4. Second-order Helffer-Sjostrand equation. — As we mentioned, the method pur-
sued in this paper differs from [7] and [8] and is based on the regularity theory of
the second-order Helffer-Sjostrand equation. We note that, contrary to the case of the
homogenization of the elliptic Equation (1.2.2), the subadditive quantities are deter-
ministic objects and are applied to the operator (1.2.1) which is essentially infinite-
dimensional. To quantify the subadditive ergodic theorem and obtain the rate of
convergence (1.2.4), it is crucial that the random fields V¢ that appears in the defi-
nition of v and v* decorrelates (see Definition 6.1.4). While the proofs of quantitative
rate of convergence in [7, Section 2| rely on a finite range dependence assumption of
the coefficient field, we rely here on the regularity properties of the Helffer-Sjostrand
operator to prove sufficient decorrelation estimates on the field. The same issues were
addressed in the work of Armstrong and Wu [8], to study the V¢ model and prove
C?-regularity of the surface tension conjectured by Funaki and Spohn [53]; the argu-
ments presented there are different as they rely on couplings based on the probabilistic
interpretation of the equation to obtain sufficient decorrelation of the discrete gradi-
ent V¢. In the present paper, we rely on the observation of Conlon and Spencer [29]
that if u is a solution to the Helffer-Sjostrand Equation (1.2.1), then the derivative
of the function u with respect to the field ¢, i.e., the map v : (z,¢,y) — dyu(z, ¢),
for z,y € Z¢ and ¢ € (, solves a second-order Helffer-Sjostrand equation of the form

(1.2.6) Agv(z,y, D) +Zepat,o0(T, Yy @) + Lepat 40 (2, Y, #) + (0,Z) v = 0 in Z¥ x Z4 x Q.

We refer to Section 5.4 for a precise definition. This operator is then used in [29] to
obtain uniform third moment bounds for the V¢ Gibbs measure. We note that this
strategy is very similar to the one developed in stochastic homogenization in [61, 62, 59,
60]. In this paper we exploit more precise information of the operator, and apply the
C%1~¢ regularity theory to obtain decay estimates on the Green’s function associated
with (1.2.6). In particular, we obtain the regularity theory for the second-order Helffer-
Sjostrand operator for large 3, namely, the off-diagonal decay of the associated Green’s
matrix, its gradient, and its mixed derivative (see Corollary 5.4.4). These properties
can be used to quantify the ergodicity of the Helffer-Sjostrand equation and obtain
the quantitative rate of convergence (1.2.4).

The second-order Helffer-Sjostrand equation also plays a crucial role to derive The-
orem 1 from the homogenization results. Applying the duality, we map the two-point
function of the Villain model to a non-local observable (see Proposition 3.1.1). This
non-local observable is then analyzed by repeated applications of the Helffer-Sjostrand
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representation to single out the main contribution (thus the second-order Helffer-
Sjostrand operator emerges), and the C%!~¢ regularity theory is crucially applied to
control the remainder terms (see Section 4.4 and Section 4.5 for the details).

1.2.5. First order expansion of the two-point functions. — The first order expansion
of the two-point function stated in Theorem 1 is obtained by post-processing all
the arguments above. We first use the sine-Gordon representation and the polymer
expansion to reduce the question to the understanding of the large scale behavior of
a vector-valued random surface model, whose Hamiltonian is a perturbation of the
one of a Gaussian free field, and use the properties of the Helffer-Sjostrand equation
to treat the problem. The proof of Theorem 1 is decomposed into three parts:

— We establish a C%!~¢-regularity theory for the solutions of the Helffer-
Sjostrand and second-order Helffer-Sj6strand operators by using the techniques
of Schauder regularity (through a perturbative argument) in order to obtain a
precise understanding of the correlation structure of the random field, this is
done in Section 5;

— We prove a quantitative homogenization theorem for the mixed derivative asso-
ciated with the Helffer-Sjostrand operator (Theorem 2), this is done in Sections 6
and 7;

— We post-process the results of the two arguments above to prove Theorem 1.
The proof relies on the study of the non-local observable introduced in Proposi-
tion 3.1.1; it requires to analyze a number of terms, to isolate the leading order
terms, and to estimate quantitatively the lower order ones. It is rather techni-
cal and is split into two sections: in Section 4, we present a detailed sketch of
the argument, isolate the leading order from the lower order terms, and state
the estimates on each of these terms. Section 8 is devoted to the proof of the
technical estimates.

1.3. Organization of the paper

This article is the short version of the v1 of arxiv preprint [36], which contains in
addition some detailed but standard computations which are recalled here without
a proof. In the next section, we introduce some preliminary notation and results. In
Section 3, we recall the dual formulation of the Villain model in terms of a vector-
valued random interface model, based on the ideas of Frohlich and Spencer [51] and
following the presentation of Bauerschmidt [16]. We then derive the Helffer-Sjostrand
equation for the renormalized measure and state the main regularity estimates on
the Green’s matrix proved in Section 5, and the quantitative homogenization of the
mixed derivative of the Green’s matrix proved in Sections 6 and 7. In Section 4, we
sketch the proof of the main theorem, assuming the C%!~¢ regularity for the solutions
of the Helffer-Sjostrand equation (established in Section 5), and the quantitative ho-
mogenization of the mixed derivative of the Green’s matrix (established in Sections 7
and 8). Finally in Section 8, we give detailed proofs of the claims in Section 4.
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CHAPTER 2

PRELIMINARIES

2.1. Notation and assumptions

2.1.1. General notation. — We work on the Euclidean lattice Z¢ in dimension d > 3,
and denote by |-| the Euclidean norm on the lattice Z¢. We say that two points
z,y € Z¢ are neighbors, and denote it by = ~ y, if |z —y| = 1. We denote by ey, ..., ey
the canonical basis of R?. Given a subset U C Z%, we define its interior U° and its
inner boundary U by the formulae
Ut={zeU:a2~y = yeU} and 9U:=U\U".

If the subset U C Z? is finite, we denote by |U| its cardinality and refer to this
quantity as the volume of U. We denote by diam U the diameter of U defined by the
formula diam U := sup, ,cy | — y|. Given a point z € Z* and a radius r > 0, we
denote by B(z,r) the discrete Euclidean ball of center x and radius r. We frequently

use the notation B, to mean B(0,7). We also define the annulus Ag := Bag \ Bg.
A discrete cube O of Z¢ is a subset of the form

(2.1.1) O:=z+[-N,N]*NZ% with 2 € Z% and N € N.

We refer to the point x as the center of the cube [J, and to the integer 2N + 1 as its
length. For L € N, we also denote by [y, := [—N, N]d VAR
Given three real numbers X,Y € R and « € [0, 00), we write

X=Y+0(k) ifandonly if |X —Y|<k.
We frequently consider functions defined from Z¢ and valued in R of the form

x — |z|7%. We implicitly extend these functions at the point 2 = 0 by the value 1 so
that they are defined on the entire lattice Z¢.

2.1.2. Notation for vector-valued functions. — For each integer £k € N, we let
F (Zd,Rk) be the set of functions defined on Z? and taking values in R*. Given a
function g € of (Zd,Rk), we denote by ¢1,...,gr its components on the canonical

basis of R* and write g = (g1,...,gx). We define the support of the function g to be
the set

supp g := {;U ez : g(z) # O}.
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For each integer i € {1,...,d}, we define its discrete i-th derivative V;g : Z¢ — RF
and its adjoint Vg : Z¢ — R* by the formulae, for each x € Z,

Vig(z) :=g(x +e;) —g(z) and Vig(z):=g(z)— g(z —e;).
The discrete gradient Vg : Z¢ — R4 is then defined by

(2.1.2)  Vg(z) = (Vigj ()1 <;<yq 1<j< and Vig(z) = (V:Qj(x))gigdggjgk'

We define similarly the divergence, for any function g : Z¢ — R¢,
d
Vglz) =) gi(x) — gi(x —es),
i=1
We extend this definition to a more general class of vector-valued functions as follows:

X0, 10>

V- g:7Z% — RF by the identity

d d
V.g(z) = (Z 9ia(@) —gin(z =€), Y gik(®) — ginlz — ei)> :

i=1 i=1
The Laplacian is then defined by the identity A = V - V and is equivalently given by
the explicit formula: for any g : Z¢ — RF,

(2.1.3) Ag(z) = (g(y) — 9(2)).

Yyn~x
Given two functions f, g : Z — RF and a point = € Z¢, we define the scalar product
flx) g(z):= Z?zl fi(x)gi(x). To ease the notation, we may write f(z)g(z) to mean
f(z) - g(x). Given a finite subset U C Z9, we define the L?-scalar products (-,-) and
(,)uv according to the formulae

(2.1.4) (f,9)=_ fl@g(@) and (f,9)y = f(@)g(x).
z€Zd zeU
For each subset U C Z4, we define the L? (U)-norm

||g||L2(U) = <Z Ig(m)l2> .

zeU

where the notation | - | refers to the Euclidean norm on R*. Given a bounded subset
U C 74, we denote by L*(U) the normalized norm

2

1
Iy = | 77 2 lo@)P

TEZ

We introduce the normalized Sobolev norms H'(U) by the formula

1
91l g 0y == dam U lgll L2y + IVl L2y -
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We denote by HE(U) the set of functions from U to R* which are equal to 0 outside
the set U (by analogy to the Sobolev space).

2.1.3. Notation for Cjibbs measures. — We let Q be the set of vector-valued func-
tions ¢ : Z¢ — R(). We then introduce the set of smooth local and compactly
supported functions of the set

C2(Q):={F:Q—>R:3IneN,3zy,...,z, € Z* and I f € C(R")
such that F(¢) = f(¢(z1),...,¢(zn))}-

For k € N, we extend the previous notation to vector-valued functions F : Q — R¥ and
write F' € C2°(Q) if all the components of F' belong to C°(Q) (i.e., if F = (Fy,..., Fy)
and for any ¢ € {1,...,k}, F; € C>(Q)).

Given a probability measure u on 2 and measurable function X : Q — R which is
integrable with respect to the measure y, we denote by (X), and var, [X] its expec-
tation and variance respectively. As before, we extend the notation to vector-valued
functions by writing (X}, = (<X1>u ey <Xk>u) € R* and var, [X] = Zle var,, [X;]
for X = (X1,...,Xk)-

Fix u : Q — R*. For z € Z% and each integer i € {1,..., (g)}, we define the

differential operators 0, ; and 0, by the formulae

9, u(6) = lim UG Peile) = ul@)

]Rk
h—0 h €

and
0u(6) = (a0, (2yu) € RV,

d
2

where (el, e e(d)) is the canonical basis of R( ). We define the space H! (1) to be

the closure of the space C2.(Q2) with respect to the norm

2
el g1y = Ml g2y + | D2 100ullZag,

€7

For any subset U C Z<, we define the L? (U, i) to be the set of functions u : UxQ — R
such that

1
2
lull L2 (v = (Z ||U($7')||12(,L)> :

zcU
If U C Z¢ is finite, we additionally define

1 2
(215) - <|U| > ||u<x,->||L2<M)>

zeU

N|=
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We similarly define the H!(U, u)-norms by the formulae

[N

2 2
(2.1.6) lell ey = <Z llu(; Me ) + IIVUIIH(U,“))

zeU
as well as

(217) ||u||H1(U,,u) = Z Z ||8zu(ya )Hiz(u) + ||Vu||i2’(U,u)
zeZd yelU

2.1.4. Discrete differential forms. — For each integer k € {1,...,d}, a k-cell of the
lattice Z< is a set of the form, for a subset {iy,...,i1} C {1,...,d}, and a point = € Z¢,

k
{:v—i—Z)\leil e R? . OS)\l,...,)\kgl}.

1=1

We equip the set of k-cells with an orientation induced by the canonical orientation of
the lattice Z¢ and denote by A*¥(Z?) the set of oriented k-cells of the lattice Z?. Given
a k-cell ¢, we denote by Oc the boundary of the cell; it can be decomposed into a
disjoint union of (k — 1)-cells. The values k = 0,1, 2 are of specific interest to us; they
correspond to the set of vertices, edges and faces of the lattice Z?. We will denote
these spaces by V(Z?), E(Z?) and F(Z?) respectively. Given a box 0 C Z4, we denote
by A¥(0J) the set of oriented k-cells which are included in the cube [J, and by V(0),
E(0) and F(O) the set of vertices, edges and faces of the cube [ respectively.

For each k-cell ¢x, we denote by 0;1 the same k-cell as ¢, with reverse orientation
and by Ocy the boundary this cell. A k-form u is a mapping from A*(0J) to R such
that u (c,;l) = —u(ck) .

Given a k-form u, we define its exterior derivative du according to the formula, for
each oriented (k + 1)-cell ci41,

(2.1.8) du (cx+1) = Z u(ck),
¢ COck41

where the orientation of the face cj is given by the orientation of the (k + 1)-cell
ci+1; we set the convention du = 0 for any d-form u. We define the codifferential d*
according to the formula, for each (k — 1)-cell ¢;_; and each k-form u : AF (0) — R,

(2.1.9) d*u(ce—1) = Y ulck).
dckdck—1

Clearly, du is a (k+1)-form and d*u is a (k— 1)-form; we set d*u = 0 for any 0-form w.
One also verifies the properties, for each k-form u : A¥(d) — R, ddu = 0 and
d*d*u = 0. For arbitrary k-forms u,v : A¥(Z4) — R with finite support, we define the
scalar product (-,-) by the formula

(2.1.10) (u,v) = Z u(ex)v(cg).

cpEAF (Zd)
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We may restrict the scalar product (-,-) to forms which are only defined in a cube [J;
we denote the corresponding scalar product by (-,-)g. It is defined by the formula,
for each pair of k-forms u,v : A*(0) — R,

(u,v) = Z u(ex)v(cg)-
cx AR (D)
The codifferential d* is the formal adjoint of the exterior derivative d with re-
spect to this scalar product: Given a k-form u : A*(Z?) — R and a (k + 1)-form
v : AF1(Z4) — R with finite supports, one has the identity
(2.1.11) (du,v) = (u,d*v) .

For an integer k € {0,...,d—1} and a cube 0 C Z¢, we define the tangential boundary
of the cube 0y ¢ to be the set of all the k-cells which are included in the boundary
of the cube 0. Given a k-form u : A*(0J) — R, we define its tangential trace tu to be
the restriction of the form u to the set Ji . One has the formula, for each k-form
u: A¥(0) — R such that tu = 0 and each (k + 1)-form v : A¥(O) — R,

(du,v)g = (u,d*v)5.

2.1.5. Differential forms as vector-valued functions. — Given a subset
I=(i1,...,i) C{1,...,d}

of cardinality k. We denote by A¥(Z?) the set of oriented k-cells of the hypercubic
lattice Z? which are parallel to the vectors (e;,, ..., e;, ). This set can be characterized
as follows: if we let c¢; be the k-cell defined by the formula

k
cr = {Z)\leil ERd : OS)\l,...,)\kfl},
=1

then we have

(2.1.12) A(ZY) ={z+¢cr : z€2%}.

The identity (2.1.12) allows to identify the vector space of k-forms to the vector space
of functions defined on Z% and valued in R(%) according the procedure described

below. Note that there are (i) subsets of {1,...,d} of cardinality k¥ and consider an
arbitrary enumeration Iy, ... ,I(:) of these sets. To each k-form @ : A*¥(Z?) — R, we

d
can associate a vector-valued function u : Z¢ — R(+) defined by the formula, for each
point z € Z,

(2.1.13) u(z) = (ﬁ(ar—l—ch),...,a<a:+c[(d)>>.

k
This identification is enforced in most of the article; in fact, except in Section 3.1,
we always work with vector-valued functions instead of differential forms. We use the
identification (2.1.13) to extend the formalism described in Section 2.1 to differential
forms; we may for instance refer to the gradient of a form, or the Laplacian of a form
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etc. Reciprocally, we extend the formalism described in Section 2.1.4 to vector-valued
functions; given a function u : Z¢ — R(Z), we may refer to the exterior derivative,
the codifferential, which we still denote by du, d*u respectively. We note that the two
definitions of the scalar products (2.1.4) for vector valued functions and (2.1.10) for
differential forms coincide through the identification (2.1.13).

From the definition of the exterior derivative d and the codifferential d* given
in (2.1.8) and (2.1.9) and the identification (2.1.13), one sees that the differential
operators d and d* are linear functionals of the gradient V.

We record the following identity which relates the Laplacian A defined in (2.1.3)
to the exterior derivative d and the codifferential d*,

(2.1.14) ~A =dd* +d*d.

Using the identities dod = 0 and d*od* = 0, one obtains that the Laplacian commutes
with the exterior derivative and codifferential.

2.1.6. Charges. — An important role is played by the set of integer-valued, compactly
supported 2-forms g which satisfy dg = 0 and have connected support. These functions
are often called charges in connection with the Coulomb gas of Section 3. We denote
by @) the set of these forms, i.e.,

(2.1.15) @Q:= {q /N |supp ¢| < oo, suppgq is connected and dg = 0} .
We may restrict our considerations to the charges of §) whose support is included in
a cube O C Z% to this end, we introduce the notation

Qn = {q /N O supp ¢ C [, supp q is connected and dg = 0} .

An important result about the exterior derivative is the Poincaré lemma. We will
need to use the following version of the lemma in the discrete setting for integer-valued
forms. The result is stated in [51, Lemma 1]. A proof can be found in [27, Lemma 2.2].
We mention that the inequality (2.1.16) is not proved in [27, Lemma 2.2], but can be
deduced from the argument (essentially, the inductive argument developed there can
be combined with [27, (2.4)] to obtain the result).

Lemma 2.1.1 (Poincaré for integer-valued forms). — Let k be an integer of the
set {1,...,d — 1} and q be a k-form with values in Z such that dg = 0, then there
exists a (k — 1)-form ng with values in Z such that ¢ = dng. Moreover, ngy can

be chosen such that suppmng is contained in the smallest hypercube containing the
support of q and such that

(2.1.16) Ingll < Clall, -

Given a point (z,y) € Z?% x Z%, we denote by ¢, and @, , the set of charges g € Q
such that the point 2 and the points z,y belong to the support of n, respectively, i.e.,
(2.1.17)

Qe ={q€@ : xecsuppny} and @, :={qge€@ : z €suppny and y € suppng}.
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Similarly, we define
Qnz={q€@n : x €suppng}

2.1.18
( ) and Qn 4, = {q¢ € Y0 : © € suppny and y € suppng}.

2.2. Convention for constants and exponents

Throughout this article, the symbols ¢ and C denote positive constants which may
vary from line to line. These constants may depend only on the dimension d and the
inverse temperature §. We use the symbols «, 3, v, § to denote positive exponents
which depend only on the dimension d. Usually, we use the letter C for large constants
(whose value is expected to belong to [1,00)) and ¢ for small constants (whose value
is expected to be in (0, 1]). The values of the exponents «, 5, 7, § are always expected
to be small. When the constants and exponents depend on other parameters, we write
it explicitly and use the notation C' := C(d, 8, t) to mean that the constant C' depends
on the parameters d, 8 and t.

When the constants depend on the charges ¢ € Q) (see (2.1.15)), we frequently keep
track of their dependence on this parameter; more specifically we need that the growth
of the constant C is at most algebraic in the parameter ||g||,;. We usually denote by C,
a constant which depends on the parameters d, 8 and ¢ and which satisfies the growth
condition Cy < C ||q||’f, for some C := C(d, 8) < oo and k := k(d) < co. We allow the
values of C and k to vary from line to line and we may write

C,+C,<Cy or CuC,<C,

We usually do not keep track of the dependence of the constants on the inverse
temperature 3 (even though we believe it should be possible with our techniques)
except in Sections 5 and 6. In these two sections, we assume that the constants
depend only on the dimension d and make it explicit if they depend on the inverse
temperature [.
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CHAPTER 3

DUALITY AND HELFFER-SJOSTRAND REPRESENTATION

3.1. From Villain model to solid on solid model

In this section we recall the duality relation between the Villain model in Z¢ and a
statistical mechanical model of lattice Coulomb gas, with integer-valued and locally
neutral charges (which can also be viewed as a solid-on-solid model) defined on A%(Z%),
as observed in [51]. One may then perform a Fourier transform with respect to the
charge variable, and obtain a classical random field representation of the Coulomb
gas, known as the sine-Gordon representation. When the temperature is low enough,
we may apply a one-step renormalization argument, following the presentation of
Bauerschmidt [16] (see also [51]), to reduce the effective activity of the charges, thus
obtain an effective, real valued random interface model on 2-forms with a uniformly
convex potential.

Recall that the partition function for the Villain model in a cube [ C 7% with zero
boundary condition is given by

ZDO_/H Zexp(— (VO(e) — 2rm) ) II 60 (0(@) T 1= (6(2)) dO(z).
eCE(O) meZ zeol zelle

Since we will need to use the formalism of discrete differential forms in this section,
we note that the function 6 : [J — R can be seen as a 0-form, in that case the discrete
gradient V6 can be seen as a 1-form and is equal to the exterior derivative df. We
may thus rewrite

Zo _/H Zexp(— (d6(e) — 2mm) ) II 60 (0(@)) T 1i=r.m) (6(2)) ().

eCE(O) meZ zedl zele

Permuting the sum with the product and the integral, we obtain
(3.1.1)

Zoo=)_ /H exp (—g (df(e) — 2mm(e ) 11 %0 (0@)) I 11=r,m) (0(=)) db(2),

mEZtE=(OD) eCE(0O) zedl zelle
where we have used the notation

zED) = {m:E@)—~Z : tm=0o0no0}.
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Observe that we may split the sum according to

(3.1.2) o= > >,

mezEZ ) 4ezF D dg=0 mezZ L) dm=¢q
where we have set
Zf:(E) ={¢: F(O)—Z : t¢g=0o0n 00}.
A combination of (3.1.1) and (3.1.2) yields

Zoo= Y 3 / I e <—§(d9(e)—27rm(e))2)
qGZF(D) dg= OmGZE(D) ,dm=gq eCE(U)
X H 50 H 1[—7r 77) de( )
zeold zelle

Here ¢ : F(O) — Z is the “vortex charge” on each plaquette of OJ, which arises,
informally, from

}{ db(e) = 2mq(F).
F
F(O)

For each ¢ € Z;_,’ satisfying dg = 0, we denote by n, an element of ZtEZ(OD) such
that dn, = ¢, chosen arbitrarily among all the possible candidates (the set of candi-
dates is not empty by Proposition 2.1.1). Using that each 1-form m € ZfZ(OD) satisfying
dm = 0 can be uniquely written dw, for some w : 00 — Z satisfying w = 0 on the

boundary O[], one can rewrite the previous display according to

Zoo= Y, Z/ 11 exp(—g(d0(e)—27r(nq+dw)(e))2)

ezf(E>,dq:o wezl " eCED)
< [T 6 0@)) T 1i=r.m)(0(2))db(=),
zeol zelle
where we have set
75 ={w:0—Z : w=0ondl}.
Using the change of variable ¢ := 0 — 27w, and summing over all the maps w € ZE,
one obtains

Zno= Y / Hexp<—<d¢<e> 2, (¢ )H b0 (6(2)) ] do(z)

er(O\ZU, eCE(O) z€oll zelle

We then decompose the function n, as a sum of an exact and co-exact form. Specifi-

cally, one can prove that there exists a function ¢,,, € ZD and a two form v, € ZF(D)

such that

(3.1.3) ng = dén, +d* ¢y, .

The function %y, can in fact be identified more precisely: there exists a linear oper-
ator (—Ag)~" (which corresponds to inverting the Laplacian in the box [J with the
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suitable boundary condition as explained below) such that
Yn, = (=A0) 7"
To be more specific, the operator (—Ag)fl is defined for general k-forms as follows.
For each i € {1, RN (g) }, let us denote by 07,01 the subset of faces of the boundary o0
which are parallel to the cell cy,, and fix a k-form ¢ € A*(0).
We then let w := (wy, ... ,w(z)) be the solution of the boundary value problem
—Aw; = ¢; in O,
Vw; -n=0on o0\ 95,0

that is, we solve the Laplace equation with Dirichlet boundary condition on the faces
parallel to the cell c;; and Neumann boundary condition on the cells orthogonal to c;,
(see Proposition A.2.4). We then define

(~A0) g = w.

Then using the translation invariance of the Lebesgue measure, we obtain

zoo= X [ I ew (-5 (a00) - 2n0" (-80) " )

RO

qezF D qq—0" " €CE@D)
x I 60 (6(@)) I de(=)
zeol el

The previous identity can be simplified

(3.1.5) Z0,0 = Zarr % Z(0)
;:/ exp( b d¢,d<z>) I b0 (¢(@)) [T dé(=)
R z€dl zel)
x Y exp (—27T2ﬂ (q, (-An)™ Q)) :

qGZf:(oD),quO

Using the identity d¢ = V¢ (valid for O-forms), we see that the first term in the left
hand side of (3.1.5) is the partition function of the discrete Gaussian free field in
the cube [ with Dirichlet boundary condition. In other words, the Villain partition
function factorizes into the partition function of a Gaussian free field, and the vortex
charges that form a (neutral) Coulomb gas.

One can use the same argument to study the two-point function

<ei<e<x>—o<o>>>
“X,D,o

For any point = € [J, define the string observable hq, : E(Z%) — Z to be the indicator
function of a (arbitrarily chosen) line joining 0 to x such that d*hg, = 1, — 1¢ and
h{o,z) : E(O) — Z be the indicator of the straight line connecting z to the boundary
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of the box O in the direction e;. We have by definition d*ho, = 1 — 1o in Z¢ and
d*h{nz) = 1, in the box L. With the same computation, we obtain

3.1.6 i(0(2)=6(0)) — { gi(8(@)—¢(0)) ~2im(q,(~Ap) " dhos)
( ) <6 >#X,u,o <e >GFF <6 >uc(ﬂ)
and
<ei9<x>> ez¢<w>> <e—2m(q,<—Au)*1dh{u,z})> _
mY o GFF ne(B)

Here

i((x)—$(0)) — =1
<e >GFF- ZGFF

< [ o0 ey (5 (96.90)) ] 6o (602 [] o)
RO 2
zeol xele

and

—2in(q,(—Ap) ' dhoz) — 7(0)"1

e =Z(0
< >Hc(ﬁ) ( )

% Z o2 B(a,(=20) " q) p—2in(¢,(~Ap) " dhos )

quf:(oD) ,dg=0

Following [16], we define the functions

0(0ay = (—Ap) " dhio,y  and  oymesy = (—Ag) " dh,.
For later purposes, we note that one has the pointwise convergences
(3.1.7)
—~A)""dh ~A)""dh, and . —A) " dho,
00,0} D?;( ) 0, O{Ox} Dz’o( ) and oo }D?;( ) 0z

where hg (resp. h;) is the indicator of the straight line starting from 0 (resp. z) in
the direction e;. To ease the notation, we denote the limiting functions in (3.1.7) by

0p = (—A)_1 dhg, oy = (—A)_1 dh; and oy = (—A)_1 dho.

In particular, using that the Laplacian commutes with the operators d and d*, we
obtain
(3.1.8)

d*oo = (=A) 'd*dho = —ho — (—=A) " 'dd*hg = —hg — (—A) ' dlg = —hg — VG,
where G is the standard random walk Green’s function on the lattice Z¢. A conse-
quence of the identity (3.1.8) is the equality
(3.1.9) e~ 2im(2:00) — ¢=2im(ng,VG)

Similar statements hold for the maps o, and o¢;, and we may write

(3.1.10) e—2im(0,05) _ =2im(ng,VGa) gpq —2im(6,002) _ 672i7r(nq,VG17VG)’

where we have used the notation G, := G(- — z).
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We next collect the following identity: for each g € ZEZ(OD) satisfying dg = 0, one
has
(3.1.11) (q, o0z} — 0{570}) = (q, 0'{|:|70$}) mod Z.
To justify the identity (3.1.11), we note that, with the same argument as in (3.1.3),
we may write

ho,zy — hooy — Po0ey = dé + d*o(m ey — d ooy — d om0y,

for some field ¢ : [0 — R satisfying ¢ = 0 on the boundary 9C]. Taking the scalar
product with the 1-form d¢, and performing integrations by parts, we obtain that

(A, hio.ey — o0y — hos) = (¢, d"hoey — d"hyo,0y — d"ha)
=(¢,1z —1o— (1z — 1)) =0
and
(d¢ + d* 000y — d*oym0y — d*0y000},d0) = (d¢,d9) + (0(02) — 0400y — 0(0,00)> dd9)
= (d¢,dg).
A combination of the two previous displays implies d¢ = 0 and thus
hiey — h{o,0y — hox = d* o0y — Aoy — 4" 00,003
We then use that ¢ = dn, for some n, € Zfz((?) to write
(¢, 0(0,2) — om0y = 0000}) = (ng, d*0(02) — d" om0y — d"0(0,00)
= (ng, h{o2y — R0y — hos) € Z.
This is (3.1.11). A consequence of (3.1.11) is that for each ¢ € ZEZ(OD) satisfying dg = 0,

e~ 2m(0:0(0,0y=70,0)) = ¢2i7(0:0(0,003) |

We set the notation, for each ¢ : F(J) — R,

(3.1.12) Z(o):= Y, e rmiean ) 2o,
q€zFD dg=0
So that
Z (U{D,m}) _ <e—2iﬂ'(q,o’{gﬁm})> and Z (J{D,Oz}) _ <e—2i7r(q,a{|:|y0z})> )
Z(0) ne(B) Z(0) pe(8)

Next, we introduce the functional space C'(0J) defined as follows
() vi a
o) ={¢:= (¢1,...,¢(g)) :0—-RE sviedt. . (), oi=00n00\8,0.

and denote by ¢ := 1,...,®ay | the vector-value aussian free field valued in the
dd by ¢ ¢ $(2)) th lued Gaussian free field valued in th
k

space C(0) (or more specifically, the Gaussian field whose covariance matrix is given
by the finite volume Green’s function associated with the Laplace equation described
in (3.1.4)). Using the previous definition, we see that, for each ¢ € Z¥ @) satisfying
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dg =0 and tq = 0,
E [emw(w)} — ¢ 27°6(a:(=2n)"a) _ p—277B(a,(~2p) " Ha)

Consequently,
Z(owon) = Y, E[eeerroe)],

qGZf:(oD) ,dg=0

Thus the partition function of this lattice Coulomb gas can be represented in terms
of a characteristic function with respect to a Gaussian measure. We then claim that,
for § sufficiently large, a one-step renormalization maps the Coulomb gas model to
an effective one with very small effective activity. Using that the discrete Laplacian
is bounded from above, one has that (—Apg) " > ¢, for some ¢ := ¢(d) > 0. We
then choose the inverse temperature 3 larger than the value ¢ and decompose the
Gaussian field ¢ as the sum of two independent Gaussian fields ¢ + ¢2, such that ¢

and ¢ have covariance matrices ((—AD)_l — ﬂ_%Id) and ﬁ%Id. We can thus write

Z (U{D,Om}) = Z E |:e_2i7r(q’¢1+¢2+‘7{ﬂ,01})}

qGZi(gm),quO

_ Z e—wzﬁl/z(q,q)Eu1 [6—2”(‘1@1‘*"{5,0@)} ,

qEZi(gD),quO

where p; is a Gaussian measure on C'(OJ), given by
1 -1
du1(¢1) = Const x exp <_2ﬁ <¢17 ((—AD)_l - ﬁ_%ld) ¢1)> dén,
where d¢; denotes the Lebesgue measure on the space C'(O). For § sufficiently large,

-1
we may expand ((—AE)_1 — ﬁ_%ld) into a convergent sum

—1 -1 _ n+1
((—AD) -3 21d> =-A+ Z W(—A) ,
n>1
where in the right-hand side, the symbol A refers to the discrete Laplacian acting
on the space C(OJ) (with the corresponding boundary condition so that it can be
iterated). Thus

dpn(é1) = Z71 x exp %(%Acm) -y
n>1

1 1

26 gn/? (61, (=A)" 1) | 14, ey dépr-

Following [16], (especially Lemmas 5.14 and 5.15 there), since e=™8"?(2.9) decays to
zero rapidly in ||q|l1 == 3=, cr(m) |9(2)], we may apply a cluster expansion to conclude
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that for 8 large enough, one can re-sum Z (gq,) as

Z(o0z) = Ey, |exp ZZ(ﬂaQ)e_%”(q’%"'”{ﬂ,oz}) }

9€Qn

=E,, |exp Z 2(8,q) cos (27 (g, ¢1 + o(0,00})) ] ,
q€dn J

where the sum is over all lattice animals ¢ € )5 with connected support satisfying
dg = 0 in the cube [0 and tq = 0 on the boundary 80 (see (2.1.15)), and 2(8,q) is a
real number given by the formula (see [16, (5.71)])

o0
1 _1 g
(3.1.13)  2(8,9) =Y —1(G(suppar, ..., supp gn)) > erePElena),
n=1 q1t+...+qn=q
where the sum runs over all the charges q1,...,q, with connected support satisfying

dg; = 0, and the combinatorial factor I(G(supp q1,...,supp¢y)) is defined as follows:
we let G(suppgqi, . ..,supp ¢,) be the connection graph of the sets supp ¢, . .., supp g,
(i.e., the graph whose vertices are suppgqi,...,suppg¢,, and with an edge between
supp ¢; and supp ¢; if and only if the two sets have nonempty intersection), and for a
connected graph G, we define
1G) = Y (1B
HCG

where the sum runs over all the connected spanning subgraphs of G. These definitions
and formulae are the ones of [16, Section 5.5.3]. A few observations can be deduced
from them:

— the real number z(8, ¢) depends only on the charge ¢, and the inverse temper-
ature § in particular, it does not depend on the box [J or on the vertex z;

— the coeflicient z(8, q) satisfies some invariance properties with respect to the
charge ¢ and is not affected by translation or rotations of the charge as well as
reflections (in fact the coefficient is invariant under any linear transformation
preserving the lattice Z¢ applied to the charge q);

— by [16, Lemma 5.15|, one has the estimate

(3.1.14) 12(8,q)| < e=#*lalx  for some ¢ := ¢(d) > 0.
Similarly,

Z(0)=E,, [exp Z (8, q)e~ % (@:91) -| =E,, [exp Z z(B,q) cos (27 (q, ¢1)) -| .
|_ q€Qn J |_ q€dn J
Using the trigonometric identity
cos (27r (q, o1 + U{D,Ox})) = cos (27 (g, ¢1)) cos (27r (q, O'{[Lox}))
— sin (271— (q7 ¢1)) sin (271' (qa U{D,Ox})) ’
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we may write

(3.1.15)
Zo00m) <exp( S 2(8,q) sin (2 (6, 0)) sin (27(0103001. 0))
Z2(0) 9€dn
+ Z ) cos (2m(¢,q)) (cos ((2m(0(0,02},9))) — 1))>
q€0n kg0
Here pg 0 is defined as a measure on the space C'(0) by
(3.1.16)

dps,0(¢) := Const

X exp

1 1 1 "
55 (6 80) = Y oz (9, (=) 1) + Y 2(B,q) cos (27 (4,9)) | d.
26 28 g/

n>1 9€dn
Combining (3.1.6) and (3.1.15), we have the following dual representation for the two-
point function of the Villain model. Let G be the Dirichlet Green’s function defined
on the vertices of the cube [,

—AGo(,x) =6, in O,
(3.1.17)
Go(-,z) =0 on 00.
Proposition 3.1.1. — There exists an inverse temperature 1 := (1(d) < oo such that

for any B > b1,

(3.1.18) <ei<9<z>*9<0>>> . exp <2 3 (Go(z,z) + Gp(0,0) — 2GH(0, x)))

P00

_ <exp( S 2(8, q)sin (2 (6, ) sin (2n(00100). )

q€Qn

+ 30 2(50) cos (2n(6,0) o5 (200, 0) 1)) )

q€@n kg0

Following the same argument, we also obtain the dual representation for
<ei(9(“)+9(0))> v - Define o0 0z} 1= 0(0,0} + 00,0} We then have

(3.1.19) <ei<9<w>+9<0>>>ﬂv exp (2 5 (Gol,2) + G (0,0) 2G50, x)))
_ <exp( S 2(8, ) sin (27(¢, 0)) sin (27(F (02001 )
q€dn
+ 30 2(50)cos 2n(6,0) 05 (2n(@100m.0) 1)) )
qeQn re,0
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In view of (3.1.6), to study the two-point function of the (finite-volume) Villain model,
it suffices to compute the expectation of a non-linear functional (3.1.18) with respect
to the Gibbs measure pgp. Notice that the neutrality condition dg = 0 indicates
tg,0 is a measure of gradient-type, i.e., the Hamiltonian only depends on the discrete
gradient V¢. Additionally, for S large, the exponential smallness of z(3,¢) implies
that pug o is a smooth perturbation of the discrete Gaussian free field

1

These observations imply that the measure ug o belongs to the class of models in
statistical physics known as the uniformly convex V¢ model. This category of models
has been extensively studied in the literature, and we refer to [52] for a description of
its literature. In particular, one can apply the techniques and tools developed in the
context of the V¢ model to study the asymptotic behavior of the measure pg . This
is the subject on the next sections where:

perr(de) := Const X exp (

— We apply the Brascamp-Lieb inequality [24] to the measure pgn and use
it to prove the existence of a thermodynamic limit, denoted by pug, for the
measure pg (i.e., the existence of an infinite-volume limiting measure when
|| — o0).

— We present the standard tool used to study the macroscopic behavior of the
model known as the Helffer-Sjostrand representation and combine it with quan-
titative homogenization to show that on large scales the measure pg behaves
like an effective Gaussian free field, with the covariance matrix depending on (.

Remark 3.1.2. — On a heuristical level, the second point above (asserting that the
measure (g behaves over large scales as an effective Gaussian free field) is sufficient to
justify that the subleading order of (3.1.15) (and therefore, of the truncated two-point
function) should decay asymptotically as C|z|?>~?, for some constant C' depending

on .

To see this, we first note that, for 3 sufficiently large, the inequality (3.1.14) implies
that the coefficient 2(83,q) decays exponentially fast as the L!-norm of the charge q
increases. On a heuristical level, we may make the following simplifying assumption:
we assume that the coefficient z(8,q) is equal to 0 for all the charges except on
the simplest ones satisfying the neutrality condition, i.e., the charges of the form
g = (0y — Ozte;), for i = 1,...,d (also called dipoles), for which it takes a nonzero
value denoted by z(). Thus the right side of (3.1.18) is approximately (after taking
the limit |0 — oo to replace the finite-volume Gibbs measure pg g by the infinite-
volume measure pg, the function o o, by 0o, and using the identity (3.1.10))

<exp Z z(B) sin (2w (Vé(e))) sin (2n(VG(e) — VG4(e)))

ecE(D)
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X exXp Z z(B) cos (2m(V(e))) (cos (2n(VG(e) — VG(e))) — 1) >

ecE(D) mg

Since | cos (2m(VG(e) — VG (e)))—1| < C(VG(e)—VG.(e))? decays fast away from 0
and z, let us assume for now that the term

Z z(B) cos (2m(V(e))) (cos (2m(VG(e) — VGy(e))) — 1)
ecE(O)
only contributes to the lower order. By further making the approximation sina =~ a
for small a, we may further approximate the expression above by

<exp > 2(B)2m(Ve(e)2m(VG(e) — VGale)) >

ecE(O) 1.0

Using an integration by parts, this equals to (exp(z(8)4m?(¢(0) — ¢(x)))>u o As-
8,
suming that over large scales the measure ug behaves like a Gaussian free field, we

may conclude
(exp(=(B)Am*(8(0) — $(2))),,, _ ~ exp (; vary, o (2(8)47*(6(0) - ¢<x>)>)
~ Co(d, B) + C1(d, B)|z|>~<.

We remark that the computation above is only heuristical and the constants Cy, C; ob-
tained are not the right constants. Indeed, the non-local charges in {5, the non-linear
functions sinz and cosx, and the non-Gaussian field ug o contribute to a nontrivial
correction of these constants. Such corrections can be obtained rigorously through the
homogenization of the Helffer-Sjéstrand PDE.

3.2. Brascamp-Lieb inequality

As we discussed, when 3 is sufficiently large, the measure pz o is a small smooth
perturbation of a discrete Gaussian free field, and is in particular log-concave. In
this framework, one is able to apply the celebrated Brascamp-Lieb inequality [24, 23]
described below. We let H : C(0) — R be a (strictly) convex function satisfying
fC(D) exp(—H(¢))d¢ < oo, and introduce the probability measure

(dg) = — exp (~H(9)) do.

The Brascamp Lieb inequality estimates the variance of a general (differentiable)
functional F' : C(O) — R of the field ¢ under the measure p. In order to state it, we
will need the following notation

(321)  (OF, (HessH)'0F) = . Z<6“F (Hess H) ., (yyj)ay,jF>u,

x,yelde i=1
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where (Hess H) ™" is the inverse of the Hessian of H defined by

Hess H := (8m7i8y,jH)(mwi)7(y)j)€DX(g) .

Proposition 3.2.1 (Brascamp-Lieb inequality for log-concave measures [24, 23]). — Let
u be the log-concave measure defined in (3.2.1). For any smooth and compactly sup-
ported function F : C(O) — R, one has the upper bound

var,, [F] < (9F, (HessH)_18F>u .

We next apply the Brascamp-Lieb inequality to the measure pn g. Specifically, we
apply it to a class of observables which will be useful to study the Villain model and
upgrade it to obtain an estimate on exponential moments (following the techniques
of [52, Theorem 4.9]). In order to state the result, we first need to identify the Green’s
function associated with the Laplace Equation (3.1.4). For each x € [0 and each

i€ {1, e (‘21) }, we let Go),; : 0 — R be the solution of the equation
~AGemn),i(-,x) = 65 in 0,
GC’(D),i('a SC) = 0 in 8|:| \ a]iD,
n- VGC(D)7i(',.'ZZ) =0in 31i|:|.

We note that, in dimension d > 3, the Green’s function G¢my,i(-,#) is bounded
uniformly in the vertex z, the box J and the index . We record two properties of
this finite-volume Green’s function. First, for any box O, any index i € {1,..., (g)},
and any pair of vertices z,y € [J,

0< GC(D),i(yax) < W
In the discrete setting and in dimensions d > 3, the Green’s function is bounded and
we have G¢(),i(z,z) < C, for any i € {1, ce (g)}, 0 C Z%, and z € 0. To include

this case in the notation, we implicitly extend all the functions of the form z +— |z| =%
for k > 0 by the value 1 when z = 0 (as mentioned in Section 2.1).

Additionally, the finite-volume Green’s function converges to the infinite-volume
one and we have: for any index i € {1,..., (Z)}, and any pair of vertices x,y € Z,

Gomy,i(y,z) — Gy, ).
O—o0

In the case of the finite-volume Green’s function defined on a box with Dirichlet
boundary condition, they can be found in [76, Section 4.6]. They can be easily ex-
tended to the case considered here (where the boundary condition is a combination
of the Dirichlet and Neumann boundary conditions).

Proposition 3.2.2 (Brascamp-Lieb inequality for 5 0). — Fiz two constants Cy < 0o
and ¢ > 0. There exists an inverse temperature $1 = (1(d,Co,c) < oo and a
constant C := C(d) such that for any 8 > (1, the following two properties hold:
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— For any verter x € [,

(322 (exp ($@)),, _ < C.
— For every collection of coefficients (g(,@,q))qGQD satisfying

19(8,9)| < Coexp(—cB'?||ql1),
if we denote by Z := ZqGQD 9(B,q)sin (27 (o, q)), then
(2)
623 (@), en( X3 Gowilen) (022 0,2, )

z,yeld i=1

Proof. — We first apply the Brascamp-Lieb inequality with the map
(3.2.4)

H(g) = (¢, (—A)"T¢) — >~ 2(B,q) cos (27 (g, 9)) -

n/2
ﬂ ‘230 / ectn
The Hessian of the Hamiltonian H can then be explicitly computed: the first two
terms of (3.2.4) are quadratic (thus their Hessian is constant), and the Hessian of the
third term can be obtained by differentiating the cosine twice. We obtain the following
identity: for any ¢,y € C(0),

(6, A9) +Z

1 1 1
(1, HessH(¢)y) = —%(1/1, AY) + Z ﬁw(w’ (=A)" 1)
n>1

- Z z(IB, Q) (Qa w)z cos (Zﬂ- (q) ¢)) .
9€dn
Using that the second term is nonnegative and that the absolute value of the cosine
is always smaller than 1, we deduce that

(v, HessH (9)y) > 26 IV$liao = 2 1208, (0, %)°
9€¢n

We then estimate the second term in the right-hand side and prove that it is small
compared to the first one. To this end, we write

(3.2.5) Z 12(8, )| (g, %) Z e=Pllally (g, 4)? Z e=Pllall (. d*p)2.

q€0n q€9n q€0n

We then use the Cauchy-Schwarz inequality and deduce
_ 2 - 2 2
Z e—Bllally (ng,d*)? < Z e—Bllally ||n‘1||L2 ||d*w||L2(Suppnq)

a€dn q€0n

=Y X e g 4w

qEQ YESUPp ng

STl | D el jng|3.

yeld q€Qm,y

IA
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We then observe that the term in the right-hand side can be bounded as follows: one
has the estimate, for any y € Z¢,

(3:26) > el ng|[7. < CemoVP.
quD,y

To prove this inequality, we first absorb the polynomial factor by using (A.2.6) and
writing

||"q||i2 e~<Plally < ||q||iHr2 e~cVPBllal < ce=<'VAlal
for some constant ¢’ € (0, c). We then decompose over the supports of the charges. To
this end, let us denote by ¢, the set of the finite connected subsets of 7% containing
the vertex y. We then write

S eeBlal = 33 VAl = S S (Heamq(m)_

qEQ,y Xedt, q€fn Xeddy, q€@n zeX
supp ¢g=X supp g=X

Exchanging the sum and the product, we see that

, - , VP |X]
Z <H e \/ﬁlq(m)l> < H Z e—¢VBla@)| | — (1—@‘0\/3) .

q€9n z€X z€X \q(z)=1
supp g=X

We thus obtain
Z e—cVBlall, <C Z e—cVBIX| _ CZ {X et : |X|= n}|e—c\/,§n.
n=1

qeQy XecH,
We next note that
(3.2.7) HX ecAy : | X|=n} < eCm.

The inequality (3.2.7) can be established by associating each connected set of n ver-
tices with one of its spanning trees, and then bounding the number of such spanning
trees. Choosing the inverse temperature 3 large enough (i.e., such that ¢/ > 2C),

we deduce that
Z e—cVBlally < e—c\/B,

q€Qy
where we have reduced the value of the exponent c in the right-hand side. Additionally,
we have the estimate ||d*w||2LZ(D) <C ||Vw(y)||2Lz(D) (this follows form the definition
of the codifferential). Combining the previous displays, we obtain

D 12(8,0)| (ng, d*9)* < Cem VP | V| 2 ) -

q€dn
Combining the four previous displays and choosing § small enough, we obtain
(3.2.8)

(4, Hess H($)) > —

>
=23

. 1 1
IVlI32 ) — Ce™ B IIVIl oy > e IVl ) = 15 W00,
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We have thus proved the following inequality of symmetric operator on the
space C(0): for any ¢ € C(0J)

Hess H(¢) > _RA

Noting that the inverse of the discrete Laplacian on the space C'(O) is the Green’s
function, we obtain: for any ¢, € C(0),

(¢, Hess H(¢) ') <48 ) sz 2)Ge (@, y)vi(y).

z,yeli=1

For any i € {1,..., (g)} and any x € [J, we can apply the Brascamp-Lieb inequality
with the function F, ;(¢) := ¢;(z). We obtain

(3.2.9) var [¢;(7)] < 48Gc(m),i(z,z) < C,

where in the second inequality, we used that the Green’s function is bounded uniformly
in the box [0 and the vertex z € [J. We next upgrade the estimate (3.2.9) from an
upper bound on the variance to an upper bound on exponential moments. To this
end, we follow the techniques of [52, Theorem 4.9] and consider the function

t — log (exp (tgzﬁi(O))h%E| .

The second derivative of this map is given by the formula

62
7108 (exp (t6:(0))),,, ., = var, (6(0)),
where the measure p; is defined via density
1
dpy = — x exp (H(¢) +16i(0)) do.

We then note that the Hessian of the Hamiltonian ¢ — H(¢) + t¢;(0) is the same as
the one of H. We may thus apply the Brascamp-Lieb inequality to the measure ;.
We obtain, for any ¢ € [0 1],

o log (exp (46:(0))),, , = var, (6(0)) < C.

Integrating over ¢ € [0,1] twice and noting that (¢ (0))% o = 0 (by the ¢ — —¢
symmetry of the field) yields the bound

(exp (6:(0))),, . < C.

Using once again the ¢ — —¢ symmetry of the field, we also have
(exp (=¢:(0))),, , < C.

Combining that the two previous estimates and noting that they hold for any
i€{1,...,(%)} completes the proof of (3.2.2).
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We then prove the inequality (3.2.3). By the Brascamp-Lieb inequality, we have
(2)
vary, o [Z1 <48 ) Y Gem)i(@,y) (02:2) (8yi2)),, -

z,yel i=1
We next upgrade the previous inequality from an estimate on the variance to an

estimate on exponential moments using the same strategy as before. We first note
that

0?
EYe) log (exp (tZ)>l"ﬁ,D = var,, (Z),
where the measure p; is defined via the density
du; = Const x exp (H(¢p) +tZ (o)) de.

We will then apply the Brascamp-Lieb inequality to the measure u;. To this end, we
need to show that: for any ¢,¢ € C(O) and any ¢t € [0, 1],

(3.2.10) (6, Hess (H +t2)(9)) > % (4, (~A)).

From (3.2.8), we see that it is sufficient to prove
(4, Hess Z(4)9)| < 8[3 (¥, (=A)¢).

Using the definition Z := 9(B,q) sin (27 (¢, q)), we can compute the Hessian of

q€¢n
the map X by diﬁerentiating the sine twice. We obtain the identity
(¢, Hess Z(¢))) = —4n> Z )sin (27 (¢, q)) (g, ).
a€¢n

Using the assumption on the coefficient g(3, q), we deduce that
(v, Hess Z(¢)9) < Y e P19l (ng, d"y)”.

€00
The proof is then identical to the proof (3.2.2) (specifically the term in the right-
hand side appears in (3.2.5)). Applying the Brascamp-Lieb inequality, we obtain, for
any t € [0,1],
. ®)
oz log (exp (t2)),, = var, (Z) <80 ZD Z; Go©),i(2,9) ((9042) (84,:2)),, -
z,yell 1=

Integrating over t € [0, 1] twice and noting that <Z>u5 5 =0 (by the ¢ — —¢ symmetry
of the field) completes the proof of (3.2.3). O

3.3. Thermodynamic limit

The Brascamp-Lieb inequality allows us to prove the existence of a thermodynamic
limit for the measures g as 0 — oco. Specifically, by Proposition 3.2.2 (since all
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the constants in the statement do not depend on the volume) and a tightness argu-
ment, there exists a sequence of boxes (r, )ren centered at 0 and of side length Ly
such that Lj tends to infinity as k tends to infinity and such that the sequence of
measures fig,, ~CONVerges weakly in the space €2 to an infinite-volume, translation-
invariant Gibbs measure denoted by pg. By taking the limit in the finite volume
identity (3.1.6), and using that ML‘-‘I/,EI,O converges to the unique Gibbs state ,u/‘g/, we see
that any possible limit g gives the same contribution to the correlation functions of
the Villain model, thus it suffices to study any of such pg.

We record below three properties of the measure pg, which are direct consequences
of Proposition 3.2.2 and the definition of ug:

— There exists a constant C := C(d, ) < oo such that, for any = € Z?,
(exp (|6(@)])),,, < C and (9(x)),,, = 0.

— For any box L € N, any collection of coefficients (g(,@’,q))quL satisfying

19(8,9)| < Cexp(—cB'?|lq1), if we denote by Z := 3 o, (8, ) sin (27(¢, ),
then

9)
(3.3.1) (exp (2)),, <exp | 3 Y Gla,){(0:52) (9,.2)),,,

z,yezd i=1

Combining with the thermodynamic limit results for the Villain model [25, 58], we
are now ready to state the following dual representation in infinite volume. To this
end, for L € N denote by X1 : @ — R and Y1, : Q — R the two random variables

X = quQDL 2(8, q) sin (27(¢, q)) sin (27T(0'{DL,0$}’ q))
+ 2 qeqn, #(8,a) cos (27(9, q)) (cos (2m(0¢01;.021,9)) — 1),
Y= quQDL z(8, q) sin (27 (¢, q)) sin (27T(U{DL,01:}’ q)) )

We first prove that the random variables X, and Y7, converge in L?(ug) as L tends
to infinity.

Proposition 3.3.1. — There exists an inverse temperature 1 := (1(d) < oo such that
for any B > B, the sequences of random variables X;, and Yy converge as L — oo

in L?(ug).
Proof. — We first introduce the two random variables
Xp = Ygegn, #(8,q)sin (27(9, ) sin (27(00s, )
+ 2 qeqn, #(8,a) cos (2m(¢, ) (cos (27 (v0s, ) = 1),
Vi = Xgeqn, #(8:q)sin (27(9, ¢)) sin (2m(002, 9)) -

and prove that the function Y7, converges in L?(ug). In the argument below, we will
denote by C, a generic and typically large constant depending on the parameters d, 3
and on the vertex x € Z?% (which is fixed through the proof). By the Brascamp-Lieb
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inequality, we have
(2)
var,, [Yor = Y] < Y 48) Gy, 2) (8y,:(Yar — Y1) (0:,4(Yer — Y1), -
y,z€lar, =1

An explicit computation shows

Oyi(Yor =Yi) = Y #(B,q)sin (27(¢,q))sin (27(002,0)) 4:(y).
q€Q20\00 ;.
By definition of ¢z, the identity ¢ = dn, and the bound [sinf| < |0] for 0§ € R, we
have
(3.3.2)

12(8, ¢)q(y) sin (27 (004, 9)) | < Ce™VPlal|g(y)[|(00s, q)|
< Ce=eVBllall: g (y)]|(d* ooz, 1g)|

< Ce= VP11 g(y)| 14 002 | 2 uupp yy I1all 2

S Oe—C\/B”q”l |Q(y)| ||VG(5 0) - vG('7‘7:)||L2(suppnq) ||nq||L2(Zd) :

We next use the bound |[VVG(0, z)| < C|z|~% on the mixed derivative of the Green’s
function and obtain

IVG(-,0) — VG(-, x) < |supp nq|% sup |VG(z,0) — VG(z,z)|

||L2(supp ng) sEsuppn
q

1 (diamn,)?
< Oy [suppngl? (||dq)
Y
Combining the two previous displays and reducing the value of the constant ¢ in the

exponential to absorb all the terms involving the diameter, support and L?-norm of
the charge n,, we obtain

(3.3.3)
- Cwe—c\/BIItIIll
e/l jg(y)][ (005, )] < e (ol
Thus,
C,. e
(3.3.4) |8y71-(Y2L — YL)| < W Z € VBlial |Q(y)|
9€Q20\0n,,
< Cﬂﬁde—gx/ﬁdist(y,DzL\DL) Z e~ 5VBllallx la(y)|
vl q€Q20\00 ;.
C c H c
< ie—ix/ﬁdlst(y,DQL\DL) e—gﬁ”qul q(y
" > 9w)|
q€Qy
C

< %e_gﬁdist(y,mzL\DL)_
~ yl
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The second inequality relies on the observation that a charge satisfying ¢ € Qo1 \ 1,
and ¢(y) # 0 must have a diameter larger than dist(y,0or \ Or) (and thus
llgll; > dist(y,0sr \ Or) since g is integer-valued with a connected support). The
third inequality is a consequence of (A.2.9) of Appendix A (choosing the value k =1,
and noting that, by the definition of the L'-norm, |¢(y)| < ||¢||,). Consequently

1 e—c\/ﬁdist(y,DgL\DL) e—c\/,?dist(z,DQL\DL)

var,, [Yor = Y] < Co ) d—2 d d
2y =zl |yl ||

Y,2€Z

Summing over the dyadic scales, we obtain

(3.3.5)

Z vary, [Yont1 — Yon]
n=1

—c\/Bdist(y,El2n+1 \Ozn) e—c\/Bdist(z,D2n+1 \Ozn)

<Py, T i o o

n= lyzezd
1 1
<G ¥ e S O
y,2€Z% Y

Using that, for any L € N, the ¢ — —¢ invariance of the measure pg implies (Y7) py = 0,

we deduce that the sequence of random variables Y7, converges in L?(ug) to a limit
that we denote by

(3.3.6) Y = Z z(B, q) sin (27 (¢, q)) sin (27 (004, q)) -
q€Q
We next prove the convergence of the random variables X,. By the definition of oq,,

the identity ¢ = dng, the estimate [VVG(y)| < Cly|~? and a computation similar to
the one of (3.3.2), we have, for each vertex y € Z%, and each charge q € Oy,

—cvBllallx
(3.3.7) [2(8,9) (cos (2m(00s, ) = 1) | < Cexp(—cv/Bllgll1) (00, 0)° < C|y|

Since the map = — |z|~2¢ is summable in Z%, we deduce that for any field ¢ € Q,

(3.3.8) > 12(8, q) cos (27(6, q)) (cos (27 (002, ) — 1]

q€Q)
< DY 128, 9) cos (2m(6, 9)) (cos (27 (00, q)) — 1)
y€eZ? quy

<0 Y |2d > exp(—ev/Blalh)
eZd qEQ,y
Ca D
el Iyl2d

< C,.
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The previous inequality implies that the sequence of random variables

S 2(8,q) cos (2m(, 0)) (cos (27(00s, 0)) — 1)

9o,

converges uniformly over all the possible values of the field ¢ € . In particular it
converges in L°(ug) (and thus in L?(pug)). We denote the limit by

X = 2(8,q)sin (27(6, ) sin (27 (00, 9))
q€Q
+ Z 2(8, q) cos (27 (¢, q)) (cos (27 (004,q)) — 1) .
q€Q)
The proof of the convergences of the random variables Y;, and X, is complete. To

complete the proof of Proposition 3.3.1, it is sufficient to show that

(3.3.10) var,, [Yo —Yr] — 0 and var,, [X; —X;] — 0.

L—oo L—oo

(3.3.9)

We only sketch the proof of the first convergence. Using the definition of the
maps o0, 0,3 and (standard) regularity estimates on the finite-volume Green’s
functions, we have the bound

c
(3.3.11) [Voio,.003 ()] <

T
lyld
Using the previous upper bound and the same computation as the one leading
to (3.3.5), we obtain that for any € > 0 there exists R. > 0 such that for any L > R,

V&I‘HB Z Z(ﬂa Q) sin (27T(¢u q)) sin (QW(U{DL,Ox}a Q)) <e
9€n, \dop_

and

var, , { Z z(8, q) sin (27(¢, q)) sin (27 (002, q)) | < e.

990, \dop,

Additionally, using the convergence (3.1.7), we see that
(3.3.12)

sup | Y z(8,q)sin (27(¢, q)) (sin (27(00q,9)) — sin (27 (0101, 023, 9))) =0
$eQ qEQDRE o

A combination of the three previous displays yields the convergence (3.3.10) for the
variance of the random variable Yz — Y.

Finally, the convergence of the variance of the random variable X; — X1, can be
deduced form the one of the variable Y7, — Y and the following result: as in (3.3.8),
we can use the convergence (3.1.7) with the bound (3.3.11) (together with the bound
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|cos§ — 1| < 62/2 and the summability of the function y — |y|~2¢ on Z9) to obtain

(3.3.13) sup > 2(B,q) cos (2m(¢, q)) (cos (2m(0y, 00}, ) — 1)
€ q€dn,
=3 2(B.q) cos (27(9,0)) (cos (2m(00s,0)) — )| — 0. O
q€Q

Using the previous proposition, we are able to establish an infinite-volume version
of Proposition 3.1.1.

Proposition 3.3.2. — There exists an inverse temperature 31 := ($1(d) < oo such that
for any 8 > [,

(3.3.14) <ei<“’<w>—6<0>>>uv exp (2; (G(0,0) — 2G(0, x)))
- <exp (Z 2(6,9) sin (27(¢, 0)) sin (20 (00z0))
q€Q

+ ) 2(B,q) cos (27(¢, q)) (cos (27 (000, 7)) — 1)) >

QGQ 27¢]
and
) 1
31 i(0(z)+6(0)) il
(3.3.15) <e >u},’ exp 2ﬁG(O,£E)

= <exp <Z z(8, q) sin (27(¢, q)) sin (27 (T oz, q))
q€Q

+ ) 2(8,q) cos (27(¢, q)) (cos (27 (For, q)) — 1)) >

q€0 kg

Proof. — We give the proof of (3.3.14) below, (3.3.15) follows from the same argu-
ment. By [25, 58], there exists a thermodynamic limit for the Villain model, denoted

by pj such that <ei(9(“)_9(0))>ugm — <ei(9(x)_9(0))>u§ as k — oo. We also have
’ k

that the finite-volume Green’s function G, (-,0) converges to G(-,0) as k tends to
infinity.

In the argument below, we will (still) denote by C, a generic and typically large
constant depending on the parameters d, 3 and on the vertex z € Z¢ (which is fixed
through the proof). By Proposition 3.1.1, it is enough to show the convergence

(3.3.16) (exp (X1,)) — (exp (X)), -

M5>DLk k
We first prove the (simpler) convergence

(3.3.17) (exp (X1,)) — (exp (X)), -

K0, k—oo
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We first fix k, R € N satisfying |z| < R < Ly, and write
(exp(XL,)) = (exp(Xr)) + (exp(XRr) (exp(Xr, — Xr) — 1))

and

Ke,0p, kp,Op, Pp.0L,

(exp(X)),,, = (exp(Xr)),,, + (exp(Xr) (exp(X — Xz) 1)),

We then note that, for any R > 0, the random variable X is a bounded Lipschitz
function (with a large Lipschitz constant depending on R) which only depends on the
values of the field ¢ inside the box [~ R, R]¢. Thus,

(©xp(Xn)),, 0, 2 (exP(Xn),,
We next apply the Holder inequality and obtain

(3.3.18)

1/2
(exp(XR) (exp(Xr, — Xr) — 1))

< (exp@Xp))y/>  ((exp(X1, - Xp) — 1)°)

Hﬁ,DLk Hﬁ,DLk

ll,@,DLk
We estimate the two terms in the right side. For the first one, let us first observe that,
by (3.3.8), there exists a constant C,, := C,(d, 8, z) < oo such that

(3.3.19) Xp<Yg+C,.

Combining the previous estimate with the Brascamp-Lieb inequality (Proposi-
tion 3.2.2) and obtain, for some constant C,, := C,(d, 38,z) < oo,
(2)
(exp(2XR)),, o, < cexp( Y D Gemi(,y) (8z:Yr) (ay,iYR»%m)'
z,yelde i=1
Using the estimates (3.3.1) (with Z = Yg), (3.3.19), and an explicit computation, we
obtain the upper bound

(3.3.20) <eXp(2XR)>Ha,DL < Cy.

There remains to estimate the second term in the right side of (3.3.18). We claim that

Cy
(3.3.21) <(exp(XLk — Xg) - 1)2> <=
Hﬁ,DLk R>
Using (3.3.7) and the same computation as in (3.3.8), we see that, for any L > R,
and any field ¢ € ,

> 2(8,q) cos (27 (¢, q)) (cos (2 (v, q)) — 1)

qeQrL

_ Z z(8, q) cos (27 (, q)) (cos (2m(00z,q)) — 1)| < %_

q€Qr

This result implies that to prove the estimate (3.3.21), it is sufficient to show

(3.3.22) <(exp(YLk —YR) - 1)2> Ca

_— 47 .
#B,IZILk Rz 1
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We can Taylor expand the left side of (3.3.22) and use the ¢ — —¢ symmetry of the

field to obtain
2

1

— k 21

LHS_< § jk'(YLk YR) > = § <§ T )'(YLk —Yg) >
k>1 >1

Pfﬁ,DLk HﬁyDLk

We then apply the exponential Brascamp-Lieb inequality to obtain, for any C' > 1
and [ chosen sufficiently large (depending on C),

(20)! _ oty -
<(YLk - YR)2l>u5,DL S W <eC(YLk Yr) +e C(YLk YR)>M¢ ] —2
Ly

(c[ (20 > ZGC(D) (y, 2 ay,i(YLk—YR))(az,i(YLk—YR))%D%)_1],

y,2€0r, i=1
Summing over [, and choosing C large enough (universally), we obtain
(3.3.23)

((exp(Yz, - Yi) — 1))

(3)
< C[exp (20 Y D Go@il:2) {8y, (Y, — Yr)) (:4(Ye, — Vel o, ) - 1}
y,2€0y, i=1 '

We claim that, the term in the right side of (3.3.23) is bounded by C|z|R?~¢. Using
the same computation as in (3.3.4), we have

O, e~ 5VBdist(y,.00,\Or)

10y,i(YL, — Yr)| <

|yl

Using the estimate (3.3.3) and the bound G¢(m),(y, 2) < ﬁ, we obtain

ly—=z

> > Gom),iy 2) ((8y.i(Yr, — Yr)) (0::(YL, — Yr)))

MB,DLk
y,2€ly, =1
—Qx/Bdist(y,DL \DR) —Qﬁdist(z,DL \DR)
<. ¥ g
ly — 2| |yl ||
y,2€0r, \Or
< Co
=~ W)
which, together with (3.3.18), (3.3.20), and (3.3.23), implies
Cy
(exp(XR) exp(X — XR)>ua < RiT
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The same computation yields
Cy
(exp(XRg) (exp(X — Xgr) —1)),, < =

So that the proof of (3.3.17) is complete. To prove (3.3.16), it is thus sufficient to
show

(3.3.24) (exp (X1,)) — (exp (X1,)) — 0.

B,0L, K5,0p, k—oo

This is a consequence of the convergences (3.3.12) and (3.3.12), the bound (3.3.22)
and the bound: for any R > 0 and any L > R,

2

ep | S 2(8,0)sin (2n(4,0))sin (2040, 003,9) | — 1 <G

a_q°
9€Qr\Or (s, ) R>

The proof of the previous inequality is identical to the proof of (3.3.22) (the only
difference is that the bound (3.3.11) needs to be used instead of the decay estimates
on the Green’s function). O

3.4. The Helffer-Sjostrand representation

Proposition 3.3.2 shows that, in order to understand the asymptotic behavior as x
tends to infinity of the two point function, it is sufficient to understand the behavior
of the expectation of the random variable exp(X) under the measure pg as x tends
to infinity.

The Gibbs measure p3 is a specific example of a model of stochastic interface model
extensively studied in the literature called the V¢ model [52]. In particular, following
the ideas and techniques of [68, 89, 82, 55], the large-scale behavior of the V¢ model
can be understood by studying the large-scale behavior of an infinite dimensional
PDE called the Helffer-Sjostrand equation [68, 82]. In this section, we adapt the tools
developed by Helffer-Sjostrand and Naddaf and Spencer [82] to our framework, and
introduce the Helffer-Sjéstrand PDE associated with the measure pg.

Specifically, in Sections 3.4.1 and 3.4.2, we introduce the Helffer-Sjostrand PDE,
present two equivalent approaches to solve this PDE: the first one is based on varia-
tional techniques of [82], the second one is based on a dynamical interpretation of the
equation and is the one of [55]. We then show, following [82], how its solutions can be
used to identify the covariance of general functionals of the field ¢ distributed accord-
ing to the measure pg. In Section 3.4.4, we introduce the Green’s matrix associated
with the Helffer-Sjostrand operator and state a quantitative homogenization theorem
for this map. This result is a crucial step in the proof of Theorem 1, and its proof
occupies a large part of this article: it is the subject of Sections 6 and 7, where we
combine the ideas of [82, 55] with the recent development in quantitative stochastic
homogenization of [7, 8.
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3.4.1. The Witten Laplacian. — Following the techniques of [53, 82, 55], we know that
the measure g is stationary, ergodic and reversible with respect to the Langevin dy-
namics defined as follows. We let {B;(z) : t > 0, z € Z%} is a collection of indepen-
dent Brownian motions valued in R(2) and let ¢ :]0,00] x Z% — R(2) be the solution
of the system of stochastic differential equation: for t > 0 and z € Z¢,

(3.4.1) d6(2) = — = Ady(x) + > % ﬂi/z (=2)" ()
n>0

20

— > 2m2(B,q)g(x) sin (27 (g, $)) + V2dBy(x).
q€Q
We refer to [53] for the justification of this property and a proof of the solvability of the
Langevin dynamics (3.4.1). Following the idea of [82], one observes that the Langevin
dynamics is a Markov process whose infinitesimal generator is the operator A, defined
on the set of (real-valued) functions F' € C° () by the formula: for any ¢ € Q,

342 BF@) = X 2F@) - X | 86a) - X oo (A1 ol)

943 An/2
xelde reZd n>1 Qﬁ ﬁ

= X 2na(8, ) sin 27 0,80 | 0. (9),

q€Q

d
where the notation 92 means 252)1 8371», and we implicitly take the scalar product
between the two terms in the right side of (3.4.2). The operator Ay is thus symmetric

with respect to the measure g 1, and one has the identities

<FA¢G> = <GA¢F> == Z (0. F, awG>#ga VF,G € C((:)O(Q)

7€} 22¢]
TEZ

3.4.2. Helffer-Sjostrand operator. — In this section, we introduce the Helffer-
Sjostrand operator. This operator is defined in (3.4.4) and acts on function defined

d
on Z% x Q and valued in R(). Its definition requires to introduce a few spaces
and definitions. We first introduce the space of smooth and compactly supported
functions defined on Z? x Q

C=(2h % Q) = {F:2%x Q- RE) : vz € 2, F(z,") € C2(Q)
and F(z,-) = 0 for all but finitely many z € Z% }.

We then extend the domain of the Witten Laplacian —A, to the functions of
C(Z4 x Q) as follows: for any F € C°(Z¢ x Q), any (y,¢) € Z¢ x Q,

(343) AgF(y,0):= 3. 02F(y,6)— 3 [;Am)—z LAyt

943 An/2
z€eZ4 z€eZ4 2 n>1 2ﬂﬁ

3" 22(8, q)a(a) sin (27 (g, as))} 0, F(y,9),

q€Q)
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where all the partial derivative are with respect to the field ¢ (for a fixed point y € Z%).
We next extend the definition of the discrete Laplacian A to functions of C°(Z% x )
by setting: for any (y, ¢) € Z¢ x Q,

We similarly define the iteration of the Laplacian (—A)* by iterating the previous
definition. For ¢ € §), and ¢ € Q, we define the coefficient

a,(¢) := 472 (B, q) cos (27 (¢, 9)) -
Given a function F' € C°(Z¢ x Q) and ¢ € Q, we introduce the notation
We finally combine the two previous definitions, and introduce the operator
Ve agVeF(¢,x) = 4n?z (8, q) cos (27 (¢,)) (F (-, 4), ) ().

The notation is motivated by the following symmetry property satisfied by the oper-
ator V -a,Vg: for any F,G € C(Z% x Q),

> (Vi Vo F(2)G(,2), = - (V5 2V, G 0)F(6,2)),,

2%}
€7 xeZd

= <aq (F7 Q) (G7q)>uﬁ

= <aqququ>uﬁ
Additionally, due to the assumption dg = 0, the function V7 -a,V,F' depends only on
the discrete gradient VF'. Equipped with these definitions, we introduce the Helffer-

Sjostrand operator acting on functions F . Q x 74 — R()

(3.4.4) 7= —A + 55 Z ANV

q€Q
The following definition introduce a notion of weak solutions for the Helffer-Sjéstrand
operator.

Definition 3.4.1 (Solution of the Helffer-Sjostrand equation). — Let f : Z¢ x Q — R(2)

be such that f € L?(Z%, pug). A function u : Z¢ x Q — R(2) is called a weak solution
of the Helffer-Sjostrand equation

Zu=f in QxZ%,
if, for any function F' € C°(Z? x ), one has the identity

Z <U(I,‘),§ZF(J},')>H5 = Z <f(ﬂi,'),F(QJ,~)>Hﬁ.

zeZd z€eZ4

The next proposition establishes the solvability of the Helffer-Sjostrand using the
variational approach used by Naddaf-Spencer [82]. We recall the definition of the
space H'(Z%, jug) introduced in (2.1.7) of Section 2.
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Proposition 3.4.2 (Variational solvability). — For any f : Z¢ x Q — Réx(2) satisfy-
d

ing f € L*(Z%, ug), there exists a unique weak solution u : Z¢ x Q — RE) in the

space H'(Z°, ug) of the equation

(3.4.5) Tu=V-f nZxQ,
which satisfies, for some C(d, 8) < oo,

2 2 2 2
(3.4.6) SSZI; lu(@, 720, + Z 102wl 72z 40y + IVUl 220 1) < C U220 10, -
* zeZ4

Remark 3.4.3. — We require that the right-hand side (3.4.5) is in divergence form.
This assumption simplifies the proof but is not strictly necessary. Indeed, using the
Gagliardo-Nirenberg-Sobolev inequality, one could prove the existence and unique-
ness of variational solutions of the Helffer-Sjostrand equation Zu = f if the function
f:ZxQ— R() satisfies

d—2

(3.4.7) D 1fa )P € L?(up).

z€Z%

Proof. — Using that the space C°(Z? x Q) is dense in H'(Z%, ug), we see that a
function u € H'(Z?, ug) is a solution of (3.4.5) if and only if

(3.4.8)
> (Byul=,)@yuw(z,)),, + % > (Vu(e,)Vu(z,-),,
z,y€z? zeZd

1 1
+ ﬁ Z 5—% Z <V"+1u(m, s VnJrlw(x’ ')>uﬁ t Z <un ' aqvqw>ﬂﬁ

n>1 zezd q€0
== > (f(@,)Vulz,),, . YweH (Z pg).
z€Z4

As in the proof of Proposition 3.2.2, we may use the estimate |a,| < Ce<Bllallx to
show that, if § is sufficiently large, the bilinear form on the left side of the previous
display is coercive with respect to the H'(Z, pp)-norm. The Lax-Milgram Theorem
therefore yields the existence of a unique solution v € H* (Zd,,ug). Applying the
Gagliardo-Nirenberg-Sobolev inequality (for a fixed field ¢ € Q) yields

(d—2)/d
(3.4.9) sup [u(z, ¢)|* < | D |u(y, ¢)P¥ 2 <> [Vu(y, ).
z€Z? yezd yezd
Integrating over the measure pg completes the proof of Proposition 3.4.2. O

As it has been observed in the literature [82, 55], there exists a dynamical repre-
sentation for the solution u of the Helffer-Sjéstrand PDE Zu = V - f. The formula is
stated in Proposition 3.4.6, and we will use it in this article to obtain upper bounds on

ASTERISQUE 447



3.4. THE HELFFER-SJOSTRAND REPRESENTATION 51

the solution u. In order to state the result, we introduce a few additional definitions.
Given a field ¢ € €2, we consider the solution of the Langevin dynamics started from ¢
at time ¢ = 0, that is,

d64(x) = = Apu(@)dt — = 3 - (—A) Ly (2t

28 26 = B%
(3.4.10) + ) (V5 ag(¢)Vedy) (x)dt + V2dB,(z),
q€Q
o(z) = ().

We denote by Py the law of the dynamics (¢¢):>0 starting from ¢ and by Eg4 the
expectation with respect to the measure Py. The solvability of the SDE (3.4.10) is
guaranteed for pg-almost every ¢ € Q by the arguments of [55, Section 2.1.3] or [53,
Section 2.2].

For y € Z%, we define the Dirac mass Oy : 74 — R(E)*() to be the diagonal matrix
Oy(z) == (1{x=y} ’ 1{i=j})1gi,j§(g) :
For any fixed realization of the dynamics {qﬁt () : t>0,z € Zd}7 we let
P? 0,00 x 2% x 7% — R() x R()

be the fundamental solution (also referred to as heat kernel) of the parabolic system
of equations
(3.4.11)

1

atpgb‘('v';y)_iAPd) 7ay Z n n+1P¢'(7’y)
2 Ak
+ZV 2(60)VoP? (-,59) = 0 in [0, 00] x Z4,
q€q
P?(0,-,y) =6, in Z%.

To be more specific, we follow the standard technique to define the fundamental
solution of a system of parabolic equations: For any fixed column in the matrix d,,
we solve the system (3.4.11) with this specific column and obtain a function valued in

the space R(5). We then use the (‘21) solutions obtained this way to define the matrix
valued function P?.

There are two important properties about the fundamental solution P?%-. First, the
bound |a,| < Ce~¢Alldllt shows that, for 8 large enough, the system (3.4.11) is a small
perturbation of the heat equation (or equivalently has a small ellipticity contrast).
This observation implies that the system of Equations (3.4.11) is in the range of
applicability of the Schauder regularity theory. This is the subject of Section 5, where
we adapt the arguments of the Schauder regularity to the system (3.4.11) and obtain
the bounds on the heat kernel P¢-, its gradient and mixed derivative collected in the
following proposition.
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Proposition 3.4.4 (Nash-Aronson estimate and regularity for the heat kernel). — There
exists an inverse temperature 81 := [1(d) < oo such that for any B8 > 1, there exists
a constant C := C(d, §) < oo such that, for any realization of the dynamics (¢¢)i>0,
any (t,z,y) € [1,00] x Z¢ x 74,

4 ¢ |z —y|
|P¢ (t,m;y)‘ < a7 exp (— o1 .

Additionally, for any regularity exponent € > 0, there exists an inverse temperature
B1(d,e) < oo such that, for any B8 > b1,

c |z — yl
.
’V P (tmy)’ /2t 1/ Eexp( 1

and

C r—y
|VaVy P (t25)| < s exp (_| Ct |)'

Remark 3.4.5. — The bounds on the coefficients a, show that the ellipticity contrast
of the system (3.4.11) does not depend on the realization of the dynamics (¢¢)¢>0.
A consequence of this observation is that the Schauder regularity theory applies uni-
formly in the realization of the dynamics, and thus the upper bounds of Proposi-
tion 3.4.4 are uniform over the dynamics (¢;)¢>o.

The proof of these properties can be found in Proposition 5.3.1 of Section 5. The
second important property of the heat kernel P? is that, as observed in [82, Sec-
tion 2.2.2] and [55, Section 3|, it is related to the solutions of the Helffer-Sjostrand
equation as explained below.

Proposition 3.4.6 (Dynamical solvability of the Helffer-Sjostrand equation [82, 55]). —
Fiz f : 79 x Q — R (2) such that f € L*(Z% ug) and let u € HY(Z% pg) be the
solution of the Helffer-Sjéstrand equation Zu = V - f defined in Proposition 3.4.2.
Then, one has the identity

(3.4.12) u(z, @) = / Z Eg [f(y, ¢:)Vy P (t,y;2)] dt.

y€eZ

The rigorous justification of the Formula (3.4.12) requires to use tools from spectral
theory. The argument in the case of the dual Villain model is identical to the one
presented for the uniformly elliptic V¢ model in the articles of Naddaf and Spencer [82,
Section 2.2.2] and Giacomin, Olla and Spohn [55, Section 3.

3.4.3. The Helffer-Sjostrand representation formula. — The main reason to introduce
the Helffer-Sjostrand operator is that it can be used to compute the covariance of gen-
eral functional of the field ¢ through the Helffer-Sj6strand representation formula. The
result was initially introduced by Helffer-Sjostrand [68] and Naddaf and Spencer [82,
(1.10)] and is stated below.

ASTERISQUE 447



3.4. THE HELFFER-SJOSTRAND REPRESENTATION 53

Proposition 3.4.7 (Helffer-Sjostrand representation formula [68, 82, 55]). — Consider

d
two functions F,G € H'(ug) and assume that there exist f,g : Z¢ x Q — Re*(2)
satisfying f,g € L? (Zd,uﬁ) and such that

(3.4.13) 0, F =V - f(z,) and 0,G=V-g(z,").

Letu € H! (74, pa) be the solution of the Helffer-Sjostrand equation Zu =V - f. Then
one has the identity

(3.4.14) covy, [F,G] = Y (g(x,)Vu(z,)),, -

YA

An example of function F' € H'(ug) satisfying (3.4.13) is the function F(¢) := ¢(0) — ¢(z)
for any x € Z%. For any charge q € @), the neutrality condition dg = 0 ensures that the
function Fy(¢) := (g, ¢) satisfies (3.4.13). In general, any reasonable function which
depends only on the discrete gradient of the field satisfy this condition. In the rest
of this article, we will apply it to general functional of the field such as the random
variables X and Y defined in (3.3.9) and (3.3.6), which, still due to the neutrality
condition dg = 0, satisfy (3.4.13).

The proof of this result for the V¢ model can be found in [82, (1.10)] and [55,
Proposition 3.1]. The proof for the measure pug follows from the same arguments.

3.4.4. The Green’s matrix. — In this section, we introduce the Green’s matrix asso-
ciated with the Helffer-Sjostrand operator £ and state some of its main properties
regarding existence, decay and homogenization.

Proposition 3.4.8. — For any function £ : Q — R satisfying £ € L? (ug) and any

y € Z2, there exists a unique variational solution (¢(-;y) : Z¢ x Q — R()x() of the
Helffer-Sjostrand equation

e (5y) =£5, in Z% x Q.

The map (¢(-;y) is the fundamental solution of the operator Z. As it was the case
for the heat kernel P? | since the operator  is an elliptic system, the fundamental
solution takes its values in the set of matrices of size () x (). We will refer to it as
the Green’s matrix.

The Green’s function can be used to decompose general solutions the Helffer-
Sjostrand equation. If we let u be the solution of the Equation (3.4.5) and assume
that f € L?(Z%, ug) takes the specific form f(y,¢) = £(¢)g(y) for some £ € L?(up)
and g € L?(Z%), then we have

u(@, @) = Y VyGe(z, 6;9)9(y)-

yeZd
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Proof. — Using the Gagliardo-Nirenberg-Sobolev inequality, and specifically the in-
equality (3.4.9), we have the upper bound

Vue H' (2% pg), w7z < D 1Vuly, ).
yeZa

The previous inequality implies tha,t the bilinear form

Y ((Byulz,))(@yw(z,)),, Z Vau(z, )Vuw(z,)),,

T yEZd mEZd
Z 57 >V (e, ), Vi w(, ), 4D (Veu-agVew), — (Fuly, ),
z€Z? q€Q
is coercive. The result then follows from the Lax-Milgram Theorem. O

As it was the case for the variational solutions of the Helffer-Sjéstrand equation,
the Green’s matrix admits a dynamical interpretation relying on the heat kernel P¢
as stated in the following proposition.

Proposition 3.4.9. — Fiz f € L*(ug) and y € Z%. The Green’s matriz (¢(-;y) satisfies
the identity

(3.4.15) rla0ia) = [ Ty [£(60) P (t,y, 2)] dt.

Remark 3.4.10. — Using the previous proposition with the bound of Proposition 3.4.4
on the heat kernel, one can extend the definition of the Green’s matrix to functions
f € L'(up) (instead of f € L?(ug)).

Combining Proposition 3.4.4 and Proposition 3.4.9, we obtain the following upper
bounds on the Green’s function (, its gradient and mixed derivative.

Proposition 3.4.11. — For any regularity exponent € > 0, there exists an inverse tem-
perature $1(d, ) < 0o such that for any B > (1 the following result holds. There exists
a constant C(d,3) < co such that for any x,y € 74,

C Il L2 (i)
1Ge (@, 0)l o) < = pams

and the reqularity estimates on the gradient and the mized derivative

ClIfll 2,
. )
Vol (@, 59l p2y,) < EEre—
and
ClIEll p2(,)
IVaVyGe (@, 5 9)ll L2, < W~

In the second part of this section, we investigate the homogenization properties of
the Green’s matrix, which are a crucial ingredient in the proof of Theorem 1. The
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main result we establish is stated in Theorem 2. The proof of this result is the subject
of Sections 6 and 7.

From the theory of stochastic homogenization and its application to the Helffer-
Sjostrand equation [59, 7, 82, 8], one expects that there exists a deterministic, positive
definite matrix &g (which is a small perturbation of the matrix %Id) such that the
Green’s matrix associated with the Helffer-Sjostrand operator (3.4.4), defined by

20 = 6y in Z% x Q
homogenizes to the Green’s matrix G associated with the Laplacian operator V - agVv
(3.4.16) —~V-a5VG = d in Z°,

in the sense that, as x — oo,

6, =~ G,y =0 ()

When applying to the Villain model (see computations in Section 4) we need more
precise result: specifically, we need to prove quantitative homogenization for the mixed
derivative associated with the Green’s matrix. Results of this nature have been estab-
lished in the homogenization literature (see e.g., [7, Section 8.6] or [20]). The main
contribution of Sections 6 and 7 is to adapt the techniques developed in [8, 7] to the
setting of the Helffer-Sjéstrand operator Z.

In order to state Theorem 2, we need to introduce an important quantity in stochas-
tic homogenization: the first-order corrector. For 4,5 € {1,...,d} x {1,..., (g)}, we
recall the notation /;; for the affine function introduced in Section 2

{Rd — R,

lij =
z— (0,...,0,z-€;,0,...,0),

where the term x - e; appears in the j-th position. We denote by Vi;; the gradient of
the first-order corrector, defined to be the unique stationary solution of the Helffer-
Sjostrand equation

%(l” + XU) =0in Zd x ).
It is precisely defined in Proposition 6.4.4. Once equipped with the gradient of the
corrector, we can define the exterior derivative d*y;; by using that the codifferential
d* is a linear functional of the gradient (see (A.2.12)). The following theorem proves a
quantitative homogenization result for a version of the mixed derivative of the Green’s
function (3.4.15), the specific form of the function (3.4.17) is justified by the fact that
it is the correct object to consider in order to prove Theorem 1 in Section 4.

Theorem 2 (Homogenization of the mixed derivative of the Green’s matrix). — We fix
a charge g1 € Q) such that 0 belongs to the support of ng,, let Uy, be the solution of
the Helffer-Sjostrand equation

(3.4.17) LUy, = cos (21 (¢, q1)) @1 in 2% x Q,
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and let G,, = (éth, e ,éqh(g)) be the map defined by the formula, for each inte-
ger k € {1,...,(;)},

(3.4.18) Gk = Z Z (cos (2 (¢, q1)) (ng,, d*le,, + d*Xij)>HB V.G k.

1SiSdig ()

There exist an inverse temperature 51 := (1(d) < 0o, an exponent vy := vy(d) > 0 and a
constant Cy, which satisfies the estimate |Cy,| < C ||q1||]1c for some C := C(d, ) < o0
and k := k(d) < oo, such that for each 8 > (o, and each radius R > 1, one has the
inequality

_ Co
(3.4.19) VU, — Y > (eij + Vxij) ViGq, < Rity

1<i<d 1§JS(;)

L2?(B3r\BR,u1s)

Remark 3.4.12. — The functions V%, and V,;G,, behave like mixed derivative of
Green’s matrices, in particular, they should decay like the map 2 — |z|~%. Theorem 2
states that their difference is quantitatively smaller than the typical size of the two
functions: we obtain an algebraic rate of convergence with additional exponent v > 0
in the right side of (3.4.19).

Remark 3.4.13. — For the purposes of Section 4, we record here that the statement
of Theorem 2 can be simplified by using the formalism of discrete differential forms
and exploiting the symmetries of the system. In particular, we have the following
properties:

— the operator —V - a3V can be written

(3.4.20) -V .83V = % (d*d+ (14 Ag) dd*),
where ) is a real coefficient which is small and tends to 0 as 3 tends to infinity.
This property is stated in Remark 6.1.11;

— the gradient of the infinite volume corrector only depends on the value of the
codifferential d*lc,, (in particular, it is equal to 0 if d*l.,; = 0) as mentioned
in Remarks 6.4.2 and 6.4.5. We use the notation of Remark 6.4.5: given an
integer k € {1,...,d}, we let select a vector p := Zlgigd Zlgjg(g) pijeij such

that d*l, = ex and denote by Vixi := >2; ;<4 Elgjg(g) Di; VXij-

Using these ingredients, we can rewrite the definition of the map G, stated
in (3.4.18): we have

Gar= ) (cos2m($,q1)) (ng, e +d°xa)),,, (d"°G) - e

1<i<d
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We then use that, by definition, the map é.,k solves the equation —V - igVé = do,
and the identities —A = dd* + d*d, dod = 0, and d* o d* = 0 to write

~ (14 X) Ad"Cy = (14 Xg) (dd* +d°d)d*Cop = (1 + Xg) d*dd" Gy
=d* (d*dG.x + (1+ Ag) dd*) G«
=d* (—V : 5ﬂV§.’k)
= d*do.

The exterior derivative d*G can thus be explicitly computed in terms of the gradi-

ent of the Green’s matrix associated with the operator — (1 + Xﬁ) A, which is equal

to the standard random walk Green’s function on the lattice Z?¢ multiplied by the
value (1+Xg) .
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CHAPTER 4

FIRST-ORDER EXPANSION
OF THE TWO-POINT FUNCTION:
OVERVIEW OF THE PROOF

In this section, we show that Theorem 1 can be obtained by combining Theorem 2,
which gives a quantitative rate of convergence of the mixed gradients of the Helffer-
Sjostrand Green’s matrix, with the regularity theory for the Helffer-Sjéstrand operator
established in Section 5.

In order to prove Theorem 1 it is enough, by Proposition 3.3.2, to prove the ex-
pansion stated in the following theorem.

Theorem 3. — There exist constants By := Bo(d), co = co(8,d),c1(8,d), and an
exponent ' := v'(d) > 0 such that for every 8 > By, and every x € Z4,

Z(O’Oz) - C1 C
2 =+ e O ()

Z (EOIE) _ C1 C
=0+ i 0 (e )

and

The proof of Theorem 3 requires to use the following statements stated in Section 3
and proved in Sections 5, 6 and 7:

— We use the quantitative homogenization of the mixed derivative of the Green’s
matrix associated with the Helffer-Sjostrand operator Z. The precise statement
we need to use is stated in Theorem 2. The proof of this theorem is the subject
of Sections 6 and 7;

— We use the C%'~¢_regularity theory established in Section 5; more specifically,
we need to use the regularity estimates for the Helffer-Sjostrand Green’s ma-
trix stated in Proposition 3.4.11 and on the Green’s matrix associated with
the second-order Helffer-Sjostrand operator stated in Proposition 5.4.4. We ad-
ditionally make the assumption that the regularity exponent e is very small
compared to the exponent v which appears in the statement of Theorem 2 (for
instance, we assume that the ratio /e is larger than 100d). This condition can
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always be ensured by increasing the inverse temperature 5 (as the exponent
depends only on the dimension).

Apart from these three results, the proof of Theorem 3, which is contained in this
section (and Section 8 for the technical estimates), is largely independent from Sec-
tions 5, 6 and 7.

This section is organized as follows. We first set up the argument and introduce
some preliminary notation in Section 4.1. We then simplify the expression (4.1.1)
below in a series of technical lemmas stated in Sections 4.2, 4.3 and 4.4. In particular,
in Sections 4.3 and 4.4, we sketch the argument that one can decouple the Helffer-
Sjostrand Green’s matrix from the exponential terms arising from the dual model in
Section 3. The proofs of these lemmas rely on the C%!~¢-regularity theory established
in Section 5, we give an outline of the arguments and postpone the proofs to Section 8.
The core of the proof of Theorem 3 (thus Theorem 1) is given in Section 4.5. This
section is decomposed into two subsections. We first write an outline of the argument
in Section 4.5.1 and then present the details of the proof in Section 4.5.2.

4.1. Preliminary notation

We first recall that we have the identity

(4.1.1) Zgéfzga)c) = <exp <q2€é z(B, q) sin (27 (¢, q)) sin (27 (00z, q))
+ 3 2(6,0) cos (2n(6.0) (cos (2(o ) ~ 1)) )
qGQ Hp

We also recall that, by the definition of the function o, given in Section 3.1, we have
the equality

d*00p = d*d (—=A) " hop = hop — dd* (=A) " hop = hop —d (—A) T d*hg,
= hoe —d(=A)"" (1, — 1)
= hos + VG — VG,.

We then use the identity ¢ = dng, that the maps g, nqy and hg , take values in Z, and
the periodicity of the sine and the cosine to deduce that

sin (2w (003, ¢)) = sin 2n(VG — VG,,ng))
and

cos (2m(00g,q)) = cos 2n(VG — VGg,ng)) .
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One can then expand the sine and the cosine by using the trigonometric formulae.
We obtain the identities

(4.1.2)  sin(2n(VG — VGy,ng)) = sin (2n(VG,ny)) — sin (27(VG,,ng))
+ (cos (2m(VGy, ng)) — 1) sin (27(VG, ng))
— (cos (2m(VG, ng)) — 1) sin 27(VGy, ng)),
and

(4.1.3)
cos (2m(VG — VG, ng)) — 1 = (cos (2n(VG, ny)) — 1) (cos (2n(VGy,ng)) — 1)
+ (cos (2n(VG,ng)) — 1) + (cos (2m(V G4, ng)) — 1)
+sin (27(VG, ng)) sin 27(VGy, ng)) .

We then combine the identities (4.1.2) and (4.1.3) with the right side of (4.1.1). To
ease the notation, we introduce the following random variables

(4.1.4)
Xg :=exp (— Z 2(8,9) (sin (27 (¢, q)) sin (27 (VGz,ngq)) — % cos (27(@, q)) (cos (2m(VGyz,ng)) — 1)) ,
q€Q
Yo := exp (Z 2(8,9) (sin (27(¢,q)) sin (27 (VG, nq)) + % cos (27m(¢, q)) (cos (2m(VG,ng)) — 1)) >,
qeQ
Ya = exp (Zzw,q) <sin (27(6,0))sin ((V G ) + £ co8 (27(6,0) (c0s (2 (TG, ) ~ 1>>>,
q€Q
Xsin cos ‘= €Xp (_ Z z(ﬁv q) sin (27T(¢7 q)) sin (ZW(VGQH nq)) (COS (QW(VG7 nq)) - 1))
q€eqQ
X exp (Z z(B, q) sin (27 (¢, q)) sin (27 (VG, ng)) (cos 2m(VGg,ng)) — 1)) R
q€q
Xcos cos := €xp <Z z(B, q) cos (2m(¢, q)) (cos (2m(VG,ng)) — 1) (cos (27 (VGz,ng)) — 1))7
q€Q
Xginsin 1= €xp (Z z(B, q) cos (2m(¢, q)) sin (2w (V G, ng)) sin (27(VGy, nq))) .
q€Q
In this notation we have
Z3(00s) _ ) o
(415) Zﬁ(O) - <Y0Xszm cosXcos cosXsm Sm>l’45 .

Our aim is to first simplify the identity (4.1.5) and then to apply Theorem 2.

4.2. Removing the terms Xy, cos; Xcos cos aNd Xsin sin

We first show that the terms Xgincos, Xcoscos and Xginsin are lower order terms
which can be removed from the analysis. We prove the following lemma.
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Lemma 4.2.1. — There exist constants By := Bo(d) < o0, ¢ :=¢(d, ), and C := C(d, 3)
such that, for each 8 > (g,

Z3(00z) ¢ (YoXa),, C >
4.2.1 — = (Yo X, ——— 4+ 0| ——
— Zo0) ~ % g Ers
A consequence of the identity (4.2.1) is the equivalence
Zﬁ(O’oz) < C >
dey,c0 R, —— = (0] ;
ver €R 7y =t s O\ e
3 R ©
= 3o €R MoXe),, = e+ |d Tz + O [ )

This lemma is technical and its proof is not the core of the argument; the proof is
thus deferred to Section 8. We provide here a sketch of the argument.

Sketch of the proof of Lemma 4.2.1. — To prove the identity (4.2.1), we first record
four standard inequalities, for each y € Z?, and each a € R,
(4.2.2)

VGWw) < ¢

|d 1’

IVG()I_|

1
T |sina| < |a|, and |cosa —1| < §|a|2.
Using the estimates (4.2.2) and the exponential decay of the coeflicient z(8, q), we
prove the following estimates:

(i) The random variables Xgincos and Xcoscos belong to the space L™ (ug) and
satisfy the estimates
C
||Xsincos - 1||Loo S Wv

C
||Xcoscos - 1||Loo S W

(4.2.3)

(if) We prove that the random variable Xgn ¢in also belongs to the space L™ (pg) and
that its fluctuations around the value 1 are of order |z|>~¢. This is larger than
the fluctuations of the random variables X, cos and Xcos cos and one needs to be
more precise in the analysis: we prove the following estimates on the expectation
and the variance of X, sin

C

sin sin S W7

c c
i, =1+ s +0 (7).

The variance is estimated thanks to the Brascamp-Lieb inequality and the ex-
pectation is estimated thanks to the estimates (4.2.2) and a Taylor expansion
of the exponential.

var,, X
(4.2.4)

A combination of the estimates (4.2.3) and (4.2.4) is then sufficient to prove
Lemma 4.2.1. O
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Remark 4.2.2. — The same proof also yields

Z3(0ox E<Y0Yr>#5 C
(4.2.5) 5‘5(8)) = (YoYz),, + e T 0 (|x|d—1) :

In general, € # c since the O(|z|472) term above is contributed by (X .}, instead
Of <Xsin sin>pg .

4.3. Removing the contributions of the cosines

From Lemma 4.2.1, we see that to prove Theorem 1, it is sufficient to obtain the
following expansion

C2o C
(431) 301, Cy € R, <YOX$>NB =c + W + 0] <|x|d_2+7’> .

Let us note that, by the translation invariance of the measure ug, the expectation of
the random variable X, does not depend on the point z € Z¢: we have, for each = € Z¢,

(Xz),,, = (Xo),,- A consequence of this observation is that to prove (4.3.1), it is
sufficient to show

Co C
(4.3.2) cov [ Xz, Yo] = 2 +0 <|x|d2+7/> .

Indeed, the expansion (4.3.2) implies (4.3.1) with the value ¢; = <Y0>uﬁ <X0>ua' To

prove the identity (4.3.1), we use the Helffer-Sjostrand representation formula and
write the covariance in the following form

(4.3.3) cov [Xz, Yol = 3° e 74 ((0y Xa) Yy, Ny

where ¥ : 74 x Q — R() is the solution of the Helffer-Sjostrand equation, for
each (y,¢) € Z% x Q,
(4.3.4) LY(y, ¢) = 9yYo(9).

d

For each point z € Z%, we introduce the notation @, : Z¢ x Q — R() to denote the
following function: for each pair (y,$) € Z% x Q,

(4.3.5) Qu(y, 9) =21 3 e 2(B, q) cos (2m (¢, q)) sin (27 (VGa,nq)) q(y)-

These charges are defined so as to have the identities, for each y € Z?,
(4.3.6)

0,%4(6) = (Qo(0,6) — 521 3 2 (5.4)sin (2(6.0) cos (2a(VG, 1) ~ 1 a(s) ) ¥a(6)

q€Q
and
(4.3.7)
0y Xz(4) = — <Qx(y,¢) + %27‘(’2 z(8,q)sin (27(¢, q)) (cos (2m(VGy,ng)) — 1) q(y))Xx(qS)

q€Q
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We also define the random charges ng, : Z¢ x Q — R? according to the formula
(4.3.8)
ng, = Z 272(B, q) (cos (27 (¢,q)) sin (27 (VG,,ng)))ng  so that  dng, = Q..
q€Q
We note that, by the exponential decay |z (8,¢q)| < Ce~<VBllally | the decay of the
gradient of the Green’s matrix stated in (4.2.2), and the inequality |sina| < |al, the
random charges @, and ng, satisfy the L (ug)-estimate: for each y € Z¢,

C
(43.9) Qe M pmuy < and lIn. (4, Moo ) < g

ly — |4t
By a similar argument, but using this time the inequality |cosa — 1| < %|a|2, one
obtains the inequality, for each y € Z¢,

(43.10) |3 2(8,9)sin (2n(,9)) (cos (2n(VGa,y)) — 1) a(y)| < |y—5|
q€Q
and
(4.3.11) Z z (B, q)sin (27 (¢, q)) (cos (2m(VGyz,ng)) — 1) ng(y)| < |y_$C|2d—2'
q€q

The reason we record the inequalities (4.3.10) and (4.3.11) is that, since 2d—2 > d—1,
the function x ~— |z|24=2 decays faster than z + |z|?"!. From this observation,
we expect that the terms Qo(y)Yy and Q. (y)X. are the leading order terms in the
identities (4.3.6) and (4.3.7), and that the terms involving the cosine of the gradient of
the Green’s functions are lower order terms which can be removed from the analysis.
This is what is proved in the following lemma.

Lemma 4.3.1 (Removing the contributions of the cosines). — One has the identity
C
(43.12) cov X %] = X (6Qu) U, +0 (s ).
y€eZd

where UV : 74 x Q — RG) s the solution of the Helffer-Sjostrand equation, for each
pair (y,¢) € 74 x Q,
(4.3.13) LUy, ¢) = Qo(y, 9)Yo(d).

A consequence of the identity (4.3.12) is the equivalence

C2o C
302 S R, COoVv [Xw,}/(]] = W + O (|x|d2+7l>

C
= e eR, Y (XQ.(y)Vy,)),, = @T% +0 (|5U|d_2+7> :

yezd

The proof of this result is again technical and does not represent the core of the
argument; it is thus deferred to Section 8. The argument relies on two ingredients:
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(i) We use the decay estimates for the Helffer-Sjostrand Green’s matrix, its gradient
and its mixed derivative stated in Proposition 3.4.11;

(if) We use the estimates (4.3.9) and (4.3.11) and take advantage of the fact that
the function x — |z|2¢~2 decays faster than the map z + |z|?~1.

We complete this section by recording that we may also prove

C2 C
(4314) 361702 € R, <YE)YE>H[9 =c1 + W + (@) <|1,‘|d_2+7/>

by showing

|42 z[d—2+
Indeed, we have the following analogue of (4.3.12)
C
cov [YmYO] = Z (Ysz(y)GZ)(ya ‘)>l‘a +0 <|:L‘|d_1_€> ’
yeZa

The proof of this identity is almost the same as (4.3.12) with only notational changes,
and is therefore omitted.

4.4. Decoupling the exponentials

The next (and final) technical step consists in removing the exponential terms X,
and Yy from the computation. To this end, we prove the decorrelation estimate stated
in the following lemma.

Lemma 4.4.1 (Decoupling the exponential terms). — One has the expansions
C
(441) cov [XZWYO] = <}/O>'u5 <X0>H5 Z (Qw(y’ )%(y7 .)>#ﬁ + O <|$|d1+€> ’
yeZ4
and
C
(44.2)  cov[Vy, Yol = (Yoo, D (Quly, )Wy, ")),, + O (I:vld—H> :
y€ezZd

d
2

where the function U : Z x Q — R() 4s the solution of the Helffer-Sjostrand equation
.CZ%:QO m ZdXQ.
The identity (4.4.1) implies the equivalence

c C
ez € R, Y (X2Qu(y, ) V(y, Ny = m% +0 (md_gﬂl>
yeZe
C2o C
— dexeR, Z (Qa()Uy, )., = [2[2 +0 [T )
yeZa
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Remark 4.4.2. — The function %/ can be decomposed according to the following pro-
d

cedure: if, for each charge g € ¢), we denote by U : 77 x 0 — R() the solution of

the Helffer-Sjostrand equation

(4.4.3) P, = cos (27 (¢,q)) ¢ in Z% x Q,

then we have the identity

(4.4.4) U = QwZz(ﬁ,q) sin (27(VG,ng)) Uy.
q€Q

Remark 4.4.3. — By writing ¢ = dn,, we can rewrite the Equation (4.4.3) in the
following form

LUy, = d (cos (27 (-, q1)) ng) in Z% x Q.
As a consequence the function 94, can be expressed in terms of the Helffer-Sj6strand
Green’s matrix according to the formula, for each pair (y, ¢) € Z9 x ,

(4'4'5) %q(ya d)) = Z dzgcos(%r(-,q)) (ya ¢; z)nq(z)

ZESupp ng
Using the decay estimate on the gradient and mixed derivative of the Green’s matrix
stated in Proposition 3.4.11, we obtain that the map 9/, satisfies the upper bounds,
for each y € Z¢,

C
(4.4.6) ||%(y,.)||mmgW and VU (y, )l oo

< G
pg) — |y — z|d_5’

where z is a point which belongs to the support of the charge n, (chosen arbitrarily).

Remark 4.4.4. — A consequence of the estimate (4.4.6) is that by using the exponen-
tial decay of the coefficient z (8, q) (see (3.1.14)) and the inequality, for each charge

g€,
. C
|S11’l (27T(VG,7’Lq))| < 2m |(VG,’I’Lq)| <27 ||VG||L2(suppnq) HnQHQ < |Z|d(il’

where z is a point in the support of n, (chosen arbitrarily), we deduce the inequality,
for each point y € Z¢,

1%y, Yy < 27 3 S 12(8,9) sin (20 (VG ) 1% (9, M )

z€7Z4 q€Q),

C
< e—C\/B||QH1 q
ng QGZQZ |z|d_1 x |y_z|d_1_£
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where we used the exponential decay of the term e~¢VPllali to absorb the algebraic
growth of the term C, < C ||q||’1c in the third inequality. The same argument also

yields the estimate
< c
”L‘x’(uﬁ) = |yld-1-e

VU (y,-)
We now give an heuristic argument explaining why we expect the decoupling esti-
mate (4.4.1) to hold.

Heuristic of the proof of Lemma 4.4.1. — The strategy of the proof is to first decou-
ple the exponential term X, and then decouple the exponential term Yp; to decouple
the term X, we prove the expansion

GL4.7)
S (X Quly )V, N, = (Ko, S (@ulys VDM, ), +O (MC) -
yeZa yeZ4

A heuristic reason justifying why one can expect the expansion (4.4.7) to hold is the
following. By the definition of the random variable X, given in (4.1.4) and the decay
of the gradient of the Green’s function VG, stated in (4.2.2), we expect the random
variable X, to essentially depend on the value of the gradient of the field around the
point z. The statement is voluntarily vague; one could give a mathematical meaning
to it by arguing that if one considers a large constant C' depending only on the
dimension d, then the conditional expectation of the random variable X, with respect
to the sigma-algebra generated by the fields (Vo (y)), ¢ B(z,c) 18 a good approximation
of the random variable X, in the space L? (ug).

Additionally, using similar arguments to the one presented in Remarks 4.4.3
and 4.4.4, but using the L? (ug)-estimate ”YO”LZ(MB) < C instead of the (stronger)

pointwise upper bound |cos (27 (¢,q))| < 1, one obtains the L?(ug)-estimate, for
each y € Z4,

C
(4.4.8) VU 2,y < e

While we can prove the estimate (4.4.8) using Proposition 3.4.11, we expect that its
real decay is of order |y|!~¢, and make this assumption for the rest of the argument.
We use an integration by parts to write, for each field ¢ € €2,

> Qe )V, ¢) = Y ng, (y,4)d* Uy, ¢).
yezd yeZa

Since we expect the random charge ng, (y) to decay like |y — z|'=¢ (see the esti-
mate (4.3.9)), and the random variable d*%(y, -) to decay |y|*~¢ (since the codiffer-
ential d* is a linear functional of the gradient V), we have

1 1
4.4.9 ¢)d*Y(
49 3 e U= 3 p X e > e

yezd yEeZd
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The point of the identity (4.4.9) is that while we expect the sum }°, ;4 nq, (y, ¢)d*U(y, ¢)
to be of order |z|27¢, its restriction to the ball B(x, C) is of lower-order since we have

. 1 1 1
Z an(y,ng)d Uy, $) ~ Z |y—x|d_1 x |y|d—1 - |x|d—1'

y€B(z,C) y€B(z,C)

A consequence of this result is that we expect the main contribution of the sum
Zyezd ng, (¥, 9)d*U(y, ¢) to come mostly from the points y outside the ball B(z, C).

To summarize the heuristic explanation, one should expect that:

— the random variable X, depends mostly on the gradient of the field inside a
ball B(z,C) for some large but fixed constant C' depending only on the dimen-
sion;

— the random variable 3 74 nqg, (y,#)d*V(y, ) depends mostly on the value of
the gradient of the field outside the ball B(zx, C).

Since the gradient of the field decorrelates (sufficiently fast in our case), we expect
the random variable > ;. nq, (¥, ¢)d*U(y, ¢) and X, to decorrelate; this is what is
proved by (4.4.7).

Once we have proved the identity (4.4.7), we can prove the expansion (4.3.12) by
applying the same argument, and by using the symmetry of the Helffer-Sjéstrand
operator. ]

4.5. First order expansion of the two-point function

Once the Lemmas 4.2.1, 4.3.1 and 4.4.1 are established, we have showed that, to
prove Theorem 3, it is enough to obtain the expansion

(4.5.1) JeeR, D (Qu(v)WUy: ), = IxI% +0 <|m|dcz+7) '

yeZa
This section is devoted to the proof of (4.5.1). We first give a sketch of the proof
in Section 4.5.1 and provide the details of the argument in Section 4.5.2.

4.5.1. Heuristic argument. — In this section, we present a heuristic argument for
the proof of the expansion (4.5.1). A large part of the proof is concerned with the
treatment of the technicalities inherent to the dual Villain model (sum over all the
charges ¢ € ¢), presence of a sine etc.). In order to highlight the main ideas of the
argument, we make the following simplifications:

— We assume that for 3 large enough, one may essentially reduce the charges to the
collection of dipoles (dl{y’yﬁi})yezd’lggd. The exponential decay on the coef-
ficient z (3, ¢) constraints the L!-norm of the charge q to be small. One can thus
assume that only the charges ¢ € ¢) which minimize the value ||g||; contribute

to the sum; this leads us to considering the dipoles (dl{m,z+ei})$ezd 1<i<d” We

ASTERISQUE 447



4.5. FIRST ORDER EXPANSION OF THE TWO-POINT FUNCTION 69

will thus assume that only the dipoles (d1{; zte,}) count in the sum,
and we will denote by 2(8) = 2(8; A1z z4e,})-

An important, but mostly technical, part of the argument presented in Sec-
tion 4.5.2 is devoted to proving that this dipole approximation yields the correct

picture. Under this assumption, one has the simplifications

Qu = 2(8) Y0y X yeza 27 8in (20V,G(y)) dliy g se,)

z€Zd,1<i<d

and

U= 2(8) iy . yeza 27 8in 27V, G (y)) Uy i,
where the function %, ; is the solution of the Helffer-Sjostrand equation

LUy, = d (cos (2m (A*d(y) - ) Ly ytey) in Z%x Q.
— Since the gradients of the Green’s functions V;G(y) are usually small, we con-
sider the first-order expansion of the sine and replace the value sin (27V;G(y))
by 27V;G.(y). With this assumption, we have

Qr = 2(8)(2m)2 01 3 eze ViG()dly yiey)

and

U = 2()(2m)? Z?:l Zyezd ViGy(y)Uy,i-
Using these simplifications, we compute
(4.5.2)

Y (Qe)Uy, ), = 2(8)* (4x*)?

d
YEL d

X Z Z ViG(y)V;Ga(y1) (cos(2md”d(y1) - €:)d™ U, ;(y1,¢) - €i),,, -
4,J=1y,y, €74

Using the translation invariance of the measure pg, one has the identity, for each pair
of points y,y; € Z4,
(4.5.3)
{cos(2md”d(y1) - €)™ U ;(y1,0) - i), = (cos2nd"d(y1 — y) - €:)d" Uo 5 (1 — ¥, ) - €4) ., -
Putting the identity (4.5.3) into the equality (4.5.2) and performing the change of
variable k := y; — y, we obtain
(4.5.4)

S (Qu)Uly, )),,, = =(B)*(4r>)?

yezZa d

X > > ViGy)ViGa(k —y) (cos(2rd*¢(k) - 5)d* Up (k. $) - €3),,
4,j=1y,kEZ

The strategy is then to simplify the right side of (4.5.4) by arguing that the

term d*% ; behaves like the mixed derivative of a deterministic Green’s function.
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Proving a quantitative version of this result is the subject of Theorem 2 which is
proved in Sections 7 and 8; in this setting, it can be stated as follows: there exists
an exponent v := v(d) > 0 and, for each pair of integers i,j € {1,...,d}, there exist
deterministic constants c; ; := ¢; j(d, §) such that, for each radius R > 1,

(4.5.5)

d
* * C
> (cos(2md*§(k) - )d Un (K, 8) - €5),, — D €iinCijy Vi, Vi, G(8)| < ok
kE€B2r\Br i1,j1=1

Once equipped with this estimate, we let & ; : Z% — R be the error term defined
according to the formula, for each x € Z,

d
&5(k) = (cos(d" (k) - e)d Un,; (K 8) - €}, = D €€ Vir Vi GlK).
i1,j1=1
According to the regularity estimate on the gradient of the Helffer-Sjostrand Green’s
matrix stated in Proposition 3.4.11 (via the Formula (4.4.5)) and the homogenization
estimate (4.5.5), this term satisfies the L! and pointwise estimates

1 C C
T Y 1&i(8) < o= and Ve eZ4, |6 (k)| <

d+y d—e
kEB2r\Br R |K|

We can use the definition of the term & ; to rewrite the identity (4.5.4). We obtain
(4.5.7)

d
Z (Qa()Uy, ")), = 2(8)%(4n*)? Z Ci,ilcj,jlz ViG(y)V;Ge(k —y)Vi, V;, G(k)

yeZ4 4,%1,J,J1=1 y,KEZY

d
23 ViGW)VGalr — )6 ().
i,j=1
The right side of the identity (4.5.7) can then be refined. First using the esti-
mates (4.5.6) on the error term & ; and Proposition 8.5.1 proved in Section 8.5, we
can show the following expansion: there exists an exponent v’ := +/(d) > 0 such that

(4.5.6) VR>1,

d

(45.8) > Y ViGW)V;Gu(k— )& i (k)

i,j=1y,keZ

d
C
= Z K;; Z ViG(y)V;Ge(k —y) + O (W) ;

3,j=1 y,KEZLY

where the constants K, ; are obtained from the error terms & ; according to the

formula
Kij:=2(8)%( Z & i(k),

KEZD
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which, by the estimate (4.5.6), is well-defined. A combination of the identity (4.5.7)
with the expansion (4.5.8) then shows

(4.5.9)
d
3 Q)% ), = (PR S conresn SOViG )Vl — 4)Ve, V5, Gl)
yeZd %,%1,5,J1=1 y,KEZS
d c
i,j=1 y,kEZ

This expansion does not give the Result (4.5.1) directly and we need to exploit the
symmetries of the dual Villain model to conclude. The argument relies on the fol-
lowing observation: since the Villain and dual Villain model are invariant under
the action of the group H of the lattice preserving transformations introduced in
Section 2, the same property holds for the two-point function, and thus for the
map T = Zyezd <Qz(y)%(y’ '))pg

One can then use this invariance property together with the expansion (4.5.9) to
prove that this expansion must take the simpler form

(4.5.10) > Q) WUy,)),, = E |d 3 TO <|m|dc’2+'y’) '

A

This is achieved by using the property of the discrete Green’s function and relies
on tools from Fourier analysis. The proof can be found in Section 8.4. The expan-
sion (4.5.10) is exactly (4.5.1); the proof is thus complete.

4.5.2. Proof of the expansion (4.5.1). — We first write Q, = dng,, perform an in-
tegration by parts, and use the identities (4.3.8) and (4.4.4) to expand the sum

2 yeza (Qz () Uy, -))nﬁ. We obtain

(4.5.11)
D QW)U )y, Y (na. (»)d™ Uy, )),,
yEeZd yEeZd

= (47?) Z Z (8,q1)2(8, g2) sin (27(VG, ng,)) sin (27 (VGyz, g, )

y€Z4 q1,92€Q
x (cos (27 (, q1)) A" Uy, (y, 0)) ,, 01 (¥)-

To simplify the sum over all the charges qi, g2, we introduce an equivalence relation
on the set of charges ¢): we say that two charges ¢ and ¢’ are equivalent, and denote
it by g ~ ¢/, if and only if one is the translation of the other, i.e.,

g~q = FzeZ¢ qz+)=¢.
This relation gives rise to a quotient space, which we denote by ¢)/ 7. For each charge

q € @), we denote by [g] its equivalence class. For each equivalence class [g] € Q/Z¢, we
select a charge ¢ € ¢y which belongs to this equivalent class (and break ties among
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the possible candidates by using an arbitrary criterion). We note that, for each charge
g € @), by the definition of the charge n, and of the coefficient z (8,q), we have the
identities, for each point z € Z¢,

(4512) z (5a q) =z (ﬂa q(' - Z)) ) Ng(-—z) = nq(' - Z) and (nq(-—z)) = (nq) .
We also note that, by using the translation invariance of the measure ug and the

definition of the function U, given in (4.4.3), we have the equality, for each pair of
points (y, z) € Z4,

(cos (27(¢,01)) " Upy(—2) (¥, 9)),,, = (c0s (2m(d, a1 (- + 2))) A" Uy, (y — 2, 9)) ., -

Additionally, we can decompose the sum over the charges ¢ € ¢) along the equivalence
classes, i.e., we can write, for any summable function F' : () — R,

(4.5.13) YD F(@= Y, > Fla(-—2).

q€Q lq]€Q/24 z€7d
Combining the identities (4.5.12) and (4.5.13), we can rewrite the equality (4.5.11),
45.14) > (Qu(y)U(y, ), = @r®)? Y z(8,a)=(B,42)

yE€Zd la1],[g2]€Q/Z¢

X [ Y sin(2n(VG,ng, (- — 22))) sin (21(VGo, ng, (- — 21)))

21,22,y€Z%

X <COS (27T(¢7 ql(' —z1+ ZQ))) d*%qz (y — 22, ¢)>#5 Ng, (y - 21) .

We first rearrange the identity (4.5.14). We use the identities (VGy,ng, (- — 21)) =
(VGz(- + 2z1),nq,), (VG,ng, (- — 22)) = (VG(- + 22),ng,), and perform the change of
variable y := y — z;. We obtain

(4.5.15)

S Q) Uy, N, = (@n)? Y 2(Ba)z(B,a)

y€ezd la1],[g2]€Q/Z

x{ > sin(@n(VG(- + 22),n4,)) sin 27(VGo (- + 21),1g,)) ¢nq1(y)J,

21,22,y€Z4

(4.5.15)—(q1,92)

where € = (cos (27 (¢, g1 (- — 21 + 22))) A* Uy, (y + 21 — 22, d)))lw. The rest of the proof
is decomposed into two steps:

— In the first step, we use Theorem 2 and the regularity estimates established
in Proposition 3.4.11 to prove the following result: there exists an exponent
v’ :=4'(d) > 0 such that for each pair of charges g1, ¢> € @, and each pair of
integers (i,7) € {1,... ,d}2, there exist constants Ky, 4, = Kg,.4,(¢1,92,d,8),
Cpge = Cog(1,92,d,8), i = cli(i,j,q1,d,8) such that the term
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(4.5.15)—(q1, g2) satisfies the expansion

(4.5.16)
d
(45.15)~(q1,q2) = Y, ez Y ViG(21)V;ViG(21 — 22)ViG(z — 22)
i,5,k,l=1 21,22 €74
K, VG VG o Cua
+ K100 gzd (21) - (ngy) ¥ o(z—21) - (ng,) + |z]d=2+v" ) -

We recall that the vectors (ng, ) and (ng,) belongs to R? and are defined by the
formulae

(ng,) = Z ng (y) and  (ng,):= Z gy (Y)-
yezZd yezZd
We also record that all the constants K, g4, cg;’% and Cy, 4, grow at most
algebraically fast in the values ||¢1||; and [g2||;, i.e., there exist an exponent
k := k(d) < oo and a constant C := C(d,) < oo such that one has the
estimates
(4.5.17)

k k k k k
il < Cllaally,  [Kqal < Cllallyllgelly,  and  |Co gl < Cllaully a2y -

— In the second step, we use the symmetry and rotation invariance of the dual
Villain model to prove that the expansion (4.5.16) implies the expansion (4.5.1).

We focus on the proof of (4.5.16) and first simplify the term (4.5.15)—(q1, ¢2) by
removing the sine. To this end, we use the following ingredients:

— We use the inequality, |sina — a| < %a?’ , valid for any real number a € R, and
the inequality, for each charge g € ¢, and each point z € VA
Cq
|2[d-1

(VG ng(- = 2)) <

We deduce that, for each pair of points z1, 2o € Z%,

(4.5.18) Isin (27(VG(- + 22),ng,)) — 20(VG(- + 22),n4,)| < |zc|;?;_3,
2
and
. Cy,
(4519 Jsin @r(VGL(+ 21),mg)) = 20(VGs(-+ 20) )| €

— We further simplify the terms 2m(VG, ng, (- — 22)) and 2n(VGg,ng, (- — 21)). We
use that the double gradient of the Green’s function decays like |2|~¢, and the
assumption that the point 0 belongs to the supports of the charges ny, and n,.
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‘We obtain
(4.5.20)

20 (VGo (- + 21),1q,) = 27 (ng,) - VGa(21)| = [21(VGa (21 + ) = VG (21), g, )|

_Ca
=z —a]d
The same argument shows the estimate
C
(4.5.21) [27(V G gy (- = 22)) = 2m (ngy) - VG(z2)| < TG

We then combine the inequalities (4.5.18) and (4.5.20) on the one hand, (4.5.19)
and (4.5.21) on the other hand, and use the inequality 3d — 3 > d. We obtain
the two estimates

(45.22) i (27(V G gy (- — 22))) — 27 (ngy) - VGal22)| < |xc|d ’
-2
and
(45.23) it (20(V G (- = 22)) = 27 (ng,) - V6 an)| < %
1

— We use the estimate (4.4.6) and deduce that, for each point y in the support
of ng,,

Clhylh

‘(COS 2m(d, 1 (- — 21+ 22))) A" Uy, (y + 21 — 22, 8)) | < 71 = 2|2
— We have the inequalities, for each point z € Z¢,

1 1 1 C'ln |z|
2 <

X X
Y e N 21 Lt Cf

21,22€Z%

and

Z 1 " 1 y 1 < C
v |z — 21|51 7 |21 — z9]@¢ |20]d = |z|d-1-¢

A combination of the four items listed above implies the expansion

(4.5.24) (45.15)(q1,42) = (47%)> D VG(22) - (ng;)VGa(21) - (ng,) Cng, ()

21,22,y€24

qu,lIQ
o (|x|d—1—f> !

where € = (cos (2m(¢, 1 (- — 21 + 22))) d* Uy, (y + 21 — 22, ¢)>ua' A consequence of the
identity (4.5.24) is that to prove the expansion (4.5.16), it is enough to prove the

(4.5.24)—(q1,42)
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following result

(4.5.25)
d
45.24)(qro2) = Y. e Y ViG(21)V,;ViGlz1 — 22)ViG(z — )
sk, l=1 21,22 €24
+K ZVG(Z)'(TL WGi(22 + K) - (ng,) + O Cae
" i ” e “ |z|d-2+7 ) -

21,yEZY

The rest of the argument is devoted to the proof of (4.5.25) and relies on the homog-
enization of the mixed derivative of the Helffer-Sjéstrand Green’s matrix stated in
Theorem 2.

We first consider the term (4.5.24)—(g1,¢2) and perform the change of variable
K := z1 — z2. We obtain
(4.5.26)  (4.5.24)~(q1,q2) = (47%)*> D VG(22) - (ng,)VGal(z2 +K) - (ng,)

z1,k,y€ZY
X <COS (27T(¢, ql(' - K“))) d*%qz (y + K, ¢)>#5 Ny (y)

We then post-process the result of Theorem 2 so that it can be used to estimate
the term (4.5.24)—(q1, ¢2); the objective is to prove the estimate (4.5.30) below. We

use that the codifferential d* is a linear functional of the gradient to deduce from
Theorem 2 that, for each radius R > 1,

* * * al C 2
@527) AU, — 3. S (@, +d*xiy) ViGauy < Rity

1<i<d1<j<(9)

L2(B2r\Br,u3)
We recall the notation Ag := Baog\ Br. Using the arguments and notation introduced
in Remark 3.4.13, we obtain the identity

S (e, +d%xij) ViGaoi = Y (ei+d*x;) (d*Gy, - 1) -

1<i<d1<j<(%) 1<i<d

The estimate (4.5.27) then implies, by using the stationarity of the gradient of the
infinite-volume corrector and the Cauchy-Schwarz inequality,

(45.28) > |{cos (2m(¢, a1 (- — K))) A" Uy, (5, 4))

KEAR
=3 (eos (1)) (e + A xa(0, 8)),, (d°Giy () - )| < S22,

RY
1<i<d
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The inequality (4.5.28) can be generalized into the following result: for each point
y ez,

(4.5.29) Y |(cos (2m(, a1 (- — 1)) AUy, (y + £, 9))

KEAR
— Y (cos(2m(¢,q1)) (e + d"Xi(y: )., (d"Cou (k) - i)
1<i<d

< Cu+ ")

< R
The proof of the estimate (4.5.29) relies on a technical argument, we omit it here and
refer to the long version of the article for the details (|36, Chapter 4, Section 5.2]).

We then consider the estimate (4.5.29) for a point y in the support of the charge ng,,

take the scalar product with the vector ng, (y), and sum over all the points y in the
support of ng,. We obtain

(4.5.30)

)D

KEAR

<COS (27T(¢, ql(' - K“))) (nQ1 ) d*%qz(' + K, ¢))>N6

— D (cos@n(d,q1)) (ngy €5+ d"Xi(y, )., ("Ca(k) - i) | < Co0

Ry
1<i<d

We then focus on the term (4.5.24)—(q1,¢2) (and more specifically on the right side
of (4.5.26)) and use the inequality (4.5.30) to simplify it. To ease the notation, we
introduce the following definitions:

— We let &, 4, be the map from Z? to R defined according to the formula, for each
point k € Z,

8‘11#12 (K;) = <COS (2’/T(¢, ql(' - ’%))) (nqud*%lm(' + K, ¢))>HB
= 3 (eos (2n(d 1)) (ngy i + A X)), (A Cn(r) -es)
1<i<d
It is an error term which is small; in view of the estimate (4.5.30), Remark 4.4.3,
and the definition of the map G, ; stated in (3.4.18), it satisfies the inequalities

C C
(4531) YR>1, Y |6n.ek) < % and Vi € Z%, |6 4, (k)] < —222,
KEAR |K’|
— We recall the definition of the coefficient Xg stated in Remark 4.4.3. For each
pair of integers (i, ) € {1,...,d}?, we define the coefficient cj; according to the
formula

;=47 (1+Xp)

* [(ng) - ei] x (cos (2m(6, 1)) (ngy, e + d*X,)),,,
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Using these notation together with Remark 3.4.13 and an explicit computation (which
we omit here), we obtain the formula
Z <COS (271'(¢, ql)) (nlh €+ d*Xl(y7 ¢))>P4B (d*éqz ('kc) ! ei)

1<i<d

=(1+ A/g)_l Z (cos (27 (¢, q1)) (ngy, €5 + d*Xi)) .,

1<i,j<d
x (cos (27 (¢, q2)) (g, €5 + d*x;)),, ViV;G.
The term (4.5.24)—(q1, g2) then becomes

d
(4.5.24)~(q1,92) = Z clich Z V:G(z1)V; Vi G(z1 — 22)V,G(x — 22)
i,j,k,l 1 Zl,ZQGZd
+ 4 Z VG(z2) - (ng,)VG (22 + k — T) - (114, )E4y g5 (K)-

22,KEZY
To prove the estimate (4.5.25), it is thus sufficient to prove that there exists a

constant K, 4, such that

Z VG z2 nqz)vG (22 + H) (nlh )8‘11,(12 (H)

22,KE€ZY
C 1,92
= Kgig D VG(22) " (n4,)VGa(22) - (ng,) + O ( Rzg,) :

z1E€Z4

The proof of this result relies on the estimates (4.5.31); it is the subject of Proposi-
tion 8.5.1 and is deferred to Section 8. We note that the argument gives the following

explicit value for the constant K, 4,

2
Kq g, =47 E :8417(12

KEZ?
By the estimates (4.5.31), the constant K, 4, is well-defined and grows at most al-
gebraically fast in the parameters ||gi||; and ||gz2||; as required. The proof of the
expansion (4.5.16) is complete.

We complete the proof of Theorem 1 by showing that (4.5.16) implies the result.
We first sum the expansion (4.5.16) over all the equivalence classes [q1], [g2] € Q/Z4,
and use the exponential decay of the coefficients z (8, ¢q1) and z (8, ¢2) to absorb the
algebraic growth of the constants c{}, c? and Cy, 4, We obtain

Cij
(4.5.32)

Y AQeW) Uy, ), =477 DY 2(8,41) 2(8,4) X (45.15)(q1,42)

y€Zd lq1],1q2]€Q)/ 2

(4.5.33) = 47 Z Z z(B,q1) 2 (B, q2) ¢ iy

lq1],lq2]1€Q/Z4 i,5,k,1=1
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X Z ViG(Zl)VijG(Zl - ZQ)VZG(.’E - ZQ)

Zl,zzezd
(4.5.34) +ar® > 2(B,a1) 2 (B,02) Ky g
la1],[g2]€Q/2%
x 37 VG(a1) - (ng,) x VG(z = 21) - (ng,)
Z]EZd
+an? Y 2(B,41)2(B,q2) O Caiga
» 41 » 42 |.’E|d_2+71
[a1],[g2]€Q/2%
d
= Z cijckl Z VlG(Zl)V]VkG(Zl - Zg)le(x - Zg)
i,j,k},l:l zl’zZEZd
d C
+ 421 Ki,j Zd le(Zl)v]G(CC - 21) + 0 <|$|d_2+7,> s
1,3= z1€EZ

where we have set
cij 1= 4m? Z z(B,q) ¢

la]eQ/2¢

and

Kij=4r" 3 2(8,0)7(0,2) Ko [(ng) - ei]l X [(ng,) - 5],

[a1],[a21€Q/2¢

which are well-defined by the exponential decay of the coefficient z(g, q).

We then simplify the expansion (4.5.32) by noting that, since the measure pg is
invariant under the symmetries and rotations of the lattice Z9, the function
T Y eza (Qu(Y)U(y, ")) u, Satisfies the same invariance property. It is proved

in Proposition 8.5.1 in Section 8 that this invariance property combined with the
expansion (4.5.32) implies that there exists a constant ¢ := ¢(d, §) such that

Z <Qm(y)%(y7)>p5 = |.T|3_2 +0 <|x|dg+7/> :

y€eZd

This is precisely the expansion (4.5.1). The proof of Theorem 1 is complete.
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CHAPTER 5

REGULARITY THEORY
FOR LOW TEMPERATURE
DUAL VILLAIN MODEL

In this section, we study the regularity properties of the solutions of the Helffer-
Sjostrand operator

. 1 1 1 n+1 *
(5.0.1) L i=—Ay— %A +35 > ﬁ—%(—A) +3 Vi-a,V,,
n>1 qEQ
where we recall the notation, for each charge g € Q),
(5.0.2) V5 aVeu =2 (B,q)cos (2m (¢, 9)) (u,q) q.

We decompose this operator into two terms: the Witten Laplacian —Ay which acts
on the field ¢ and the spatial term Zgpa; defined by the formula

1 1 1
— +1 *
Zepat = —%AJrﬁ E(_A)n +> Vi -a,V,.

n>1 q€Q
The operator Zepat is uniformly elliptic. The purpose of this section is to apply the
techniques from the theory of elliptic regularity to understand the large-scale behavior
of the solutions of the equation Zu = 0. We study three types of objects:

— 1In Sections 5.1 and 5.2, we study the solutions of the equation Zu = 0. We estab-
lish a Caccioppoli inequality (Proposition 5.1.1) and C%!~¢-regularity estimates
(Proposition 5.2.4).

— In Section 5.3, we study the Helffer-Sjostrand Green’s matrix and heat kernel.
We prove Gaussian bounds on the heat kernel, decay estimates on the Green’s
matrix, and C%1~¢-regularity estimates for both functions.

— In Section 5.4, we introduce the last important tool in the proof of Theorem 1:
the second-order Helffer-Sjostrand equation. This equation is used to understand
how a solution of the Helffer-Sjostrand equation depends on the underlying
field ¢, and is used to compute convariances of the form cov [u, X], where X is
an explicit random variable (depending on ¢) and u is a solution of the Helffer-
Sjostrand equation;
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Let us give a few comments and heuristic of the proofs presented in this section.
The demonstrations rely on two main ingredients:

— If we decompose the Helffer-Sjdstrand operator Z as follows

A~ PAap L L A .
(5.0.3) 7 =—-A, 26A+2ﬁ§ﬁ%( A) +§qu a,Vy,
nz q

Zo
zpert

then the operator Zpert is a perturbation of 7y if the inverse temperature § is
large enough. The operator %y has properties similar to the ones of the Laplacian
and a complete regularity theory is available. The strategy to obtain regular-
ity estimates relies on Schauder theory (see [67, Section 3]): since the opera-
tor Zpert is & perturbation of the operator Zy, one can prove that each solution
of the equation Zu = 0 is well-approximated on every scale by a solution @ of
the equation Zou = 0. One can then borrow the regularity of the function @ and
transfer it to the function u. This process causes a deterioration of the regular-
ity for the function u: one obtains a C%!'~*-regularity theory for the solutions
of the system Zu = 0, for some strictly positive exponent . The size of the
exponent € depends on the size of the perturbative term and thus on the inverse
temperature J; it tends to 0 as [ tends to infinity.

— The second ingredient is the dynamical solvability of Proposition 3.4.6 which
allows to express the Helffer-Sjostrand Green’s matrix as the integral over time
of a heat-kernel associated to a parabolic, time-dependent, uniformly elliptic
system of equations. The system we obtain is a small perturbation of the stan-
dard discrete heat equation, and we can apply the Schauder regularity theory
described in the previous item to prove regularity properties on the heat-kernel
(e.g., Nash-Aronson estimate, C*!~¢-regularity estimates). We then transfer
these properties to the Helffer-Sjostrand Green’s matrix by an integration over
time.

We complete the introduction of this section by mentioning that we need to keep
track of the dependence of the constants on the inverse temperature (3, since one of
our objectives is to prove that the regularity exponent € tends to 0 as the inverse
temperature 8 tends to infinity. The constants are thus only allowed to depend on
the dimension.

5.1. Caccioppoli inequality for the solutions of the Helffer-Sjostrand equation

In this section, we prove a Caccioppoli inequality for the operator Z, the proof
follows the standard technique but some technical difficulties have to be taken into
account due the infinite range of the operator Z. In particular, the result obtained
is slightly different from the one of the standard Caccioppoli inequality: there is a
long range term in the right sides of (5.1.2) and (5.1.3). Since the coefficients of the
operator Z decay exponentially fast, the long range terms in the right sides of (5.1.2)
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and (5.1.3) exhibit the same decay. Before stating the result, we recall the notation for
d
the average (over the space variable) of a function over a ball: for u : Z¢ x Q — R(Z),

1
Wp, ¢ 2 Y, ul,9).
|Brl 5
r€BR
Proposition 5.1.1 (Caccioppoli inequality). — Fiz a radius R > 1 and let u: Z¢ x Q — RG)
be a solution of the Helffer-Sjostrand equation

Then there exist a constant C := C(d) < oo and an exponent ¢ := ¢(d) > 0 such that
the following estimates hold

(5.1.2)

B 105ull g2y + 1V L2 (5 )

y€Zd
¢ —e(in B)e]
< 7l Bap g + Y. s M2y »
T€Z\Bag
and
(5.1.3)
C —c(ln R
1Vl 2 2 S 1= @)l oy + 2 €D ) 2
zeZd

Remark 5.1.2. — The two long range terms in the right sides of (5.1.2) and (5.1.3) are
error terms which are small and are caused by the infinite range of the operator Zspat.
They decay exponentially fast and are typically of order e~ %.

Proof. — The argument follows the standard outline of the proof of the Caccioppoli
inequality; a number of technical details, pertaining to the interation of the Laplacian
and the discrete differential forms need to be taken into account in the analysis.
Since the argument does not contain any new idea regarding the method, we omit
it here and refer to the long version of this article for the details ([36, Chapter 5,
Proposition 1.1]). O

5.2. Regularity theory for the Helffer-Sjostrand operator

The purpose of this section is to prove the C%!~#-regularity of the solutions of the
Helffer-Sjostrand Equation (5.0.1). The result is stated in Proposition 5.2.4.

The proof relies on Schauder theory; as is explained in (5.0.3), the strategy is to
decompose the Helffer-Sjostrand operator £ into two terms: the operators Zy and
Zoers- The operator Zj is the leading order term. For this operator a C%!-regularity
theory is available. This result is stated in Proposition 5.2.1 and the proof is essentially
equivalent to the standard proof of the regularity for harmonic functions.
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The second operator Zpey iS a perturbative term; it is small when the inverse
temperature 3 is large. The strategy is to argue that any solution u of the Helffer-
Sjostrand equation is well-approximated on every scale by a solution @ of the equation
—Ayu + %Aﬂ = 0 and to transfer the regularity of the function @ to the solution wu.
This section can be decomposed into three propositions:

— Proposition 5.2.1 establishes a regularity theory for the solutions @ of the equa-
tion Zou = 0.

— Proposition 5.2.2 states that if a function v is well-approximated, in the sense
of the estimate (5.2.3) below, by a solution of the equation —Ayu — %Aﬂ =0,
then a C%!'~*-regularity estimate holds for the function u.

— Proposition 5.2.4 establishes the regularity for the solutions of the Helffer-
Sjostrand equation. We prove that any solution u of the equation Zu = 0 is
well-approximated by a solution % of the equation Zyu = 0 and apply Proposi-
tion 5.2.4 to conclude.

5.2.1. Regularity theory for the operator —Ay — %A. — In this section, we establish
a regularity theory for the operator —Ay — %A.

Proposition 5.2.1 (Regularity theory for the operator —A, — %A). — Fiz a radius
R >0, and let w : Bog X Q be a solution of the equation
1
—A¢ﬂ— %Aﬂ =0 in Bagr x Q.
Then, for any integer k € N, there exists a constant Cy < oo depending on the
dimension d and the integer k such that the following estimate holds

C

k— E o=

(5.2.1) ISEUER IV*a(z, ')HL?(HB) < Rk+2 [ (U)B2R||L2(B2R,,u5)'

Proof. — The proof is standard and relies on two ingredients: the Caccioppoli in-

equality and the observation that the spatial gradient V commutes with the two
Laplacians —Ay and A. First by the Caccioppoli inequality, one has

_ ¢,
”VUHLQ(BR,M) < R ||u B (u)BZRH£2(BzR7#B) ’

We then note that, since u is a solution of the equation Zyu = 0, the gradient of u is also
a solution of the equation ZoV#@ = 0. One can thus apply the Caccioppoli inequality
to the gradient of w and deduce

C
< —

sy < 7 1Vl 5

IVl 2

Bar,up) *

An iteration of this argument shows that, for any integer k > 1, the L? (BR, pg)-norm
of the iterated gradient V*% is controlled by the L2 (B2r, pp)-norm of the function @
with the appropriate scaling. By an application of the Sobolev embedding theorem
(see [1, Section 4]), we obtain the regularity estimate (5.2.1). O
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5.2.2. Regularity theory for the Helffer-Sjostrand operator. — The next proposition
states that if a map w is well-approximated on every scale by a solution @ of the
equation Zou = 0, then the function u satisfies a C%1~¢-regularity estimate for some
exponent € depending only on the dimension d and the precision of the approximation.
The proof follows a well-known strategy of Campanato (see e.g., [56]). The proof
written below is an adaptation of the one of Hofmann and Kim [69].

Proposition 5.2.2. — Fixz X > 1, a regularity exponent € > 0, and a constant K > 0.
There exists two constants 6. > 0 and C = C(d,e) < oo, depending on the pa-
rameters d and € such that the following statement holds. For any R > 2X, if a
function u € L? (Bg, pg) satisfies the property that, for any r € [X, 3R], there exists
a solution u € L? (Ba,, ug) of the equation

1
(5.2.2) —Ayu — %AE =0 in By, X Q,
such that
(5.2.3) IV (u— H)HH(BT,M) <. HVUHP(BW,MB) + K,

then for every r € [X, R],
R €
(5.2.4) IVull2(g, ) < C (r) IVull L2 (g + CK-

Before starting the proof, we record the following lemma, which is a consequence
of Giaquinta [56, Lemma 2.1].

Lemma 5.2.3. — Fiz two non-negative real numbers X, R such that R > 2X > 2 and
two non-negative constants Cy, K. For any regularity exponent € > 0, there exist two
constants §. := 6. (C,e,d) and Cy := C1(C,e,d) such that the following statement
holds. If ¢ : Rt — R is a non-negative and non-decreasing function which satisfies
the estimate, for each pair of real numbers p,r € [X, R] satisfying p <,

(5.2.5) ¢ (p) < Co ((f) = 66) o(r) + K,

then one has the estimate, for any p,r € [X, R] satisfying p <,

(5.2:6) s < ((2)7 ot + Kot ).

Proof. — This lemma can be extracted from [56, Lemma 2.1 p86] by setting o = %,
8= % — ¢ and by using that the radii R,r are larger than 1. O

Proof of Proposition 5.2.2. — We fix a regularity exponent ¢ > 0, let 6. > 0 be
the constant provided by Lemma 5.2.3, and fix two radii p,r € [X, %R] with p <.
We let w be the solution of the Equation (5.2.2) in the set B, x Q such that the
estimate (5.2.3) holds. We note that the estimate (5.2.3) implies the inequality

IVall L2 (s, 05y < ClIVUll 28y, ) + K-

SOCIETE MATHEMATIQUE DE FRANCE 2024



84 CHAPTER 5. REGULARITY THEORY

By the regularity theory for the map @ established in Proposition 5.2.1, we have

d
_ P\ 2 o
(5.2.7) 1Vl 2 3,y < € (2) " IV 25, 1

By combining the estimates (5.2.3) and (5.2.7) and the estimate on the L2-norm of
the gradient of @ mentioned above, we compute

1V 25,000 < IV 0= g, ) + 1V 25,0
d
_ P\2 o
<NV = Dlga(, e+ (5) 198228,
d
P\ 2
<6 VUl aa,, ) + K+ (2) 7 (C1V0l 123, + K)

d
P\ 2
<0 ()" +6.) 1ullgp, oy + 2K

We apply Lemma 5.2.3 with the function ¢(p) = ||Vu||L2(Bp). The inequality (5.2.6)
with the choice r = R gives, for any radius p € [X, R],

d
pP\2"° d
1901528, < O ((5)" 19l + 20 ).

Dividing both side of the estimate by p% completes the proof. O

We now use Propositions 5.2.1 and 5.2.2 to obtain C%!~¢-regularity for the solu-
tions of the Helffer-Sjéstrand equation.

Proposition 5.2.4 (C%'~¢-regularity theory). — For any regularity exponent ¢ > 0,
there exists an inverse temperature By = [o(d,e) < oo such that the following
statement holds. There exist two constants C := C(d,e) < o0 and ¢ := ¢(d) > 0
such that for any radius R > 1, any inverse temperature 8 > [y, and any func-
tion u : Z% x Q — R solution of the equation

Zu =0 in B x Q,

one has the estimate
(5.2.8)

C —c(in T
V(0 )| 12,1y < i [|w— (“)BRHQ(BRM) + Z e—c(n B)(RV|a|) (e, )l 2, -
z€Z3

Proof. — The strategy of the proof is to apply Proposition 5.2.2 to the function u
and then to apply the Caccioppoli inequality. We fix a regularity exponent £ > 0, a
radius R > 1, and split the argument into two steps:

— In Step 1, we prove that the map wu satisfies the following property: there exist
an inverse temperature fy (¢,d) < oo, and a constant C := C(d) < oo such that
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for every 8 > [y, and every radius r > (In R)2, the following estimate holds
(5.2.9)

R % —clin x
IVl 25, ) 50(7') IVull 2y + Do € OPENVu(, )l 2., -
z€Z4\BR
— In Step 2, we deduce from (5.2.9) and the Caccioppoli inequality stated in
Proposition 5.1.1, the pointwise estimate (5.2.8).

Step 1. — To prove the estimate (5.2.9), the strategy is to apply Proposition 5.2.2.
To this end, we set X := (ln R)z, and fix a radius r € [X, %R] We then define the
function @ to be the solution of the boundary value problem

—-A ﬂ——Au—OmB x Q,
(5.2.10) Y
uw=wuondB, x Q.

We first prove that the map u is a good approximation of the map u. Specifically, we
prove that there exist two constants C := C(d) < oo and ¢ := ¢(d) > 0 such that

- C
(5.2.11) IV (=Dl 25, ) < gt et
+ Cem AR |Gy
+0 Y e T, ) e -

z€Z4\BR

To prove the estimate (5.2.11), we note that the map w—u is a solution of the following
system of equations
(5.2.12)

—Ay(u—u) — %A( —u) =55 Z ,82 Aty ZV -a,Veu  in B, x Q,
n>1 qu
u—u=20 on 0B, x Q.

We extend the function (u — u) by 0 outside the ball By so that it is defined on the
entire space Z¢ and use it as a test function in the system (5.2.12). We obtain

(5.2.13) > 9, (@ ||L2(BT o) T 57 25 ”V(ﬂ_u)”i?(Br,u@)
yEZd
Z g Z (V" u(z, ) - V(@ — )z, .)>Hﬂ _Z (Vou-a,V, (T — “)>ua .
n>1 reZd q€Q

(5.2.13)— (i) (5.2.13)—(ii)

The terms (5.2.13)-(i) and (5.2.13)-(ii) are perturbative terms which can be proved
to be small by using the two following ingredients:

— The discrete gradient is a bounded operator and the inverse temperature (3 is
chosen large, this is used to estimate the term (5.2.13)-(i);
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— The coefficient a, satisfy the upper bound |a,| < e—cVBldlli | this is used to
estimate the term (5.2.13)-(ii).

We omit the technical details here which can be found in the long version of this article
([36, Chapter 5, Proposition 2.4]); the result we obtain is the one stated in (5.2.11).

We complete Step 1 by proving that the estimate (5.2.11) implies the esti-
mate (5.2.9). We consider the regularity exponent ¢ fixed at the beginning of the
proof and the parameter J: provided by Proposition 5.2.2 (associated with the
exponent $). We let C := C(d) < oo and ¢ := ¢(d) > 0 be the constants which appear
in the inequality (5.2.11) and set

X :=(nR)?
and
K = Ce ™ 1Vl g,y + O D e O [ Vule, )2,
CEGZd\BR

An application of Proposition 5.2.2 shows the inequality: for any radius r € [X, R],

R\ 2
(5214) ||Vu||L2(BraH/3) S C <T> ||vu||L2(BR7H/i)

+ Ce—cnB(in R)? ||Vu||L2(BR7N5)

Lo Z e—c(inB)z| IVu(@, )l 2, -
z€ZY\Br

We then note that the exponential term e—c(»#)(In R)? decays faster than any power
of R, so the second term on the right side of (5.2.14) can be bounded from above by
the first term on the right side. This completes the proof of the inequality (5.2.9).

Step 2. — We select r = (In R)z, apply the Caccioppoli inequality to estimate the
right side of the inequality (5.2.9), and use that the discrete gradient is a bounded
operator to replace the term ||Vu(z, ')”L2(uﬂ) by 32,z llu(y, ')||L2(uﬁ)' We obtain

€

R \'1
190ll (5, o ) < © <W> 7= @nall s

+C Z e—c(lnﬁ)(R\/\lD I|u(1~’ .)||L2(M5) .

z€Z
We apply the discrete L>® — L? -estimate

1950 12,y < 1Vl ) < (0 R)? [Vl

B(ln R)2:HB) T B(ln R)%Nﬁ) :

We then combine the two previous displays and the estimate (In R)d < CR? to obtain
the inequality (5.2.8). The proof of Proposition 5.2.4 is complete. O
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5.3. Nash-Aronson estimate and regularity theory for heat kernels

In this section, we study the dynamical solvability of the Helffer-Sjéstrand equation
and prove the bounds stated in Section 3 (and specifically Proposition 3.4.6).

We first recall the definition of the Langevin dynamics associated wiht the Gibbs
measure pg. Given a field ¢ € Q, we let (¢¢):>0 be the diffusion process evolving
according to the Langevin dynamics

d¢t( ) ﬁA¢t 2/3 Z /82 n+1¢ ( )
(5.3.1) +3 (Vv q¢t) (z)dt + V2dBy(z),
a€Q
po(x) = ¢(z),

where {By(z) : t >0, z € Z} is a collection of independent normalized R()_valued
independent Brownian motions. We denote by P, the law of the dynamics (¢¢)¢>0
starting from ¢ and by E4 the expectation with respect to the measure Py. Given a
realization of the dynamics we let P? be the solution of the parabolic system

9, P? () — 7gAP 5 Y) 2ﬂz /3’* n+1P¢' ()
n>1
+ 37 (Vi - a,(¢) VP (5y)) = 0in [0,00] x Z7,
qeQ

P?(0,;y) = 6, in Z°.
The main purpose of this section is to prove upper bounds on the heat kernel
P? and on its spatial derivatives. We introduce the following definition. For each

constant C > 0, we let ®¢ be the function defined from (0,00) x Z? to R by the
formula, for each pair (t,z) € (0,00) x Z,

t%e _lal® if |z < ¢
X I |
P Ct -7

exp (—|m0|) if |z| > ¢.

The next proposition is the main result of this section.

(5.3.2) Bo(t,z) =

Proposition 5.3.1 (Gaussian bounds and C°!'~¢-regularity for the heat kernel). — For
any regularity exponent € > 0, there exists an inverse temperature $1(d,e) < 0o, and
a constant C := C(d,e) < oo such that for every § > (1, for any realization of the
dynamics (¢¢)t>0, any (t,z,y) € [1,00] x Z¢ x Z4,

(5.3.3) |P¢' (t,m;y)‘ < C%¢ (;,x — y) .
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Moreover, one has the following C%1~¢ -reqularity estimate on the gradient of the heat
kernel

3¢ t
(53.4) vort | <c () e (fe-u),
and on the mized derivative of the heat kernel
l1—e
t
(5.3.5) |V, VP (t,z;y)| < C ('f) e <5,m — y> .

Remark 5.3.2. — Due to the discrete setting of the problem and the infinite range
of the operator Z, the heat kernel does not have Gaussian decay when the value |z|
tends to infinity. Instead it decays exponentially fast; this justifies the introduction of
the function ..

Remark 5.3.3. — For later use, we need to keep track of the dependence of the
constants in the inverse temperature .

In the rest of Section 5.3, we give an outline of the proof of Proposition 5.3.1; the
details of the argument can be found in the long version of this article ([36, Chapter 5,
Sections 3.1 and 3.2]).

Outline of the proof of Proposition 5.83.1. — Gaussian bounds on the heat kernel are
usually a consequence of the Nash-Aronson estimate (see [11, 44]) for uniformly elliptic
operators. This result cannot be applied here since the operator 8t+$$jat is a parabolic
system of equations, and we refer to the counter-example of De Giorgi [40] disproving
the Liouville property and the C%%-regularity theory for systems of elliptic equations.
To prove Gaussian bounds and regularity on the heat kernel, we use a different strategy
and proceed according to the following outline:

1. We use that the elliptic operator 72

spa
establish C%!~¢_regularity for the solutions of the system

(5.3.6) Byu + Lt u = 0.

¢ is a perturbation of the Laplacian to

2. We use the C%'~®.regularity and an interpolation argument to obtain
L*°-bounds on the solutions of the Equation (5.3.6). More precisely, we
prove that every solution of the system (5.3.6) in the parabolic cylinder Qs
satisfies the pointwise estimate

0
— n 2
lull 2 (@, §C||u||L2(er)+/ Co > e () dt.
7" 2€Z4\B,

bt

3. We prove that the solutions of the adjoint of the parabolic operator 0y + Z;

satisfies the same pointwise estimate.
4. We use the pointwise regularity estimates and the technique of Fabes and
Stroock [44], which is based on the technique of Davies [37, 38| (see also the
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article of Hofmann and Kim [69]) to establish the Gaussian bounds on the heat
kernel stated in (5.3.3).

5. We combine the Gaussian bounds on the heat kernel with the C'~¢-regularity
theory for the solutions of (5.3.6) to obtain the upper bounds on the gradient
and mixed derivative of the heat kernel stated in (5.3.4) and (5.3.5). O

5.4. Definition and regularity for the second-order Helffer-Sjostrand operator

We introduce and study the second-order Helffer-Sjostrand operator. We mention
that this operator was initially introduced in the article of Conlon and Spencer [29],
and the general underlying philosophy is closely related to the one developed in
stochastic homogenization in [61, 62, 59, 60].

Let us fix a function G € C°(Z¢ x Q) and let u be the solution of the Helffer-
Sjostrand equation

Zu=G in Q x Z°
As mentioned above, in Section 8.3, we will have to estimate covariances of the
form cov [u, X], where X is an explicit functional of the field ¢. By the Helffer-
Sjostrand representation formula (Proposition 3.4.7), it is sufficient to understand
the properties of the functions 9,u, for z € Z<.

The strategy is then to find an equation satisfied by the map 0, u. In this direction,
we may apply (formally) the operator 9, to both the left and right hand sides of the
identity Zu = G. We obtain the identity

(54.1) 9o—Apu—3 Aa u+— Z A Ou+dy | > Vi aVeu | = 0,G.
q€Q
To go further in the computation, let us introduce the following notation:

— We define the function v, h : Z¢ x Z% x Q +— R(:)x(3) by the formulae, for each
for (z,y,¢) € 2% x Z* x Q, v(z,y, ¢) = d,uly, ¢) and h(z,y,¢) = 9.G(y, ¢).

— Givenamap h: ZIxZ¢x Q — R()x (g), we denote by A, the spatial Laplacian
in the first variable and by A, the Laplacian in the second variable. We also
denote by >_ o Vi, -84, Vg, h and by >4 0 Va, - g, Vg, h the operators

> Vi cag, Ve hi(z,y,6) — Zaq ,9),49) q(x)
gz €Q) q€Q)

and
Z VZy .aquth Y, ¢ Zaq z, ,Qf)) q) ( )
qy €Q q€Q

— Finally, we denote by Zpat.o and Zpat,, the operators
1 1 1 . .
Zspat,z = _ﬁAwu + 23 7; E(—Ax) Flu+ Z Vi, 2, Vg, u,

Gz €Q
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and
1 1 .
Lopatyy =~z Dyt + == 3 ﬁ( A" ut Y Vi cag, Vo u.
26 26 21 57
qy€Q

The term 0. — Agu can be computed by using the same strategy as the one used
to derive the Helffer-Sjostrand equation in Section 3.4, and we obtain, for each
(z,y,0) € Z¢ x 2% x Q,
(5.4.2)

a:v - A¢u(y7¢) = —A¢.'U($,y,¢) - %A x ya iﬁ Z n+1 (.’E,y,(]ﬁ)
n>1

\Q
m\: =

+ Z Vi, a4, Ve, v(z,y,0)

qm€Q
= —Auv(z,Y, ¢) + Lpat,o0(2, Y, D)

The term 0, (quQ v aqvqu> can be computed by using the exact formula stated
n (5.0.2):

(5'4'3) Oz Z V; : aqqu(y, ¢’) =0, Z g (ua Q) Q(y)

q€Q q€Q
zzaiﬂaq(uq +Zaq aa()b )
q€Q q€Q
(5.4.4) =272 (8,q) cos (27 (¢,9)) (u, ) q(z) @ q(y)
q€Q
+ Z V;yaququ(a:,y,qﬁ).
‘lyGQ

Combining the identities (5.4.1), (5.4.2), and (5.4.3), we obtain that the map v solves
the equation

(545) - Adﬂ](x? Y, ¢) + ZSpat,m'U(xv Y, </>) + -czspat,yv(xa Y, ¢)
==Y 2mz(B,q) cos (27 (¢,9)) (u,9) 4(x) ® q(y) + 0:G(y, ).
q€q)

This equality can be rigorously justified using the arguments of Section 3.4 and of [82,
55]. The identity (5.4.5) motivates the definition of the second-order Helffer-Sjostrand

d d
operator acting on functions defined on Q x Z? x Z? and valued in R(2)*(2)

(5.4.6) zgec = _A¢ + zSpat,ac + zspat,y-

This operator has the same properties than the one satisfied by the Helffer-
Sjostrand operator and listed in Section 3. In particular, it can be solved using
the variational techniques of Proposition 3.4.2 or the dynamical interpretation of
Proposition 3.4.6.
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As it was the case for the Helffer-Sjostrand operator, it is natural to consider the
Green’s function associated with the second-order operator It is introduced in the
following definition.

Definition 5.4.1 (Green matrix for the second-order Helffer-Sjostrand equation). — For
any (y,y1) € Z x 22, we let & .79 x 74 — R() %(2)” be the Dirac mass defined

by the formula

Y,y1)

S (#,21)) = (L@e=wan)  Li=i}) 1< < (2) -
For any function f :  — R satisfying f € L?(ug), we define the Green’s function

2 2
associated with the second-order equation (eec £ : € X 74 x 7% — R(g) x(3) according
to the formula

(5.4.7) ZoecGseot = £y 1) in Q x Z% x Z°.
As in Proposition 3.4.8 of Section 3.4.4, the existence of the Green’s function can
be established variationally, by applying the Gagliardo-Nirenberg-Sobolev inequality.

As in Section 3.4.4, one can solve the second-order Helffer-Sjostrand equation dy-
namically as stated in the following proposition.

Proposition 5.4.2. — Fiz £ € L*(ug) and (y,y1) € Z% x Z%. The Green’s matriz
Coec,t(;y, Y1) satisfies the identity
Csec,t (T, 21,59, y1) 12/ Ey [£(6¢) Po.(t, y, y1; 2, 21)] dt,
0

where P?:

sec

8tPs¢;c ('7 kR ;.Q?,éﬁ) + (zsqi;at,z + zjljat,y) Pjéc ('a kR ;xvml) =0 in (07 OO) X Zd X Zdv

(-3, x1) is the solution of the system of equations,

Ps¢’e.c (0,',';I,$1) = 6(z,$1) m Zd X Zd'

5.4.1. Gaussian bounds and regularity estimates for the Green’s matrix. — In this sec-
tion, we study the decay properties of the Green’s matrix associated with the second-
order Helffer-Sjostrand operator.

The operator ZZs‘z’p'aw —l—SZ:;at’y is a uniformly elliptic operator on the 2d-dimensional
space Z% x Z¢. If the inverse temperature (3 is chosen large enough, then this operator
is a perturbation of the 2d-dimensional Laplacian A, 4+ A,. Hence the same argu-
ments as in Section 5.3 can be used to prove Gaussian bounds and C%'~*-regularity
estimates on the heat kernel P2 ; the only difference is that the underlying space is
2d-dimensional.

The result stated in Proposition 5.4.3 is strictly stronger than the one obtained by
the previous argument since we obtain estimates on the triple and quadruple gradients
of the heat kernel. These properties are obtained by making use of the specific struc-
ture of the problem and relies on the observation that the elliptic operators Zepat,
and Zipat,y only act on the z and y variables respectively. This remark implies that

these operators commute and thus the heat kernel P%. can be factorized as follows.
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If we let 0, : 7¢ — R(g)2x(;)2 be the Dirac mass defined by the formula
0y(2) i= (La=g) - Lii=i)) 120 g<(2)?

2 2
and consider the solution P2, . : 7 s R(2) X(5)" of the system of equations,

sec,x

{"’tPst-c,zc,-;tz@ PS ., (52) =0 in (0,00) x Z%,

spat,r " sec,r
P? (0,-,-;2) =0, in Z%.

sec

and define similarly the solution P, .. Then we have the identity

sec,y*
(5.4.8) P%. (ty,y15m,m1) = P (t,y;2) P? (t,y1;71),
where the product in the right-hand side refers to the product of matrices of size
2 2
(g) X (g) . Thanks to this property, one can obtain additional regularity estimates

on the map P%,; for instance, if we denote by V,, Vy, V., Vy, the gradient with
respect to the first, second, third, and fourth spatial variable, then we have

(5.4.9) V,VyVau, VP (y,y1;2,21) = VoV P (t,y;2) Vi, Vo, P (t,y1521)

The strategy is then to combine the regularity estimates proved in Proposition 5.3.1
with the factorization Formula (5.4.8) to obtain additional regularity properties on
the heat kernel associated with the second-order equation. The results are collected
in the following proposition.

Proposition 5.4.3. — For any regularity exponent € > 0, there exists an inverse tem-
perature By (d,e) < oo such that the following statement holds. For any inverse
temperature § > By and any realization of the dynamics (¢1)i>0, there exists a

constant C(d,e) < oo such that for each (z,y,z1,y1) € (Zd)4, one has the estimate

t t
|Ps¢!;C (t7$;1’1;yvy1)| < C(I)C <ﬂam —l’1> ¢C <ﬂ7y_y1> )

and the C%'~¢-regularity estimates: if we let V1,Va, V3 and V4 be any permutation
of the set of gradients V.,V ,Vy and V,, , then one has the four inequalities:

(i) On the gradient of the heat kernel

%_E t t
|V1Ps¢e>>;: (ta$a$1;y7l/1)| S C <f> CDC </6,CE - l‘l) (I)C <ﬂ7y — y1> .

(ii) On the double gradient of the heat kernel

l1—¢
t t
‘VIVQPS(ZC (t7$7371§y7y1)’ S C <f) q)C <ﬂam - $1> (I)C <ﬁyy - y1> .
(iii) On the triple gradient of the heat kernel

i-e t t
’v1V2V3PSd;C (tﬂ?,xl;y,ylﬂ S C (f) (I)C <ﬁax - .’131> @C (573] - yl) .
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(iv) On the quadruple gradient of the heat kernel

2—¢
t t
|V1V2V3V4Ps¢;c (t7$7$1;y7y1)| S C <f) ¢C </Ba$ - .Z']_) (I)C <ﬂ7y - yl) .

Proposition 5.4.3 is obtained by combining Proposition 5.3.1 with the factorization
identity (5.4.9).

From these estimates, we deduce the bounds on the elliptic Green’s matrix and its
gradients stated in the following proposition.

Proposition 5.4.4. — For any regularity exponent € > 0, there exists an inverse
temperature By (d,e) < oo such that the following statement holds. For any in-
verse temperature 3 > [, there exists a constant C(d,e) < oo such that for each

(z,y,71,91) € (Zd)4, one has the estimate

CBIEN ()

T[22 |y — gy 242

Additionally, for any permutation V1,V2,Vs and V4 of the set of gradients
V2,V Vy and V,, one has the estimates:

||QSec,f($ayy REAT yl)HLz(#ﬁ) < |CL' —

(i) On the gradient of the Green’s matriz

CB Il 2(,) '
||L2(ue) = o — @21 4y — gy A1

||vlgSeC,f(xa Y, %1, yl)

(ii) On the double gradient of the Green’s matriz

CBIIEl 2 ) .
(19) = |z — z1[24=¢ + |y — y1 |24~

||V1VZQSec,f(wa Y, 5T, yl) ||L2

(iii) On the triple gradient of the Green’s matriz

C/B ||f||L2(p,ﬁ) .
y].)HLz(ug) =z — x1|2d+1—s +ly— y1|2d+1—5’

||v1v2v3%ec,f($a Y, %1,

iv) On the quadruple gradient of the Green’s matriz
(iv) q ple g

CBIEN L2 ()
ng) — |$ _ :L.1|2d+2—s 4 |y _ y1|2d+2—e‘

[V1V2V3Vilsec e (2, y, ‘;$1,y1)||L2(
The estimates on the elliptic Green’s matrix are obtained by integrating the in-

equalities of Proposition 5.4.3 over the times ¢ in [0,00) and applying the Cauchy-
Schwarz inequality.
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CHAPTER 6

QUANTITATIVE CONVERGENCE
OF THE SUBADDITIVE QUANTITIES

The objective of this section and of Section 7 is to prove Theorem 2. The strategy
adopted follows the one of [7], and relies on the introduction of two subadditive energy
quantities related to the variational formulation associated with the Helffer-Sjostrand
operator. The first one, denoted by v([J, p), represents the energy of the minimizer
associated with the Dirichlet problem in a cube [0 with affine boundary condition
l,(x) := p - x. The second one, denoted by v*(0J, q), represents the energy of the
minimizer associated with the Neumann problem with boundary flux Vi,. These two
quantities satisfy a subadditivity property with respect to the domain of integration
and converge as the sidelength of the cube tends to infinity. Moreover, the quantities
v and v* are convex with respect to the slopes of the boundary conditions, and are
approximately convex dual to each other. The main focus of this section is to prove
by a multiscale argument that, as the size of the domains tends to infinity, these
quantities converge to a pair of dual convex conjugate functions, and to extract from
the proof a quantification of the rate of convergence.

While the general strategy comes from the theory of quantitative stochastic ho-
mogenization presented in [7], the adaptation of the techniques presented in this
monograph requires to overcome three types of difficulties:

— One needs to take into account the Laplacian with respect to the ¢-variable.
— One needs to take into account the infinite range of the operator Z.
— We need to homogenize an elliptic system instead of an elliptic PDE.

While the first point has been successfully treated in [8] to study the V¢ model, the
last two points are intrinsic to the Coulomb gas representation of the Villain model
and will be treated in this section.

This section is organized as follows. In Sections 6.1 and 6.2, we define the sub-
additive energy quantities ¥ and v*, and collect some of their basic properties. In
Section 6.3, we obtain a quantitative rate of convergence for these quantities. In
Section 6.4, we introduce a finite-volume version of first-order corrector associated
with the Helffer-Sjostrand operator Z. We use the quantitative rate of convergence
of the energy v to establish quantitative sublinearity of the corrector and to prove a
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quantitative estimate on the weak norm of its flux. This function and its properties
are crucial to prove the quantitative homogenization of the mixed derivative of the
Green’s matrix in Section 7.

Throughout this entire section, we fix a regularity exponent € which is small com-
pared to 1 and depends only on the dimension d. We assume that the inverse tem-
perature 3 is large enough so that all the results presented in Section 5 hold with the
regularity exponent €.

We complete this introduction by mentioning that in this section, the constants are
only allowed to depend in the dimension d as we need to keep track of their dependence
on the inverse temperature 8. The objective is to prove that the quantitative rate of
convergence « obtained in Proposition 6.1.10 and 6.4.3 remains bounded away from 0
as 3 tends to infinity.

6.1. Definition of the subadditive quantities and basic properties

6.1.1. Definition of the energy quantities. — Let (] be a cube of Z¢, we define the
energy functional Eg according to the formula, for each function v € H! (Zd, uﬁ),

2 1 2
=B Z HayunLZ(D,u@) + 2 ”quLz(D,uﬁ)

eZd
T3 Z re ||Vn+1u||L2(Zd pg) ~ P Z (Vqu-a,Vqu),
n>1 supp ¢gNO#0D

We introduce the bilinear form associated with the energy Eq: for each function u €
H' (24, pg),

uv:—ﬂzz Oyu(z,-), Oyv(z #-i— ZVU Vu(z,)),,

zEDyEZd we[l
+ = Z Z (V'"thu(z, ), ViHi(a, ) Z B(Vqu-a,V, v)
n>1x€Zd suppqﬂD#@

This energy and bilinear form are useful to define the energy quantity v. To define
the dual energy v*, we need to introduce an alternative definition of the mappings
Eg and B. The technical difficulty encountered is the following: one cannot consider
the energy Eg of a function v only defined in the cube [ since the infinite range of
the operator Z requires to know the values of the function in the entire space Z%. To
fix this issue, we restrict the summation over the set of charges ¢ € Q) whose support
is included in the cube [J, and over the sets of integers n and points x such that the
value A™v(x) can be computed by only knowing the values of the function v in the
cube (0. As it will be useful later in the proofs, we also remove a boundary layer term,
and we recall the definition of trimmed cube stated in (A.1.2) of Appendix A. We
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6.1. DEFINITION OF THE SUBADDITIVE QUANTITIES AND BASIC PROPERTIES 97

define the energy Ef by the formula

1
=8 10yul7, ns) T3 Z > 8% v +utz, ')HZL?W)

yEZd 'n.>0 zel,dist(z,00)>n
- 1 ||VU||L2(D\D ) B Z Vau- aqun)M )
supp ¢CO

as well as the corresponding bilinear form B}, for each u,v € H' (O, ug),

Bylu,o] =8 > (Byulz, ), 0,0, ),

zelyezd

+ % > > iﬂ (V' Hlu(z, ), Vi Hi(z, N,

n>1zel,dist(z,00)>n

LY (Vule, ), Vo), -8 Y (Veu-a,Va),,

’8 zel\O—- supp ¢CO

»

NH

Let us make a few remarks about the definition of the energy EfX,.

Remark 6.1.1. — The iterated Laplacian A™ has range 2n; given a point x € [, we
only consider the iteration of the Laplacian until the integer n := dist(z, 80). This
ensures that for any function v € H! (0, ug), the quantity A™v is well-defined.

Remark 6.1.2. — We only consider the charges g whose support is included in the
cube [J, this ensures that for any function v € H' (O, ug), the quantity V,-a,V v is
well-defined.

Remark 6.1.3. — We subtract an additional term in the boundary layer
{x €D : dist(z,00) < x/ﬁ/lo},

where R denotes the sidelength of the cube [J. This term is a perturbative terms for
two reasons: (i) we are only summing on a small boundary layer of size v/R/10 of the
cube O, and (ii) the multiplicative factor B~ % is much smaller than the leading order
term of the energy Ef, which is of order 1. The reason justifying the presence of this
term is that it is useful to deal with the infinite range of the operator Z; in particular,
it is useful to prove the subadditivity of the energy functional v* in Proposition 6.2.5.
The specific choice for the exponent 1/4 for the power of § is arbitrary; we only need
an exponent which is strictly between 0 and 1/2.

By choosing the inverse temperature (§ sufficiently large, one can prove that the
energy Er satisfies the following coercivity and boundedness properties: there exist
constants ¢(d) > 0 and C(d) < oo such that, for each map u € H} (Z%, pug),

(6.1.1) clul oy < Eolu] < Clullg o,
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where we recall the notation [[u]] ;1 1) introduced in Section 2.1.3. The same esti-
mate holds for the energy functional E*: for each u € H' (0, pg),

(612) C [[u]]Hl(D,IJ«,B) < EEI [u] <C [[u]]Hl(D,ug) :

We now proceed by giving the definitions of the subadditive quantities » and v*.

Definition 6.1.4 (Subadditive quantities). — For each cube [ of Z¢, and each pair of
d
vectors p, p* € Rdx(2), we define the energies
1

6.1.3 v(O,p) = inf —En|ul,
(6.1.3) (@, p) we, e, 2T [u]
and
1 1
(6.1.4) v (O,p*) = sup ——=Ejpu]+ = p* - (Vou(z)), . .
veH(O,ug) 2||:|| - ||:|| % He

Remark 6.1.5. — We recall the definition of the affine function I, stated in (A.1.4).
We implicitly extend the functions of the space I, +Hg (CJ, 15) by the affine function [,
outside the cube [I.

It is clear from the estimate (6.1.1) that the energy quantities v and v* are well-
defined, quadratic in the variables p and p* respectively, and that they satisfy the

upper and lower bounds, for each cube 00 C Z? and each pair of vectors p, p* € R (‘;)’
(6.1.5) clpl* <v(@,p) < Clp)* and c|p*|” < v* (O,p%) < Cp**.

It follows from the standard argument of the calculus of variations that the minimizer
in the variational Definition (6.1.3) exists and is unique; we denote it by w (-, 0, p). The
maximizer in the variational formulation (6.1.4) exists and is unique up to additive
constant. This property is not a direct consequence of the standard arguments; it
requires to use the properties of the Helffer-Sjostrand equation and the regularity
estimates established in Section 5. We omit the details of the argument and refer to the
long version of this article ([36, Appendix B, first version of the arXiv submission). We
denote by v (-, 0, p*) the unique maximizer which satisfies . (v (z,-, 0, p*))uﬁ =0.
Additionally, we record that this maximizer satisfies the interior variance estimate
(6.1.6) sup var [v (z,-,0n,p")] < Cp*[*.

xE%D
The maps p — u(-,-,0,p) and p* — v (-,-,0,p*) are linear, and they satisfy the
estimates

6.17) Va0l a0y < Clol and V0 (4072, < Clol-

The goal of this section is to prove that, as the size of the cube [J tends to infinity,
the two quantities v and v* converge and to obtain an algebraic rate of convergence.
We obtain a result along a specific sequence of cubes defined below.
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OO0
OO0
OO0

FiGurge 1. The picture on the left represents the cube [J,4+1, the white
interior cubes are the cubes (2+0y),c%, and the set in black is the bound-
ary layer BL,.

Definition 6.1.6 (Triadic cube and %7,). — We define the sequence I,, of non-negative
real numbers according to the induction formula

lo=1and for each n € N, ,,41 = 3l,, + \/E

For each n € N, we define the cube O, := (—%, %)d N Z%. We denote by
Lo = 1,3™"Z%N O, and by BL,, , the mesoscopic boundary layer defined by the
formula BL,, , := 0, \ Uzezm.n (z + O,n). The cube [, can be partitioned according
to the formula
On:= |J (240m)UBLpy.
ZGZm,n

We also introduce the notation %, := Z, m, BLy, := BLy41,,. We refer to Figure 1 for
an illustration of these definitions. The set BL,, , is introduced to treat the infinite
range of the operator Z.

In the following remarks, we record without proof some properties pertaining the
Definition 6.1.6.

Remark 6.1.7. — There exists a universal constant C such that, for each integer n € N,
3 <l, <C3".

Remark 6.1.8. — The cardinality of the set Z,, ,, is equal to gd(n—m),

Remark 6.1.9. — One has the volume estimate |BL,, | < C3~% |0,
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6.1.2. Statement of the main result. — The main result obtained in this section is a
quantitative rate of convergence for the two energy quantities v and v*; it is stated
below.

Proposition 6.1.10. — There exists an inverse temperature By := B (d) < oo such that
the following statement holds. There exist constants ¢ := ¢(d) > 0, C := C(d) < oo
and an exponent o = «a(d) > 0 such that for each inverse temperature 3 > [y,

d d
there exists a symmetric positive definite matriz & € RUE*4E) sych that for each

d
integer n € N, and each pair of vectors p,p* € Rdx(2), one has the estimates

1 1
v(O,,p) = 5p-ap| <C3"|pf* and V" (On,p") = 5p" &7 1P| S O3

Remark 6.1.11. — Using the symmetries of the model, we can prove the following
properties. If we let Ly 4« be the linear map introduced in Section 2.1.5, then there
exists a coefficient A\g := Ag(d, ) which tends to 0 as 8 tends to infinity such that

1
5= 5Id in the space Ker Lg 4+,

1+
a= (—’—276)],1 in the space (Ker Lz’d*)l .

(6.1.8)

A direct consequence of (6.1.8) is the identity between the elliptic systems
1 _
—V-aV=g (d*d+ (1+ Ag) dd*) .

These properties are a consequence of Proposition 6.1.10 and of Property (3) of Propo-
sition 6.1.12.

6.1.3. Outline of the argument. — The proof of Proposition 6.1.10 relies on ideas
which were initially developed in [10], and follows the presentation given in [7]. The
argument relies on the definition of the quantity

(6.1.9) J(O,p,p*) :=v(0O",p) +v*(0,p*) —p-p*.

By the estimate (6.1.20) below, we know that the quadratic form J is almost positive,

in the sense that it satisfies the inequality, for each cube [ of size R, and each pair
d
of vectors p, p* € Rdx(2),
_1
J(O,p,p*) = —CR™2 (|p|* + |p*?) .

To prove Proposition 6.1.10, we argue that the map J (O, p, p*) can be bounded from
above in the following sense: for each vector p € R?, there exists a vector p* € R¢
such that

(6.1.10) J (O,p,p*) < C37"|p[*.

Additionally, we prove that the vector p* is close to ap. The quantitative rate of con-
vergence stated in Proposition 6.1.10 is then a relatively straightforward consequence
of the estimate (6.1.10). The proof of (6.1.10) is the core of the argument, it relies
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on a hierarchical decomposition of space and requires to introduce the subadditivity

defect at scale [,,,

(6.1.11) 7, := SupB (1/ (D;,p) —v (D;+1,p)) + (v* (@, p") — v* (Ope1,p0%))
p,p*€B1

= sup J(On,p,0") = J (Ony1,p,0") .
p,p*E€B1

We then prove a series of propositions and lemmas (Propositions 6.2.1 and 6.2.5,
Lemmas 6.3.1, 6.3.2, 6.3.4 and 6.3.5), where various quantities are estimated in terms
if the subadditivity defect 7,,. From these results we deduce an inequality of the form:
for each integer n € N, and each vector p € Rdx(g), there exists a vector p* € Rex(3)
such that

J(Dn_‘_l,p’p*) < CTna
which can be rewritten
(6.1.12) J (On+1,p,p%) < CLHJ(Dmp,p*).
The estimate (6.1.12) shows that, by passing from one scale to another, the energy
quantity J has to contract by a multiplicative factor strictly less than 1. An itera-
tion of the inequality (6.1.12) yields the algebraic rate of convergence stated in the
inequality (6.1.10).

6.1.4. Basic properties. — We first record some basic properties of the energy quan-
tities v and v*; they are analogous to [7, Lemma 2.2].

Proposition 6.1.12 (Basic properties of v and v*). — Fir a cube O C Z¢, and two vec-
d
tors p,p* € R (5, The energy quantity v(O,p) (resp. v*(O,p*)) and the minimizer

u(-,0,p) (resp. mazimizer v(-,0,p*)) satisfy the properties:
1. First variation. The optimizing functions satisfy the following identities:
Bgo[u(-,0,p),w] =0, Yw € H} (O, ug),

and

By (.0 ul = 5 Lo (Ve ), Vo € H' (o).

2. Second variation. For each function w € l, + H} (O, ug),

1 1

(6.1.13) mEm [w] —v(O,p) = mED [u(-,0,p) —w].

For each w € H' (O, ug),

(6.1.14) v* (O, p*) + %ED [w] — ﬁ Zp* (Vuw(z)), !

5= mED [v(-,0,p") —w].
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3. Quadratic representation. There exist two symmetric positive definite matrices
d d
a(0),a.(0) € R4 2)*4(2) such that
1 * * 1 * —1 %
(6.1.15) v(O,p)=gp-alp  and v (0L,p") = 5p" - a.(D) p*.
Additionally, there exist two real coefficients Ago and )‘Z,D’ which tend to 0
as B tends to infinity, such that

a(0d) = Iy in the space KerLs g+,
(6.1.16) , i
a(d) = (14 Ag,0)1g in the space (KerLgg-)™ .
and
a.(0) = 14 in the space KerLg 4,
(6.1.17) ) . N
a.(0) = (1+ A5 0)la in the space (KerLpg+)™ .

We denote by Lé,d* ;R — R s adjoint of the map Lo 4. By differenti-
ating the identities (6.1.15) with respect to the parameters p and p*, we obtain
the equalities

(6.1.18)
5 (3 ule Dy, — 8 E @Vl D, B (0(e))) = ap
zel supp gNO#0
and
(6.1.19) ﬁ > (Vo(z, - 0,p%)),, = a.(0)'p".
el

4. One-sided convex duality. For each discrete cube O of sidelength R, we have the

estimate

1 1
(6120) T (Opp") = 5B (07 —u (,07,p)] +0 (clpPR~%).

Proof. — The proof of the properties (1) and (2) are straightforward and we refer
to [7, Lemma 2.2]. For the identity (6.1.15), the arguments of [7] give the follow-
ing results: for each cube [J C Z%, there exist two positive definite matrices a(0),
a,.(0) e Rd(;)Xd(g), such that, for each p,p* € Rdx(;),
1 . R —1,
v(O,p) = 5p-a@p and v (0,p") = 5p"-a.(0)7'p"
To prove the estimate (6.1.16), we use that any p € Ker L 4+, one has the identity
dl, = 0. This implies that the minimizer in the energy v (OJ,p) is attained by the
map l,, from which one obtains that the linear map a is equal to the identity on
the space Ker Ly 4~. The proof of the result on the orthogonal complement of the

space Ker Ly 4« is a consequence of the rotation and symmetry invariance of the dual
Villain model. The proof of (6.1.17) is identical.
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To prove the identity (6.1.18), we differentiate the equality (6.1.13) with respect
d
to the variable p. We obtain, for each p,p’ € RdX(Z),

(6.1.21)
1 1 )
a(d)p-p' = ol > 5 (Vu(z,-.0,p) P, =B > (aVaul, 5 0,p)),,, (g, d*ly)
veb] supp ¢gNU#D
1 1
= ﬁ Z 5 <VU(-T, -7D7p) 'p/>lll3 - 6 Z <aqvqu(.7 -’D’p»ﬂﬁ (TLq,Lz’d* (le/))
w€l supp gNCI£D
1 1
= > 5 (Vul@,O.p)-p),, -8 Y. (@Veuls,0,p)),, (ng, Lo (0))
o€l supp gNU#AD
1 1
P> (2 (Vu(@,,0p) 2), =B D (@Vqul0p)),, Lo (04()) p)
zeld supp gnO£0

Using that the identity (6.1.21) is valid for every vector p’ € ]Rdx(g), we obtain the
identity (6.1.18).

There only remains to prove the one-sided convex duality property stated
in (6.1.20). We apply the second variation Formula (6.1.14), with the func-
tion w = u (-,07,p), and use the identity

1
ﬁ Zp* ) <VU($, '7D_ap)>uﬁ =P 'p*a
zel

which is a consequence of the inclusion [J~ C [J and the fact that the map u belongs
to the space I, + H} (O, ug). We obtain

* * 1 * _ *. _L * . * _ . — *
v (Dap)_'_le'ED[u] p p_2|D|ED[U(7Dap) u(7|:| » D )]

By definition of the function u, we have the equality v (O7,p) = 2|[1|7|ED— [u]. To
prove the inequality (6.1.20), it is thus sufficient to prove

1 1
(6.1.22) mng [u] — @l

The proof of the inequality (6.1.22) relies on the definitions of the two energies E-
and Ef, and the fact that the function u is equal to the affine function [, outside the
cube (J~. We omit the details here and refer to the long version of the article ([36,
Chapter 6, Proposition 1.12]). O

EX[u]| < CR™ 3.

6.2. Subadditivity for the energy quantities

In this section, we prove a spatial subadditivity property for the two energies v
and v*. The result is quantified, and we estimate the H' (CJ, u)-norm of the differ-
ence of the minimizer u (resp. maximizer v) over two different scales in terms of the
difference v (0,,,p) — v (Oy,p) (resp. v* (O, p*) — v* (O, p*)).
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6.2.1. Subadditivity for the energy v. — In this section, we prove that the energy
quantity v satisfies a subadditivity property with respect to the domain of integration
and deduce from it the existence of the homogenized matrix a. The statement of
Proposition 6.2.1 is quantified; we prove that the H!'-norm of the difference of the
minimizer u over two different scales in terms of the subadditivity defect for the energy
v.

Proposition 6.2.1 (Subadditivity for v). — There exists an inverse temperature
Bo := Po (d) < 0o such that, for each 8 > By, the following statement is valid. There
exists a constant C' := C(d) < oo such that for each pair of integers (m,n) € N
d
2

satisfying n > m, and each vector p € R4( ),

1
621) G 3 [u:00) =02+ O i 1
7 2€Zmin
<C (1/ O, p) —v (On,p) + 03_%|p|2) .
Remark 6.2.2. — Since it is useful in the rest of the proof, we note that the demon-

stration of Proposition 6.2.1 can be adapted to the case of trimmed cubes so as to
obtain the estimate, for each pair of integers m,n € N such that m < n,

1
|Zim.n|

Z [[u(7 D;ap) - U(', z+ D;L’p)]];l(D"*l’uL)

ZEZm,n

<C((v(O,,,p) —v(O,,p) + C37%|p|2) .
Since the proof is essentially the same as the proof of Proposition 6.2.1; we omit the
details.

Before proving Proposition 6.2.1, we record an immediate corollary of the subad-
ditivity property for the energy v.

Corollary 6.2.3. — There exists an inverse temperature By := [y (d) < oo such that,

for each B > [y, there exists a symmetric positive definite matriz & such that, for
d

each vector p € Rdx(2), one has
v(Un,p) — p-ap.
n—oo
By Property (3) of Proposition 6.1.12, this statement can be rewritten equivalently as
a(d,) — a.
n—oo

Additionally, one deduces from (6.2.1) the lower bound estimate in the sense of sym-
metric positive definite matrices

(6.2.2) a(d,) >a-— 03—%Idx(g),

d
2

where Idx(d) denotes the identity matriz of the space RX(3) .
2
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Remark 6.2.4. — By Remark 6.2.2, the convergence also holds with the trimmed
d
triadic cubes and we have, for each vector p € RdX(Z),

(Dn,p) — p-ap, a(d,) — & and VneN a(d,)>a-C3"% a(?):

n—oo
Proof. — Since the left side of (6.2.1) is non-negative, we have the inequality, for
each pair of integers m,n € N such that n > m,
(6.2.3) v (On,p) < v (Om,p) +C3~ % pf.
Combining the inequality (6.2.3) with the fact that the sequence (v ((,,p)), oy is
non-negative implies that it converges with the estimate (6.2.2). O

We now focus on the proof of Proposition 6.2.1.

Proof of Proposition 6.2.1. — For the sake of simplicity, we only write the proof in
the case when the difference between the integers m and n is equal to 1: we consider the
specific case of the pair (n,n 4 1). We assume without loss of generality that |p| = 1.
We let w be the function of l,+Hg (U1, ug) defined by the following construction:
— For each point z € Z,11, we set w := u(-, z + O, p);
— On the mesoscopic boundary layer BL,,, we set w :=[,.
Applying the second variation Formula (6.1.13) and the coercivity of the energy func-
tional E stated in (6.1.1) gives the inequality

1
(6.2.4) [u(,Ong1,p) = it o,y < C (WEDW [w] — V(D,p)> -

Using that, for each point z € %,, the function w is equal to the minimizer
u(+, z + Oy, p) in the cube (z + O, ), we have the inequality
(6.2.5)
2 2

Z [[’LL(, Dn+lap) - u('v z+ Dnap)]]ﬂl(ﬂn+l,uﬁ) < [[’LL(~, Dn+1’p) - w]]ﬂ%ﬂ,ﬁ.l,#ﬁ) :
2€Zn+1
By the estimates (6.2.4) and (6.2.5), we see that, to prove the inequality (6.2.1), it is
thus sufficient to prove

1
—E
20
We now prove the inequality (6.2.6). By definition of the energy E, we have
(6.2.7)

1 2
Ep,, [w]:=5 Z 18y w||L2(‘:|n+1 ug) 5 ||vw||L2(Dn+17NB)
yez?

(6.2.6) [w] < v (On,p) +C3™%

(6.2.7)—(ii)
(6 2.7)-(1)

+ = Z ’V,le”m(zd,pg) -0 Z (Vqw - aqun>M

k:>1 supp ¢gNOy +1#0

(6.2.7)—(iii) (6.2.7)—(iv)
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We estimate the four terms on the right side separately. The term (6.2.7)-(i) involving
the derivative with respect to the field ¢ can be estimated by the following argument.
Since the map w is equal to the deterministic affine function I, in the boundary layer
BL,, we have the identity 9, w(z,-) = 0 for any point z € BL,, and any point y € Z.
This implies the equality
(6.2.8) >0y w|| = > D 10yuls 2+ Ol 2e e O

yezd Onvine)  og yezd
This completes the estimate of the term (6.2.7)-(i). For the term (6.2.7)-(ii), we use
the same argument and note that Vw(z,-) = p for any point € BL,,. We obtain

(6.2.9)

1 9 9 |BL,|
— ||Vw = — Vu(,z+ 0, p . +
[Py 1Veolz @) IOt Zg: vl m P L0 0 IOt

1 ) .
< Teal Z ”VU("Z+D"’p)”L2(z+Dn,p5) 40378,
n Zn

The term (6.2.7)-(iii) can be estimated with a similar strategy, but some additional
technicalities need to be treated along the way to deal with the iterations of the
Laplacian and the sum over the charges. We omit the details here and only give the
results

(6.2.10) (6.2.7)-(ii)) < Y Z

n
2

|vk+1u (2 + DmP)HZLa(Zd + Cefc(lnﬁ)s

e ﬂ* Ha)
and
(6 2. 11)
(627 Z Z Z+Dnap) aqvqu('az_}'ljnap))ﬂﬁ +C3_%|Dn+1|'

2€Zy, SUpp qﬂ(z+D )

We finally combine the equality (6.2.7), the estimates (6.2.8), (6.2.9), (6.2.10), (6.2.11)
to obtain the inequality (6.2.6). The proof of Proposition 6.2.1 is complete. O

6.2.2. Subadditivity for the energy v*. — In this section, we prove a similar statement
for the energy v*.

Proposition 6.2.5 (Subadditivity for v*). — There exists a constant C := C(d) < oo
such that for each pair of integers (n,m) € N such that n > m and each vector

e RX().

(6.2.12)

Z [[U('a 7|:|'n7p ) (7'7Z+Dmap*)]]?{1(z+|:|m,u5)

< C (v (Omsp) —v* (On,p) +372[p" ).

IZnnI

As it was the case for the energy quantity v, we deduce from Proposition 6.2.5 that
the sequence (v* (,,p")),cn converges as n tends to infinity.
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Corollary 6.2.6. — There exists an inverse temperature By := By (d) < oo such that
for each B > [y the following statement is valid. There exists a symmetric definite

d
positive &, such that for each vector p* € Rdx(z),
* * = %2
v (On,p™) — &1 p"[".
n—0o0
By the Property (3) of Proposition 6.1.12, this statement can be rewritten equivalently

a, (0,)" — a;l.

*
n—oo

We also have the lower bound, for each integer n € N,

Ay (Dn)_1 Z 5:1 — 03_%Id(‘2i)

Proof of Proposition 6.2.5. — For the sake of simplicity, we only write the proof in
the specific case of the pair (m,n) = (n+ 1,n). We assume without loss of generality
that [p*| = 1.

We consider the function v := v (-,J,41,p*) and, for z € %,, we restrict it to the
cubes (z + [,,). We apply the second variation Formula (6.1.14) and the coercivity of
the energy functional E; 40, - We obtain, for each point z € Z,,

[0(, Drt1:2%) = v 2 + Oy 801 (o4 0 )

> P (Vo(@),,

<C|v (Z+Dmp)+m =+0, Y]+ 15
z€z+0

|Cn |

Summing over the points z € 7,, and dividing by the cardinality of %, shows
1 " 72
% Z [v(-,8n+41,p") —v(, 2+ On,p )]]El(z+|:|n,,u5)
€Zn

1 1
SC(V* O.,0") + —— —F? V) + o — p* - (Vu(z )
( n ) Z 2|Z7,||Dn| z+Dn[ ] |Zn|||:|n| < ( )>MB
2€Zn zel,
The factor |Z,| = 3¢ on the left side depends only on the dimension d, and can thus
be incorporated in the constant C' in the right side. We deduce that, to prove the
inequality (6.2.12), it is sufficient to prove

1 1_., *
(6.2.13) E m 9240 [v] + E p - <V7)($U)>u5
2€7n " zez+Un
1 1 n
< —Ef v+ —— E *(Vu(z +C37 2.
2|Dn+l| Dn+1[ ] |Dn+1| b < ( )>H6

€0, 41

(6.2.13)—(4) (6.2.13)— (44)

We first estimate the term (6.2.13)-(ii). We use the estimate (6.1.7) on the L?-norm
of the gradient of the function v, the Cauchy-Schwarz inequality, and the volume
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estimate

Ont1l = [Zal - [Onl = |Ontr \ U (z+0n)| = [BLn| < 373 Dt -

2€Zn
We obtain
(6.2.14)
Z m Z p* - (Vou(z, ‘)>M
2€Zn " zez+0,

1
1 |BL| \
< S Y b (Vo) +< ) 190,
= B 7(Dn+1aﬂ/6)
|Dn+1| 2€%, zezt0l, |Dn+1|

1 1 n
< * - (Vo(z, - + *(Vo(z, - +C3™
x n+1 T n
1
1 |BL,| \ 2 _n
< *(Vo(z,- \Y ¢33
z€lny1
1 n
< > p(Vo(z, ), +C37%,
|Dn+1| eO s
T n+1
To estimate the term (6.2.13)-(i), we compare the two energies > .4 E - [v] and

Ef [v], and estimate the terms which differ in the two quantities. These terms are
either boundary layer terms or terms coming from the sum over the charges and the
iterations of the Laplacian. In both cases, we can prove that they are small; we omit
the technical details and only write the result

1 1 2
6.2.15 —————FE' g ] < ———E  [v]+Ce 7.
(6219 D AR =AU E T S
2€Zn
Combining the estimates (6.2.15) and (6.2.14) shows the inequality (6.2.13) and com-
pletes the proof of Proposition 6.2.5. O

6.3. Quantitative convergence of the subadditive quantities

In this section, we prove an algebraic rate of convergence for the quantity J defined
in (6.1.9). We recall the definition of the subadditivity defect 7, given in (6.1.11), and
we introduce the following notation: for each integer n € N,

(6.3.1) a, = a. (),

and call the matrix &, the approzimate homogenized matriz. We first prove a series

of lemmas, estimating various quantities in terms of the subadditivity defect 7,.
Before starting the proofs, let us make the following remark. By Corollaries 6.2.3

and 6.2.6, the subadditivity defect 7,, converges to 0 as n tends to infinity. In particular
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all the quantities which are bounded from above by the subadditivity defect 7, tend
to 0 as n tends to infinity.

6.3.1. Control over the approximate homogenized coefficient. — The first lemma we
prove establishes that the difference between the matrices a,, over two different scales
can be estimated in terms of the subadditivity defect 7,.

Lemma 6.3.1. — There exists a constant C := C(d) < oo such that, for any pair of
integers (m,n) € N2 with m < n,

n
& -a " <Y n+eo3E

Proof. — Before starting the proof, we collect a few ingredients and notation used in
the argument:

— By the Formula (6.1.19), we have the identity > .o (Vv(z,-,0On,p )) =

—1,%
a, p;

— By definition of the subadditivity defect 7., we have the identity, for each
pe i),

V* (Dmap) - V* (Dnyp) S |p|2 Z Tk-

We fix a vector p* € R42) such that |[p*| = 1, and use the Formula (6.1.19) to write
(6.3.2)
1
=1 % _
&, =9 D (Vo Onp"),,

| nl zel,

Z Z ’D"’p*)>uﬁ+

ze[Im n €2+,

Z (Vo(z,,0n,0")),,

1= TEBLm

(6.3.2)—(i) (6.3.2)—(ii)

The term (6.3.2)-(ii) is the simplest one, we estimate it by the Cauchy-Schwarz in-
equality, the estimate on the L?-norm of the gradient of v stated in (6.1.7), and the
volume estimate |BL,, ,| < C3~% |0,|. We obtain

(6.3.3) Dl S (Vo(@,, O p)),, | < O3

|Enl ZEBLy »
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To estimate the term (6.3.2)-(i), we use the estimate (6.1.7), the identity BL,, , =
Un \U.eg,, . (2 +0r), and the volume estimate |BLy, | < C3~% |0,|. We obtain

|D|Z > (Vo@,0np)),,

2%, €2+,

1 m
Z Z (Vu(z, -, "’p*»u +0 (03_7).
s
" [l 12+ Ol Dml = eoh
Applying the subadditivity estimate stated in Proposition 6.2.1, we find that

(6.3.4) lZm +D |Z 3 ‘ (@, On,p") = Vo(z, -, 2+ Om, p7))

2€Zn v€2+Um

1 * *
S Z ||V'U (',Dn,p ) - Vv (,Z+Dm,p )||L2(z+Dm7uﬁ)
Founl 2

N

—_

IN

*\ |2
D VY 000%) = Vo (2 + O D) 2 (a4 0 i)
2€Zm,n

|Zimn

[

IN

|Znn| Z [[Vv(-,Dn,p*)—Vv( Z+DM7P )]]Hl(z+|:|m,ug)

<cC

i Tk> +C37%.

k=m

N

We then use the inequality (6.3.4), the translation invariance of the measure pg, and
the identity > .o (Vo(z,, Dm,p*))uﬁ =& !p*. We obtain

(6.3.5)
Yo > (Vo Onp),,
|Zn n| |Z + Dm| 2€%, x€2+0,,
n 1
1 1 . 2 i
=7 > I Y (Vo(z, 24 Om,p Dis +O<C<Z rk> +C3™ 2 >
" 2€mn z€z+0,, k=m
n 1
1 2 m
:7||:|m| Z (Vo(z,-, O, p )>u@+O<C<ZT’“> +C3 2)
zel,, k=m
no
=4a,'p" + 0(0(2 Tk> + 03?)
k=m
We then combine the identity (6.3.2) with the estimates (6.3.3) and (6.3.5) to complete
the proof of Lemma 6.3.1. O
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6.3.2. Control over the variance of the spatial average of the maximizer v. — The next
step in the argument is to control the variance of the spatial average of the maximiser
v. We prove that its variance contracts and obtain an algebraic rate of convergence.
The proof relies on an explicit computation and makes use of the second-order Helffer-
Sjostrand equation introduced in Section 3.4 to estimate the correlation between
the random variables ¢ — v(z,¢,0,11,p) and ¢ — v(z’,¢,0,41,p) for a pair of
points z,z’ € 0,41 distant from one another.

Lemma 6.3.2 (Variance estimate). — There ezists a constant C := C(d) < oo such
d
that, for each n € N, and each p* € Rdx(2),

1 —(d—2)n), *
(636) Va.rpﬁ [ﬁ E V’U(.'E, °y Dn—‘,-l?p*)J S 03 (d g) |p |2.

For later purposes, we also record that the variance of the flux contracts

(637) var [|£ | Z %vv(l',’,DrH»]_,p*)_i_ﬂZaqqu (.7.7|:|n+17p*)n‘1(x) -|
[ " zed, q€Q J

S C3—(d—%)n|p*|2.

Remark 6.3.3. — The value of the coefficient d — g is arbitrary; we can prove the
result for any fixed number strictly smaller than d — 2 by choosing g large enough.

Proof. — We fix an inverse temperature [ large enough so that all the regularity
results of Section 5 hold with the regularity exponent ¢ = i. We decompose the
argument into two steps.

Step 1. — To ease the notation, we denote by v := v (-,-,0,4+1,p*). We assume
without loss of generality that |p*| = 1. We first decompose the variance

(6.3.8)  var,, LSA zeZDn VU(»’UW)} = ||31|2

Z covy, [Vu (z,-), Vo (z,)].

z,z’ e,
We then prove the estimate, for each pair of points z,z’ € [,
C3%
|z — z/|d-2"
The estimate (6.3.6) can then be deduced from (6.3.9) and (6.3.8); indeed we have

(6.3.9) |covy, [V (z,-), Vo (¢, )] <

1
[

2 Z covy, [Vu (z,-), Vo (2, )]

z,x’' €],

Cc3% > 1
2 d—
[ = |z — 2/|d-2

1
var,, |—— Z Vo(z, )| <
B el

IA
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< 3~ (d=3)n,

We now fix two points z, 2’ € 0,,, and focus on the proof of (6.3.9). By applying the
Helffer-Sjostrand formula, we write

(6.3.10) oV, [Vo (2,-), Vo (@) = D (9,Vv (@,) Far (y,) ., »
y€eZ?
where $#, is the solution of the Helffer-Sjostrand equation, for each pair (y, ¢) € Z% x Q,
LHwr (y, 9) = 0, Vv (2', ¢) -
We then decompose the function ¢/, according to the collection of Green’s matrices
(gfaym}(m/’,))yezd. We obtain
C?éz'(ya ¢) = Z Qay/w(x/,-) (y, ®; y/) :
y/EZd
Using Proposition 3.4.11, we can estimate the L?(pg)-norm of the function %, for
each point y € Z,

(6.3.11) I (s W 2y <C D

ylezd

||8y/V’U (-'EI7 .)”LQ(Hﬁ)
ly —y'|4=2

We then claim that we have the estimates, for each pair of points y,y’ € Z¢,

C31 O3%

(0:3:12) 10,90 2 12y < (g 204 10 V0 @ sy < 1y

The estimate (6.3.12) is proved in Step 2 below. Combining the inequalities (6.3.11),
(6.3.12), and the Formula (6.3.10), we obtain
(6.3.13)

covy, [V (z,), Vo (/)] < C32 Z

y,y' €24

1 y 1 « 1
|y/_x/|d+g |y_x|d+g |y_y/|d_2.

The sum in the right side of the inequality (6.3.13) can be explicitly computed and
we obtain the inequality (6.3.9).

Step 2. Proof of (6.3.12). — The argument relies on the second-order Helffer-
Sjostrand equation introduced in Section 5.4 and on the reflection principle to
solve the Neumann problem (6.3.16) below. Given a cube Q C Z% of sidelength R,
we recall the notation %Q to denote the cube which has the same center as @
and sidelength R/2. We consider the specific cube O := (0,ln+1)d and the func-
tion v (+,-,0,p*). Since the cube O,4+1 can be obtained from the cube [0 by a
translation, and since the measure ug is translation invariant, we see that to prove
the estimate (6.3.12), it is sufficient to prove the inequality, for each point y € 30J,
and each point z € Z¢,
C31

(6.3.14) 18-V (g, - B, 2" 2 ) < =T
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The reason justifying this specific choice for the cube [ will become clear later in
the proof. Using the definition of the map v := v (-,-,[0,p*) as a minimizer in the
variational formulation of v* ((J, p*) stated in (6.1.4), we see that it is a solution of
the Neumann problem

—Agv+Zav =0 inOx Q,

(6.3.15) ¢ .

n-Vo=mn-p* ondldxQ,
where the operator ig is the uniformly elliptic operator defined by the formula

1

k+1 k+1

I = — 2[32 52 0"y (1 v )+ﬁ—%V~(1D\|}V)+ Y V,a,v,,
k>1 supp ¢ClJ

where we recall the notation 0% := {z € O : dist(x,0) > k}. The specific, technical
formula of the operator 7 is not relevant in the proof; the important point of the
argument is that the operator Zr is well-defined for functions which are only defined in
the interior of the triadic cube [J, and that, as it is the case for elliptic operator Zspat,
it is uniformly elliptic and is a perturbation of the Laplacian — %A. As a consequence,
all the results stated in Section 5 for the Helffer-Sjostrand operator Z are also valid for
the operator —A,+Zn. In particular, all the arguments stated in Section 5.4 about the
second-order Helffer-Sjostrand equation apply in this setting. By applying the partial
derivative 0 to the system (6.3.15), we obtain that, if we denote by w(y,z,¢) =
9,v (y, ¢), then the function w solves the system

(6.3.16)
_Ad)w + ZZD,yw + zSpat,zw = Z z (ﬁa q) (27T) sin (27T (¢7 q)) (’U, q) Qy R qx
supp g in OxZ% % Q,
n-Vyw=0 on 000 x Z¢ x Q,

where the subscripts y (resp. z) in the notation 7, (resp. Zpat,-) means that the
spatial operator 7 4. (resp. Zspat,») only acts on the spatial variable y (resp. z). We
introduce the notation f to denote the function

O x 2% x Q — R4,
F=9 wzo)— X 2080 @m)sin(2r(6,0)) (v,0) ng(y) © ng(2).
supp ¢CU
Using this notation, the system (6.3.16) becomes
{—A¢w + 20,y w + Zopas,»w = dyd £ in O x Z% x Q,

(6.3.17) 4
n-Vyw=0 on 000 x Z% x Q.

To solve the system (6.3.17), we use the reflection principle. To this end, we need to
introduce a few definitions, notation and remarks. We fix a point z € Z¢ and extend
the elliptic operator Z0, the functions v and f (-, 2), initially defined on the cube OJ,
to the entire space according to the following procedure We let O] be the discrete
cube (— ln+1,ln+1) For each point z = (z1,...,z4) € D we extend f by setting, for
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a’ny (Z’j) e {17' . '?d}27

(6318) fij (.’17, Z, ¢) = (_1)Sgn(wi)fij (|.’E1| R |xd| 2 QS) .

We also use the reflection to extend the operator Z to the cube ﬁ, and denote this
extension by Z=. We then extend the operator Z= and the function f periodically
from the cube O] to 7%, and let @ be the solution of the elliptic system

(6.3.19) Ay + D W+ Lipar zW = dydof in 29 x Z7 x Q.

Given a point y; € [J, we denote by [y;] C Z?, the set of vertices 7; € O whose
coordinate are in absolute value equal to the coordinates of y; and the reflections
of this set. This definition together with (6.3.18) ensures that for any y; € O and
any 1 € [y1] and 4,5 € {1,...,d}
|fij (3717 Z, ¢)| = |fZJ (y17 Z>¢)| .

One can verify that, with this construction, the restriction of the function w to the
subcube O satisfies the elliptic system (6.3.17); it is thus equal to the function w.
We now study the function w. We denote by @sec the Green’s matrix associated with
the operator —Ay + ﬁfﬁy + Zspat,z- As was already mentioned, the operator Zg is a
perturbation of the Laplacian %A; as a consequence, one can apply the same proofs as
the ones written in Section 5, and obtain the same results. In particular the statement

of Proposition 5.4.4 holds for the Green’s matrix égec. Using that the function w solves
the system (6.3.19), we obtain the explicit formula

vyﬁ;(y725¢) = Z vydzldzlgsec,f(yl,zl,-) (y72»¢;y1321) .
y1,21 €24

Using the statement of Proposition 5.4.4, we obtain the estimate on the L2 (1g)-norm
of the function w, for any y € [J and any z € Z¢,

(6.3.20)

Z ”f(yl’zl")HLZ(,uB)

2d+3 2d+3
y1,21 €74 ly1 — vl +1 + |21 — 2| e

1
LD O (TR s

~ 2d+3
y1€0,2, €24 J1€[y1] |y1 - y| + |Z1 -

||vy"5(ya Z, ')”L2(uﬁ) <C

We first estimate the second sum in the right-hand side, and obtain
1 1 1
2d+3 < 2d+3 2d+3 + d d+3°
2P |y =y |z — 22T 3™ max(37, [z — 2[)0TE

~ 2d+3
e 91—yl | —
To compute (6.3.20), we prove the estimate, for each pair of points y; € [J and z; € Z4,

(6:3.21) [[f (1,51 + 21, )| 2y, < Ce™ VPR Y ~ emeVBlvomuil Ty, )| 2
yoed

(ng) *
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Let us make a comment about the estimate (6.3.21). Due to the exponential decay
|2 (8, q)| < Ce=vPllali | the function f decays exponentially fast outside the diagonal
{(y,y) : y € O} C Z2?. This phenomenon can be observed in the inequality (6.3.21):
the exponential term e~cVPlz1l is small when the norm of z; is large, i.e., when the
point (y1,y1+21) is far from the diagonal {(y,y) € O x O}. Furthermore, on the diago-
nal, the term || (y1,1,-)l| 12(,,) is approximately equal to the value [|[Vo(y1, )| 12(,,)
but again the sum over all the charges needs to be taken into consideration and ex-
plains the sum over all the radii in the right side of (6.3.21) with the exponential
decay ecVPr,

We now prove the estimate (6.3.21). We start from the inequality, for each pair of
points y; € J and 2; € VAS

(6322) ||f(y1ayl +Z1a')||L2(pﬁ)
<> eI Vu(y, ) g2y 170l o g (a)] Ing(yn + 20)] -

qu YyESuUpp ng

We then note that if a charge ¢ is such that the two points y; and y; + 21 belong to
the support of ng, then the diameter of n, is larger than |z;|, and thus the diameter
of q is larger than c|#|, for some constant c(d) > 0. From this remark, we deduce that

(6.3.23) > e VP g | o I (w1)] Ing(yn + 21)] < Ce VPl

q€Q
Similarly, if a charge g is such that the three points y; and y; + 21 and y belong to the
support of ng, then the diameter of n, is larger than max (|z1], |y — 31]) > W
This argument implies that the diameter of ¢ has to be larger than c (|z1] + |y — 1),
and we deduce that

(6.3.24)
S VB gl o ()] g 31 + 21)] < CemoVBlab+v—,
q€Q

Combining the estimates (6.3.22), (6.3.23), and (6.3.24), we obtain

||f (yla Y1 + 21, ')||L2(p,ﬁ)
<> e VPl 1Vu(yo, oy IInall e 7o (U1)mg (31 + 21)

g€Q) Yo E€SUPP ng
< Z Z e~evBllal, Vv (yo, ‘)“L?(pﬁ) Liyoesuppng} 17gll oo mq(y1)129 (31 + 21)
yoel q€Q
< Ce—cVBlzl Z e—cVBlyo—u1l IVu(yo, ')”LZ(HB) ,
yo€

and we have proved the inequality (6.3.21).
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We now come back to the estimate (6.3.20), fix a point y € [, and use the esti-
mate (6.3.21). We obtain

(6.3.25)

||Vyﬁ(y,z,¢)||L2(uﬂ) <C Z

2d+3
yo,y1 €0,21 €24 ly1 — v T4 |z — 2

e~ eVBUm =il Hvo=ul) Vo (yo, ) 12,

2d+3

efc\/B(lzlfylH"yO*yll) ”VU (yo7 )

)
+C me)
P B TR
We first estimate the second term in the right-hand side and write
(6 5 26) Z e—C\/B(|Z1—y1|+|y0—y1|) ||V’U (y(), ')”L2(;¢5)
.3. ke
vo.y1 €00,z €24 3dn max (3", |z, — 2])4*3
ClIVollLe @) c c
< 5 S g < 3
max(3", |z))4t1 T max(3, |z|)%t: T |z —y|ttE

where we have used that y € %D to obtain the last inequality. We then estimate the
first term in the right-hand side of (6.3.25) and focus on the sum over the variables
y1 and z;. The exponential decay of the terms e~cVPBlzi—uil gnd e~eVBlvo—uil forces
the sum to contract on the points y; = yo and z; = yo. We have the inequality,

e—C\/B(\Zl—ylHkllo—yﬂ) C

2d+3 — 2d+§°

2d+3 2d+ 3
ez [y =y |z — 2 lyo — yI** "% + |yo — 2|

Using the previous estimate, we can simplify the inequality (6.3.25), and we obtain

Z ||vv(y07')||l,2(uﬁ)
2d+3
et [0 = 1™ + [yo — 2

We then truncate the sum, depending on whether the point yo belongs to the cube
%I:]. We write

||Vy@(y,z,¢)||L2(W) <C |2d+% ’

190 (30, ) 21

(6327)  [IV,@( 2@, <C 3

2d+3 2d+3
yoelld lyo — y1**7 1 + Jyo — 27471

(6.3.27)—(i)
Vo (o, M 2

+C .
2d+32 2d+32
yoeO\10 lyo —yI™" % + |yo — 2|74

(6.3.27)(ii)

We treat the two terms in the right side of (6.3.27) separately. For the term (6.3.27)-
(i), we use that the map v is a solution of the Helffer-Sjostrand Equation (6.3.15)
in the cube [J, and apply Proposition 5.2.4 with the regularity exponent ¢ = %. We
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obtain, for each point yy € %D,

(6.3.28) 190 @0, M 2up) < € Uns)* V0] 20,5 < O3,
where we used Remark 6.1.7 and the inequality (6.1.7) in the second inequality. Using
the estimate (6.3.28), we can compute the term (6.3.27)-(i)
(6.3.29)
IV (Y0, Ml 12 ()

1
C3 E

2d+3 2d+3 2d+3 2d+3
voein 1Yo — ¥l TE o Jyo — 2T vein 1Yo =yl i yo — 2T

w3

IN

n 1
<(C3z
S Z 24+ 3 2412
Yo EZA 1Yo — v t + [yo — 2| 1
<o
T ly—2**E

where we used the result of Appendix C in the last inequality. We now treat the
term (6.3.27)-(ii). In that case, we use the estimate |y — yo| > c|yo|, valid for any
point yo € Z*\ 30 and any point y € 30J. We obtain the inequality

Vo (yOv')”L%u@) < Z Vv (yOv')”L%uB)

|2d+% - |2d+%'

2d+3 2d+3
yoeO\ 10 lyo —yI™ "% +|yo — 2 yoeO\10 lYol™ " + |yo — 2

We then note that, for any point yo € O\ %D, and each point z € Z%, one has the
inequalities

(6.3.30) cmax(3", |2])*"F < |y0|2d+% + lyo — Z|2d+% < Cmax(3", |2[)24+4.
We thus deduce that
Vo (yo, -
oz Y e O O
1T max(|2],3m) "1 T e -yl

2d+32
voen 300 [0l T4+ Jyo — 2|
By combining the estimates (6.3.26), (6.3.27), (6.3.29) and (6.3.31), we deduce that

C3%

(6.3.32) IVyw(y,z,-) prEg

Iz2(u) <
Tz -yl

We complete the argument by recalling that, for each y € [J, and each z € Z<, the func-

tion w is defined so that we have V, @ (y, z,-) = 0.V (y, -, ). The inequality (6.3.32)

can thus be rewritten

) C3%
0.V (y,-,0,p")[| < m-
The proof of the inequality (6.3.14), and thus of Step 2 is complete. O

6.3.3. Control over the L2-norms of the functions u — I, and v — a, (0,) " l,-. —
The objective of this section is to prove that the optimizers u(-,-,00, ,;,p) and
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v(+, -, Oy, p*) are close in the L? (O, ug)-norm to affine functions. The result relies
on the multiscale Poincaré inequality stated in Appendix B, and is quantified in
terms of the subadditivity defect 7,,.

Lemma 6.3.4 (L? estimate for the optimizers u and v). — There exist an inverse tem-
perature By := Bo(d) < 0o and a constant C := C(d) < oo such that, for each B > [y,

each integer n € N, and each pair of vectors p,p* € Rdx(g),

_ 2 2620 _n n _n—m
(6:333)  [[u(,Ory1sp) = boll o,y < ClI™3 (3 B4 2_03 2 Tm> ,
and
(6.3.34) Hv(., S Oni2,p") = Izt — (005 Ong2, 00y
n+1
< C|p*|*3*" (3_g + Z 3_27'm> .
m=0
Proof. — We assume without loss of generality that |p| = 1 and |p*| = 1. To ease the

notation, we denote by v := u(-,-,[J; ;,p) and by v := v(-,-, 0, 42,p*). The strategy
of the proof relies on two ingredients:

2

L2(Ony1,pm8)

— First, we need to estimate the spatial averages of the gradients of the func-
tions u — I, and v — I, (o, )-1,~ and prove that they are small. To be more
precise, we estimate these spatial averages in terms of the subadditivity defects
Tn. The proof relies on different arguments depending on which function we
consider:

— For the function u, we use the subadditivity property stated in Proposi-
tion 6.2.1 and the following fact: for any discrete cube 0 C Z? and any
function f : 0 — R which is equal to 0 on the boundary of the cube [,
one has the identity

> V(@) =o.
zell
— For the function v, we use the subadditivity property stated in Proposi-

tion 6.2.1, and Lemma 6.3.2 to control the variance of the spatial average
of its gradient.

— The multiscale Poincaré inequality, which is stated in Proposition B.0.1 in Ap-
pendix B. This inequality allows to estimate the L?-norm of a function in terms
of the spatial averages of its gradient.

We first focus on the function v := u(-,-,0,,,,p), and prove the inequality (6.3.33).
We first recall that the function u is extended by the affine function I, outside the
cube U, ;. We thus have

Hu(7 '7|:|;+17p) - lpHi2(Dn+17ﬂﬁ) - ||’U,(', .7|:|7:+1,p) B lpHiZ(D;+1vP‘ﬁ) ’
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By the multiscale Poincaré inequality stated in Proposition B.0.1 of Appendix B, we
have
(6.3.35)

Hu(a " Dr_hLl’p) - lszZ(DnJrhIJ«ﬁ)

< O||Vu( Oryrp) — plla

n+1,H0)
(6.3.35)—(i)
2
n e 3™ 1 _
+03 Z Z Z VU(',',DnJ’_l,p)_p
|Zimnl |2 4+ Om|
m=0 U 2€Zmin zez+Upy, s
(6.3.35)(ii)

We bound the term (6.3.35)-(i) using the estimate (6.1.7). We obtain the inequality
(6.3.36)
_ 2 2
||VU(, 5 Dn+1ap) - p||L2(|:’n+1yHﬁ) < 2 ||V’LL(, Kl Dn+17p)||L2(D;+l,uB) + 2|p2| < C|p2|'

To estimate the term (6.3.35)-(ii), we use the two following ingredients:

— The subadditivity of the energy v which is stated in Proposition 6.2.1 and
Remark 6.2.2. It reads, for each integer m € {1,...,n},

/A I | O Y S IO iy )| SN
2€Zm,n

<C (v (Onp) v (Op41,0) +3 % |p?)

<C (Z Th +3"3|pl2> :
k=m

— For each point 2z € %, the function u(-,z + O,,,p) belongs to the space
l, + H} (2 + O, pg). This implies that, for each realization of the field ¢ € Q,

1
6.3.37 - Vu(z, 6,2+ 0. p) = p.
(6:3.37) TTE L Vamec+ D -p
r€z+0,,
We deduce the inequality, for each integer m € {1,...,n},
(6.3.38)
1 1 2 u -

Vu(z,-, 0, . 1,p)— <C +37 2 .
S g7y D v Gran-s) ) <03 mrsTir)
2€Zm,n zez+0,, K k=m

Combining the estimates (6.3.35), (6.3.36), and (6.3.38) completes the proof of the
estimate (6.3.33).
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We now prove the inequality (6.3.34). By the multiscale Poincaré inequality, we
have

(6.3.39)

2

’U(-, ',Dn+2ap*) - lér—blp* - (’U(', '7|:|n+25p*) - 15;117*>

Unta L2(Ont1,1p)
_—1 *
S CHV'U(, n+2, P ) ||L2(Dn+l7,u‘ﬁ)
(6.3.39)~(i)
2
n gm
can Vo(, Ony2,p") — &, 'p"
N Z|Zmn|< |z+Dm| Z ( +2,0") — &, p >
m=0 s rzez+0,, 27¢]
(6.3.39)— (i)

We first treat the term on the left side. Since the average value of a linear map on a
cube centered at 0 is equal to 0, we have that

1
(’U(-)-)I:ln_i_%p*) — léglp*)ﬂn_*_l = m DZ v(x,, Onyo,p").
zellpt1

We then use the estimate (6.1.6) and the inclusion [0, 1 C %Dn+2. We obtain

(6.3.40) ’ :

(U(" "Dn-‘rQap*) - lé:blp*>mn+1 - ('U(‘, ’aDn+2ap*))Dn+17l’/ﬁ

L2(pp)

= var,m [(U('7'7Dn+27p*))ﬂn+1]

Z Varug $,',Dn+2,p*)]

z€0n+1

IDn

C *
||:| | Z Var['l)(m,',Dn+2,p )]

" z€30nq2
< Clp’|.

We now treat the terms in the right side of (6.3.39). The term (6.3.39)-(i) can be
estimated with the same argument as in the inequality (6.3.36). We obtain

* - %||2
(6.3.41) [Vo(, Onse,p°) =827 0" | oy ) <

To estimate the term (6.3.39)-(ii), we prove that, for each integer m € {1,...,n},
(6.3.42)

2
1 1 1. m -
|Zn | < |Z+ 0 | Z V’U(-, 'aDn+2)p )_ anlp > <037z +C Z Tk-

r€z+0,, k=m

Hp
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To this end, we decompose the left side of (6.3.42) and write

(6.3.43)
1 1 * =—1_ = 2
m Z m Z Vo, Uny2,p") — 8, p
T eFmin ™ zez4+0, g
-1 # w712
< 3 |Zm,n| Z [[U(-, 'aDn+2ap ) - U(‘v 52+ Dmap )]]ﬂl(z+|:|m,#ﬁ)
Ze%m,n
+3 |5;1p* — 5;11p*|2
2
—1 1 * - *
+3(Znal Y <<|Z+D| > Vol z+Onm,p )—am1p> > -
2€Zm,n M zez+O, %]

We estimate the first term on the right side by Proposition 6.2.5, and the second term
by Lemma 6.3.1. We obtain

(6.3.44)

|Zm,n|7l Z (v, Ont2,p") —v( 2 + Dm’p*)]]zﬂl(z+ﬂm,u@) + aglp* - 5'7_7'L1p* ?
2€Zm,n n
<C3 T 4CY T
k=m
There remains to estimate the third term in the right side of (6.3.43). We first recall
the identity, for each integer m € N,

1 * =—1_ =%

T Z (Vo(z,,0m,p")),, =8, 1"
m zell,,

We use the translation invariance of the measure pug and Lemma 6.3.2. To ease the

notation, we note that in dimension larger than 3, we have the estimate d — % > 1

2
We obtain
2

(6.3.45) (Znnl ™ D < ! > Vo(x, 2+ On,p®) — 8,'" >

2€Zm,n |Z + Dm' z€z+0pn, s

2

]- * =—1_=x

Bp

1 *
= Vval,, ﬁ Z V’U(ZU,',Dm,p )J
M zed,

1

S Va.rl,‘ﬂ ﬁ
m

Z Vo(z,,Omny1,0%) | +7m
zel,, J
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SC(3_% +Tm).

Combining the estimates (6.3.40), (6.3.41), (6.3.43), (6.3.44), and (6.3.45) completes
the proof of (6.3.34). O

6.3.4. Control over the energy J. — In this section, we obtain from the previous re-
sults and the Caccioppoli inequality a quantitative control over the energy quan-
tity J (O, p,a,p). The argument needs to take into account the infinite range of
the Helffer-Sjostrand operator and the specific forms of the energies E and E* which
causes some technicalities in the analysis. The result is stated in the lemma below.

Lemma 6.3.5. — There exist an inverse temperature By = fo(d) < oo and a
constant C = C(d) < oo such that for each B > Py, each integer n € N, and

each p € Rdx(g),

n+1
(6.3.47) J (On, p, 8np) < C|p|? (3—3 +> 3—"J"Tm> .

m=0

Proof. — The strategy of the proof relies on three ingredients: the Caccioppoli in-
equality stated in Proposition 5.1.1, the one-sided convex duality Formula (6.1.20)
stated in Proposition 6.1.12, and the L2-norm estimate on the optimizers u and v
stated in Lemma 6.3.4.
We fix a slope p € R? and assume without loss of generality that |p| = 1. By
Proposition 6.1.12, we have the identity
J (On,p,8,p) = By [u (-, . D;,p) —v (s Dn,énp)] + O (03_%) .

To prove the estimate (6.3.47), it is thus sufficient to prove the estimate

n+1
m=0

Using the coercivity of the energy Ef, stated in (6.1.2), we see that to prove the
inequality (6.3.48), it is sufficient to prove the estimate

n+1
(6:3.49) [[u (- 0yyp) - v('v'vljnaénp)]];l(umﬂﬁ) =¢ (3_3 + 3‘"_2mrm> :
m=0

and by Propositions 6.2.1 and 6.2.5, we see that to prove (6.3.49) it is sufficient to
prove

(6.3.50)
2 n e n—m
[[u ('7 '7D7:+17p) -v ('a 'aDn+27 énp)]]ﬁl(mmuﬁ) < c (3_2 + Z 372 Tm) .
m=0

We now focus on the proof of (6.3.50). In the rest of the proof, we make use of the

notation u := u ('7 ) D;—‘,—lﬂp) and v:=v ('7 Bl Dn+27é’np) - (U ('? K Dn+27é’ﬂp))mn+l,uﬁ'
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By Lemma 6.3.4, we have the L? (0,11, uug)-estimate

2 2 2
(6.3.51)  [lu— v||£2(Dn+17l"ﬁ) < 2|lu— lp||L2(Dn+1,Mﬁ) +2|v - lp||L2(Dn+1,H,B)
n+1 B
< 3% <3—’2‘ +> 3_2Tm> :
m=0

We recall the following notation: for each integer k£ € N, we denote by [IF o the interior

cube OF , := {z € 0,42 : dist (z,00,12) > k}. By the first variation formula stated

in Proposition 6.1.12, the maps u and v are solutions of the equations
Zu=0in0, ;, xQ and Zn,,,v="0in0,4 xQ,

where we recall the definition of the Helffer-Sjostrand operator 7

n+2
e 1 1 (_1)k+1 k+1 k+1
e =00 =558 35 kg s v (105.,7"7)

1
_ Ev. (1EI"+2\IZI;+2V) + Y ViV,

supp ¢C, 12

One can adapt the proof of the Caccioppoli inequality (Proposition 5.1.1) to
the operator 7, .. and obtain the following statement. There exists a constant

C :=C(d) < oo such that for any vector fields F' : Oy,yo x @ — R (2) and
G :Opy2 xQ — RY any ball B(z,r) such that B(z,2r) is included in the cube [, 2,

and every solution w : B(z,2r) x Q — R() of the equation
0,,,w =V - F+dG in B(z,2r) x Q,
one has the estimate
C
(6.3.52)  [wllg (s, @) < T I1WllL2ss, @00
IF N2 Ba sy FICGI2 (Br oy T D22 €O Ny, )2, -
y€Un42\Bar(x)

We then note that, by the definition of the operator 7
the equation

42> the function u satisfies

0, u=V -F+dGin O, xQ,
where the vector fields F' and G are defined by the formulae, for each z € OJ, |,

Fz) = _2i Y L (-A)Vu@) and G@) = Y a,Veu x ng(a).
BkZdist(z,BDn+2)ﬂ2 supp ¢Z0,, 42

We estimate the L? (0,41, ug)-norm of the functions F' and G. We first note that

every point z in the cube [, 1 satisfies the inequality dist(z,d0,2) > ¢3". Using

the boundedness of the discrete Laplacian operator, the upper bound on the L?-norm

of the gradient of the function u stated in (6.1.7), and choosing the inverse temperature
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0 large enough, we have

1
(6.3.53) 1 220, < D Pl PTG

k>c3m

k 5
< Z % ||VU||L2(D;+2,,LB) < Ce=cnB3z,
k>c3n

Using a similar argument, we note that for each point z in the interior cube U, 1, if
a charge ¢ € () is such that its support is not included in the cube 0,2 and such that
the point = belongs to the support of ng, then its diameter must be larger than c3".
We then use the exponential decay on the coefficient a, and the estimate (6.1.7) to
obtain

(6.3.54)

”G”L2(Dn+1,ﬂﬁ) = Z aq(vqu) Ng = Ce_C\/B?) ”VUHLZ(D;H”W)
supp ¢Z0 42 L2(0n,pup)

< CeeVP3",

We now apply the Caccioppoli inequality (5.1.2) to the function w := u — v, which is
solution of the equation 7o, (u —v) = V- F +dG in the set (., x Q. We obtain

(6:3.55) B ) 119y (u =)l g2, sy + IV (@ = )l 120, )

yeZa
—2n 2 2 2
< O3 lu = vllpe(or, s) + 122 (07, s) + 1G22 (07 )
(6.3.55)—(i) (6.3.55)—(ii)
2
+ Z e—c(np)|z| u(z, ) — v(z, ')HLZ(ua)
z€0n42\0, 4
(6.3.55)—(iii)

We estimate the term (6.3.55)-(i) thanks to the inequality (6.3.51). We obtain

n

n+1
—2 2 _% _%
(6.3.56) C37" ||lu — UHLZ(D’Hyua) <C (3 + 2703 Tm) .
We estimate the term (6.3.55)-(ii) by the inequalities (6.3.53) and (6.3.54). We obtain

2 —e(lnB)3%
(6.3.57) ||F||£2(D;+1’HB) + ||G||L2(D;+1’#B) < Ce—c(np)32

For the term (6.3.55)-(iii), we use the estimate (6.3.51), the observation 7,, < C, and
note that if a point z lies outside the cube [,,, then its norm must be larger than ¢3".
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We obtain
(6.3.58)
S V=)@, gy < Cem VP ST 1V - 0)(@, e,
:EEDTH_z\D;Jrl z€0n 42
/B3 o dn

< Ce VP35 lu = U”£2(Dn+27uﬁ)

< Ce—cVB3",
Combining the estimates (6.3.55), (6.3.56), (6.3.57), and (6.3.58) completes the proof
of Lemma 6.3.5. O
6.3.5. Quantitative rate of convergence for the energy J. — In this section, we use

Lemma 6.3.5 together with an iterative argument to obtain an algebraic rate of con-
vergence for the quantity J (O,,p,a,p). The strategy implemented in the proof is
essentially the one described in the paragraph following Proposition 6.1.10 up to a
technical difficulty: the term in the right side of the estimate (6.3.47) of Lemma 6.3.5
is not the subadditivity defect 7,, but a weighted average the subadditivity defects.
This additional technicality requires to make use of a weighted quantity denoted by ﬁn
in the proof below.

Proposition 6.3.6. — There exist a constant C :=C(d) < oo and an exponent
d
a := a(d) > 0 such that, for each integer n € N, and each p € Rdx(z),

J (On,p,a,p) < Clp|*37*".

We record, as a corollary, that the quantitative rate of convergence established in
Proposition 6.3.6 implies a quantitative estimate on the subadditivity defect 7,.

Corollary 6.3.7. — There exist a constant C:=C(d) < oo and an exponent
a := a(d) > 0 such that, for each integer n € N,
(6.3.59) -C37% <71, <C37",

Proof of Proposition 6.3.6 and Corollary 6.3.7. — We let B; be the unit ball
d

in R42). We denote by Cp the constant which appears in the right side of the

identity (6.1.20), and define, for each integer n € N,

F, = sug v (D;,p) + v* (Op,a,p) — an|p|® + Colp|?37%.
peB;

We note that by the inequality (6.1.5), we have the upper bound, for each integer
n €N, F, < C. By Proposition 6.1.12 and Lemma 6.3.5, we have, for each integer
n €N,

n+1
(6.3.60) 0<FE,<C <3—E + Z 3—”2”Tm> )

m=0
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Additionally, we obtain from the subadditivity properties stated in Propositions 6.2.1
and 6.2.5

(6.3.61) Foy1 <F,+037 2.
Combining the estimates (6.3.60) and (6.3.61) implies that

n+1
0< Fuy <C (3—"2“ +> 3—"2’”Tm> :

m=0
By definition of the subadditivity defect 7,,, and the fact that the maps
p—v(0,,p) —v(Oy1,p) +Clp’37%
and
P = v (Cn,p") = v (Ops1,p%) + Clp*[*37%
are quadratic and non-negative, we have
(6.3.62)

d
T < CZ (V (D,‘L, ek) —v (D;H, ek) +v* (Op,er) —v* (Dn+1,ek)) +037 2
k=1

<C(Fy—Fpp1 +372).

We then define F), := 37 % > oreo 3% F},. From the estimates (6.3.60), (6.3.62), and the
inequality Fy < C, we deduce that

(6.3.63) Fy—Foyy=37% Z 3% (Fy — Frp1) — 3~ R,
k=0
n 1 .
n k n
(6.3.64) >33 3k (CT" B 3_2> e
k=0
1 & e n . i
P S I D DL B e
k=0 k=0
Il .
26 3_( 4k)Tk—C3_Z_
k=0
We then compute, by using the inequalities (6.3.61) and (6.3.60),
n+1 n
Py = 37 Z 3§Fk =374 23%Fk+1 + 3_%1F0
k=0 k=0
<37%) 3i (Fr +C372) +C37%
k=0
<F,+C371%,
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We use the estimate (6.3.60) and write
(6.3.65)

Fra<37%) 3iR+ 03 <37t ) 8t (03
k=0

3= " Tm> +C37 1

k

371 ) 37 %r, +C37%
m=0

ISES

By combining the estimates (6.3.63) and (6.3.65), we have obtained

Fn+1 Sc(ﬁn_ﬁnﬁ-l) +C3_%

The previous inequality can be rewritten

jnd C = n
6.3.66 F,i, < F,+C3 %,
(6.3.66) m S gyt
We set ap := ﬁlnCL+1 so that we have 3% = CLH, and define the exponent

o = min (ao, %) We iterate the inequality (6.3.66), and note that the inequality
Fy < C implies the inequality Fy < C. We obtain

F, <37%0"Fy + 0 3-0k3="7" < 037on,
k=0
Finally, by the definition of the weighted sum ﬁm we have the inequality F,, < E,.
The proof of Proposition 6.3.6 is complete.

There only remains to prove Corollary 6.3.7. The lower bound in (6.3.59) is a direct
consequence subadditivity properties stated in Propositions 6.2.1 and 6.2.5. For the
upper bound, we use the inequality (6.3.62) together with the estimates F,, < C37"
and Fn+1 Z 0. ]

6.3.6. Quantitative rate of convergence for the subadditive quantities v and v*. — In
this section, we deduce Proposition 6.1.10 from Proposition 6.3.6.

Proof of Proposition 6.1.10. — Before starting the proof, we collect some ingredients
which were proved in this section:

— By Proposition 6.1.12 and Definition 6.3.1, we have the identities, for each in-
teger n € N, and each p, p* € R?,
— 1 — * * 1 * =—1_ %
(6.3.67) v(O,,p) = §p-a(ljn)p and v*(O,,p%) = P -a, p*.
— By Property (4) of Proposition 6.1.12, there exist two strictly positive
constants ¢, C depending only on the dimension d such that, for every cube
O c z¢,
(6368) CIdX(d) S a(D), a*(D) S CIdx(d)'

2 2
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— By Corollaries 6.2.3 and 6.2.6, we have the convergences

(6.3.69) a(d,) — a and &,' — &/

— By the one-sided convex duality estimate (6.1.20) and Proposition 6.3.6, we have
d

the inequalities, for each p € R ( ),
—C|p|*37% < v (On,p) + v* (On,anp) — anlp*> < C|p[?37",
which can be rewritten, by using (6.3.67),
(6.3.70) la(O;) —4&,| <C37*".

— By Lemma 6.3.1 and Corollary 6.3.7, we have the inequality, for each pair of
integers (m,n) € N such that m < mn,

n n
6371  |at A <Y m+03F <Y 03k 037 < o3
k=m k=m
We now combine the four previous results to complete the proof of Proposi-
tion 6.1.10. First by sending n to infinity in the inequality (6.3.70), and using the
convergence (6.3.69), we obtain the identity & = a,!. Then by sending n to infinity
in the inequality (6.3.71), we obtain the inequality, for each integer m € N,

(6.3.72) |la,! —a '] <c3mm.

We then combine the inequality (6.3.68) with the inequality (6.3.72) to obtain
(6.3.73) |5, — & < C37™,

Combining the estimates (6.3.70) and (6.3.73), we deduce that, for each integer n € N,
(6.3.74) |a(0;) —al<|a(0,)—a,|+|a, —a <C37°™

Proposition 6.1.12 is then a consequence of the estimates (6.3.73), (6.3.74), and the
representation formulae (6.3.67). O

6.4. Definition of the first-order corrector and quantitative sublinearity

An important ingredient to prove the quantitative homogenization of the mixed
derivative of the Green’s matrix associated with the Helffer-Sjostrand operator (which
is the subject of Section 7) is the first-order corrector. The objective of this section is
to introduce this function, and to deduce from the algebraic rate of convergence on
the energy v established in Proposition 6.1.10 two properties on this map:

— The quantitative sublinearity of the corrector, this result is stated in the Equa-
tion (6.4.1).

— A quantitative estimate on the H~'-norm of the flux of the corrector, this result
is stated in the estimate (6.4.2).

The corrector which is introduced in this section is a finite-volume version of the
corrector (see Definition 6.4.1), the reason justifying this choice is that it is simpler
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to construct from the subadditive energy v and allows the arguments developed in
Section 7 to work. We do not try to construct the infinite-volume corrector as it would
require to prove a quantitative homogenization theorem and establish a large-scale
regularity theory (following the techniques of [7, Section 3]), and the development
of this technology is not necessary to prove Theorem 1. Nevertheless, the specific
structure of the problem (and the strong regularity properties established in Section 5)
allows to define the gradient of the infinite-volume corrector with a simple argument;
the construction is carried out in Proposition 6.4.4.

6.4.1. Finite-volume corrector. — This section is devoted to the definition and the
study of the finite-volume corrector.

Definition 6.4.1 (Finite-volume corrector). — For each integer n € N, and each slope
d

p € Rdx(2), we define the finite-volume corrector at scale 3™ to be the function
Xn,p ° 74 x @ — R() defined by the formula

Xn,p ‘= U (', Y D;,p) —1p.
We recall that the corrector extended by 0 outside the trimmed cube O . Given
two integers (4,7) € {1,...,d} x {1,..., (g)}, we denote by e;; € R¥(5) the vector
eij = (0,...,€4,...,0), and denote by Xn ij := Xn,e,;-

Remark 6.4.2. — The finite volume corrector x, p is the solution of the equation
1 1 1 n+1 *
—ApXnp — ﬁAme + 23 Z 3% (=) Xnp + Z Va-agVg(lp+ Xnp) =0
n>1 q€Q . _
in OO0 x 0,

Xn,p =10 on o, x Q.

By the identity V4 (I, + Xn,p) = (ng, d*l, + d*Xn,p), we see that the corrector depends

only on the value of d*l,. In particular, if d*l, = 0 then X, , = 0. As the vectors d*[,

belong to the space R, the collection of correctors (Xp) _ux (4) forms a d-dimensional
peR 2

vector space from which we extract a basis: for each integer i € {1,...,d}, we select
d

a vector p; € R¥(2) such that d*l,, = e; and denote by Vx; = Vxy,-

The following proposition establishes quantitative sublinearity of the corrector and
provides a quantitative estimate for the H ~'-norm of its flux.

Proposition 6.4.3 (Quantitative sublinearity). — There ezist a constant C := C(d), an
exponent a(d) > 0, and an inverse temperature By(d) < oo such that, for every inverse

d
temperature 3 > [y, and every vector p € Rdx(2), the finite-volume corrector satisfies
the following estimates

(6.4.1) X pll 2 (017 ) < CloIB "
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and
(6.4.2)

1 — —)n
2 (p+ Vxnp) + ,BZ a,Vy (lp + Xnp) Lg,d* (ng) — ap < C|p|3(1 =,
€9 H-Y(O; ,up)

Proof. — The estimate (6.4.1) is obtained by combining Lemma 6.3.4 and Corol-
lary 6.3.7. The proof of the estimate (6.4.2) regarding the flux is more involved and
we split it into two steps. The argument requires to take into account the infinite range
of the sum over the charges (by using the boundary layer BL, and the exponential
decay of the coefficient a,), which makes the proof technical. Since similar technical-
ities have already been treated in the previous sections, and the analysis does not
contain any new arguments, we omit some of the details and only write a (detailed)
sketch of the proof.

Step 1. — In this step, we prove that, to prove (6.4.2) it is sufficient to prove the
d

estimate, for each p* € Rdx(2)7

(6.4.3)

1 * * *
§VU ('a'aD’er )+IB Z aqqu ('7'7Dn7p )Lt2,d* (nq)_p
supp ¢CU, H(O7 us)
< C|p*|3(1—a)n.

2

We fix a vector p* € R% (2) and recall that, by definition of the first order corrector,
lp + Xnp = u(--,0,,p). To ease the notation, we denote by u := u(-,-,0,,p) and
by v := v (-,-,0,,ap). First, we note that Proposition 6.1.12 implies the inequality
la(d;,) —a| < C37*™. Combining this result with the estimate (6.1.7), we obtain

the inequality, for each vector p € Rdx(;),
(6.4.4)
||V1] ('7 K D'm 5p) - Vv (" R Dnv anp)”L?(Dmﬂﬁ) = ||V’U ('7 R Dna ap — anp)||£2(Dn,ug)
< C37%"|p|.

We use the inequality (6.4.4) with the estimate (6.3.49) stated in the proof of Propo-
sition 6.3.5 and Corollary 6.3.7. We deduce that

(645) ||V’LL—V’U||L2(D S ||VU—VU (”Dn’anp)”LZ(Dn,HB)
+ ||V'U ('a K Dnvénp) - V’U”L2(D
< C379n|p|.

na/“ﬂ)

noHg)

Using the estimate (6.4.5), we can write

1
§Vu +4 Z ag (Vqu) L 4. (ng) — 8p
qu ﬂil(mxvuﬂ)
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1 =
< §Vv +0 Z ag (Vqv) L 4 (ng) — ap
a€d H-Y(O; ,up)

1
+|5V(u—v)+ B> ag (Vg (u—0)) L4 (ng)
9€Q H(0,,10)

1 =
< EV’U +0 Z ay (Vqv) Ly 4 (ng) — ap
9<d H= (O pa)

1 -
+ 03" ||V (=) + B> ag(Vq(u—v)) L4 (ng) — ap
a€d L2(Oh i)

Using the estimate |a,| < e=¢VPl4lli | we see that

1
§V (u—v)+ ﬁz ag (Vg (u—v)) Lg,d* (1) <OV (u— U)”L?(Dn,ug)
9€¢ L2 pap)
< C37"[pl.

A combination of the two previous displays shows

1
(6.4.6) EVU + 5 Z a, (Vqu)ng — ap
9<¢ H="(Onoig)

< %Vv + ,BZ a, (Vqv) Lé,d* (ng) —ap + 30— |p|.
9€Q Y (Ooig)
The estimate (6.4.6) implies that to prove the inequality (6.4.2), it is sufficient to
prove (6.4.3).

Step 2. Proving the estimate (6.4.3). — The argument is similar to the proof pre-
sented in Lemma 6.3.4. To ease the notation, we denote by v := v (-,-,0,,p*) and
by vym == v (-, 2 + Om,p*), and assume without loss of generality that |[p*| = 1. We
use the H'-version of the multiscale Poincaré inequality stated in Proposition B.0.1
of Appendix B. We obtain

(6.4.7)

1 *
EVU +6 Z agVevL g (ng) —p
q€Q H(O5 )
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2

1
<C EV’U + ,32 aqquLé,d* (ng) — p*
q€Q L* (05 ,us)
(6.4.8)

oy Y |zm|

m=0 2% n

x <(|z—i—1|jm| Z Vo(z,-) + /BZ aqquLg’d* (ng(z)) — p*) >

z€z+0,, qeQ

N~

tp
The first term in the right side of (6.4.7) can be estimated by the estimate (6.1.7).
We obtain

€ L2(05 )

To estimate the second term in the right side of (6.4.7), we proceed as in Lemma 6.3.4,
and use the subadditivity estimate stated in Proposition 6.2.5 and Corollary 6.2.6.
We obtain

1
(6.4.9) SVt s > a, VL 4. (ng) — p* <cC.

(6.4.10)
2
1 1 1 ¢ *
Z Z -Vo(z, ) "‘ﬁzaqquLQ,d* (ng(z)) —p
|Zn,n| |z + O] 2
2€%m z€z+0m acd 7]
(6.4.11)
1
< X
2€Zm,n |Zn nl
1 2
X <<|z—|—D| > szm( )+ BY agVvemLh g (ng(@)) - p*) >
™ rez+0,, q€l) s
+ C37™,
We then use the two following results:
— The identity, for each point z € %, 1,
1 1 . .
- Z Vo, m(z,-)+ 6 Z a,VvmLs g (ng(z)) =p*.
|z + O,y 2
r€z+0,, qeQ s
— The variance estimate
V 2m V 2, mL * < Cs_ia
var [|z+ Z Vzm (7, +ﬂzaq v 2,d (Nq(2)) J 2

m |

zez+0,, q€Q
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which is a consequence of Lemma 6.3.2, the inequality d — % > % valid in

dimension larger than 3, and the translation invariance of the measure pg.

We obtain the estimate

(6.4.12)

1 1 m
< Z §V7)z,m(:c, )+ ﬂzaqquz,ng,d* (nq(z)) — p* > <037

+0O
|Z ml sez+0,, €0 s

Combining the estimates (6.4.7), (6.4.9), (6.4.10), and (6.4.12), we have obtained

1
§Vv + ﬂz agVuLh 4. (ng) — p* < Cc3i-an,
9€d H-(Oy ,up)
The proof of Proposition 6.4.3 is complete. O
6.4.2. Gradient of the infinite-volume corrector. — The next proposition establishes

the existence and stationarity of the spatial gradient of the infinite-volume corrector.

Proposition 6.4.4 (Existence of the gradient of the infinite-volume corrector and station-
arity). — There exists a stationary random field Vx : Z% x Q — R satisfying the
following property, for each p € R?, and each integer n € N,

< 037

IVXnp — VXPHE(DWM) >

Remark 6.4.5. — The property stated in Remark 6.4.2 about the finite volume cor-
rector also applies to the infinite volume corrector.

Let us first present the main idea of the argument. By assuming that the inverse

temperature is large enough, one has C%!~°-regularity estimates for the solutions
of the Helffer-Sjostrand equation, following the arguments given in Section 5.2. By
Proposition 6.1.10, one also has an algebraic rate of convergence for the subadditive
energy v with exponent a. The exponent € depends on the inverse temperature 4 and
tends to 0 as (8 tends to infinity, while the exponent o depends only on the dimension,
and remains bounded away from zero when the inverse temperature tends to infinity.
It is thus possible to choose g sufficiently large so that the exponent ¢ is smaller than
the exponent «/2, and to leverage on this property, the C%'~¢-regularity estimate
presented in Proposition 5.2.2, and the Caccioppoli inequality to prove the existence
of the gradient of the infinite-volume corrector.
Proof. — We fix a vector p € R (%) and assume without loss of generality that
|p| = 1. We decompose the proof into two steps. In the first step, we prove that, for
each point « € Z¢%, the sequence (Vxn (2, )),, oy is Cauchy in the space L? (ug). This
implies that it converges, and we define the gradient of the infinite-volume corrector
to be its limit. In the second step we prove that the function Vy, is stationary.
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Step 1. — We prove the inequality, for each point z € Z? integer n € N such that
x ey,

(6.4.13) IV Xnp(@, ) = Vxtnt1,p(@, M2,y < C372"

We now fix a point € Z? and prove the estimate (6.4.13). By the definition of the

correctors stated in Definition 6.4.1, the functions x, and x,+1 are solutions of the
Helffer-Sjostrand equations

L (lp+ Xnp) =0in O, x Q and Z (I + xnt1,p) =0in O x Q.
In particular, the difference xn41,, — Xn,p is solution of the equation

Z (Xn+1,p - Xn,p) =0

in the set [0, x§2. We can thus apply Proposition 5.2.4 to obtain, for each integer n € N
such that z € (0,,_1,

(6.4.14)
IVXnp(@, ) = VXnt1,p(2, -)”L(/Lﬂ) < SSP IVXnp (45) = Vn+1,p (4, ')“LZ(MB)
yeLln—1
< ¢3ebn Xnp = Xn+1p — (Xnp = Xn+1,p)0- £2(05 up)

< 03(5—1)71 HXn,p - Xn-&-LpHLQ(D;,p,B) '

By combining the estimate (6.4.14) and Proposition 6.4.3, we obtain the estimate, for
each pair of integers n € N such that z € [J,,_1,

IVXnp (@) = VXnt1,p (2 ')”Lz(#ﬁ) < Cemen,
Using the assumption ¢ < §, we obtain

(6.4.15) IV X0 () = VXnt1,p (2, )| 2,y < C37F"

The inequality (6.4.15) implies that, the sequence (Vxn,p(2,-)), oy is Cauchy in the
space L? (ug). This implies that it converges in the space L% (ug). We define the
gradient of the corrector Vy,(x,-) to be the limiting object.

From the estimate (6.4.15), we also deduce that, for each pair of integers n € N,
||vXn,p (557 ) - VXxp (z, ')”L2(uﬁ) < Cc3 3",
The proof of Step 1 is complete.

Step 2. — In this step, we prove the stationarity of the infinite-volume gradient
corrector. For z € Z%, we will make use of the notation 7, for the translation of the
field introduced in Section 2. We prove the identity, for each (z,$) € Z¢ x Q,

(6.4.16) Vxp (z,0) = VXp (z+z,7:0).

To prove the equality (6.4.16), we first note that, by the definition of the function wu,
we have the equality, for each point z € Z¢, each cube [0 C Z? and each pair
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(z,¢) € (y+ D) xQ,
(6.4.17) u(z, ¢, y+0,p) =u(z—y,7—yo,0,p).
Using the identity (6.4.17), the result established in Step 1, and the translation in-
variance of the measure p15, we obtain that the sequence (Vu (z,-,y + 0n,p) — p),en
converges in the space L? (ug) to the random variable ¢ — Vx, (z —y,7—y9).
Thus to prove the identity (6.4.16), it is sufficient to prove that the sequence
(Vu (z,-,y + On,p) — p),,c also converges in L? (up) to the gradient of the corrector
¢ — Vxp(z, #). This is what we now prove.

We first note that the proof of Proposition 6.1.12 can be adapted so as to have the
following result. For each y € Z%, and each integer n such that 3> > 2|y|, one has the
estimate

2
(6418) Z ||VU (" Y+ z+ Dnap) - Vu ('7 ) Dn+lap)||L2(y+z+Dn,uﬁ)

2€Zn n
< c (V (Dnap) - V(Dn—i-lvp) + 375) .

The proof is identical; indeed under the assumption 3% > 2|y|, one can partition
the triadic cube (y + [;,41) into the collection of triadic cubes (y + 2z + U,) oy and
a boundary layer of width of size 3. One can then rewrite the proof of Proposi-
tion 6.1.12 to obtain the estimate (6.4.18). We then use Proposition 6.1.12 (or more
precisely Corollary 6.3.7), and obtain the inequality

2 —an
”VU ('? HY+ Dnyp) - Vu (" ) Dn+17p)||£2(y+[|m#ﬁ) < C3 .

Using the C''~¢-regularity estimate stated in Proposition 5.2.4, the assumption € < T
and an argument similar to the one presented in Step 1, we obtain, for each integer n €
N such that 3% > 2|y|, and each point z € 0,,_1,

IVu 2,y +Ua, p) = Vu(z, '7Dn+lap)||i2(ﬂﬁ) < C37E",

Using the definition of the finite-volume corrector given in Definition 6.4.1 and the
inequality (6.4.13), we deduce that

||Vu (IE, 5y + Dnap) —-—Db— vXp (.’I}, )||i2(ltﬁ) < 037%’“

The previous inequality implies that the sequence (Vu (z,-,y + Op,p) — p), oy con-
verges in the space L? (ug) to the random variable ¢ — Vx, (z,$). The proof of
Proposition 6.4.4 is complete. U
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CHAPTER 7

QUANTITATIVE HOMOGENIZATION
OF THE GREEN’S MATRIX

7.1. Statement of the main result

The objective of this section is to prove the homogenization of the mixed gradient

of the Green’s matrix stated in Theorem 2. We first introduce the notation a5 := a/4
and the Green’s matrix associated with the homogenized operator V -a3gV: we denote
by G : Z¢ — R(2)*(2) the fundamental solution of the elliptic system
(7.1.1) -V -83VG = g in Z°.
The matrix a3 is a small perturbation of the matrix %Id and the size of the per-
turbation is of order ,6’_% < 7L, The solvability of the equation is thus ensured by
the arguments of Section 5; more specifically, a Nash-Aronson estimate holds for the
heat-kernel associated with the operator —V -3V which can then be integrated over
time. We rewrite the statement of Theorem 2 below

Theorem 2 (Homogenization of the mixed derivative of the Green’s matrix). — Fiz a
charge g1 € §) such that 0 belongs to the support of ng, and let U, be the solution of
the Helffer-Sjostrand equation

(7.1.2) LUy, = cos (27 (¢, q1)) q1 in Z% x Q.

For each integer k € {1,..., (‘21)}, we define the function éqhk : Z¢4 — R by the
formula

Gk = Di<i<d Zlgjﬁ(g) (cos (27 (¢, q1)) (ngy, d*le,, + d*Xij)>HB VG

Then, there ezist an inverse temperature By := Bo(d) < 0o, an exponent v := v(d) > 0,
and a constant Cy, which satisfies the estimate |Cy,| < C ||q1||’1C for some constant
C :=C(d,B) < oo and exponent k := k(d) < oo, such that for each 8 > By and each
radius R > 1, one has the inequality

VU, - > > (eij+ Vi) ViGq,

Isisdi<<(s)

Clh
= Rd+v’

(7.1.3) ‘

L2(AR,pp)
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Remark 7.1.1. — Since the codifferential d* is a linear functional of the gradient, the
map d*x;; is well-defined even if we have only defined the gradient of the infinite-
volume corrector: we have the identity d*x;; = Lo a+ (V*xij)-

Remark 7.1.2. — We recall that in this section, the constants are allowed to depend
on the dimension d and on the inverse temperature .

Remark 7.1.3. — We recall the definition of the annulus Agr := Bag \ Bg; its volume
is of order R?.

Remark 7.1.4. — The double sum ), ., Zl<j<(d) appears frequently in the proofs
1= SI=\2

of this section; to ease the notation, we denote it by Z”

Remark 7.1.5. — Since the form g; can be written dn,,, we expect the two gradients
VU, and VG, to behave like the mixed derivative of the Green’s function, i.e., they
should be of order R~% in the annulus Ag. The proposition asserts that the difference
between the two terms V%, and }, ; (e;; + Vxi;) ViGq, ,; is quantitatively smaller
than the typical size of the two terms considered separately.

7.2. Outline of the argument

The strategy of the proof of Theorem 2 relies on a classical strategy in homogeniza-
tion: the two-scale-expansion. The proofs presented in the section make essentially use
of two ingredients established in Sections 5 and 6:

— The quantitative sublinearity of the finite-volume corrector and the estimate on
the H~!-norm of the flux stated in Proposition 6.4.3.
— The C%!~¢_regularity theory established in Section 5.

We now give an outline of the proof of Theorem 2. The argument is split into two
sections:

— In Section 7.3, we perform the two-scale expansion and obtain a result of homog-
enization for the gradient of the Green’s matrix as stated in Proposition 7.2.1.

— In Section 7.4, we use the result of Proposition 7.2.1 and perform the two-scale
expansion a second time to obtain the quantitative homogenization of the mixed
derivative of the Green’s matrix stated in Theorem 2.

7.2.1. Homogenization of the gradient of the Green’s matrix. — In this subsection, we
present an outline of the proof of Section 7.3; the objective is to establish the quantita-
tive homogenization of the gradient of the Green’s matrix stated in Proposition 7.2.1
below.

d

Proposition 7.2.1 (Homogenization of the Green’s matrix). — Let () : Z¢ x Q — R(:)*(2)
be the Green’s matrixz associated with the Helffer-Sjéstrand equation

(7.2.1) =260 in Z¢xQ.
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Then, there exist an inverse temperature $o(d) < oo, an exponent v := v(d) > 0, and
a constant C := C(d) < oo such that, for any 8 > By, any radius R > 1, and any

integer k € {1, ceey (g)};

_ C
(7.2.2) V0 — Z (ei; + Vxij) ViGj < Ri—1+7"

J L2(Ag,up)

To set up the argument, we first select an inverse temperature 8 large enough,
depending only on the dimension d, such that the quantitative sublinearity of the
finite-volume corrector and of its flux stated in Proposition 6.4.3 holds with exponent
a > 0. Following the argument explained at the beginning of Section 6.4, we can
choose the parameter 3 large enough so that all the results presented in Section 5
pertaining to the C%!~¢-regularity theory for the Helffer-Sjostrand operator Z are
valid with a regularity exponent £ which is small compared to the exponent o (we
assume for instance that the ratio between ¢ and « is smaller than 100d?). We also
fix an exponent ¢ which is both larger than ¢ and smaller than « and corresponds to
the size of a mollifier exponent which needs to be taken into account in the argument
(we assume for instance that the ratios between the exponents o and § and between
the exponents £ and ¢ are both smaller than 10d). We have thus three exponents in
the argument; they can be ordered by the following relations

(7.2.3) 0< e ¥ 4] < ! < L

regularity mollifier exponent homogenization

We additionally assume that the exponents €, § and « are chosen in a way that they
depend only on the dimension d. The exponent « in the statement of Proposition 7.3.1
depends only ¢, § and « (and thus only on the dimension d).

We now give an outline of the proof of the inequality (7.2.2). The first step of the
argument is to approximate the Green’s matrices { and G; the main issue is that
the spatial Dirac function dp in the definitions of the Green’s matrices { in (7.2.1)
and G in (7.1.1) is too singular and causes some problems in the analysis. To remedy
this, we replace the Dirac function §y by a smoother function, and make use of the
mollifier exponent &: we let ps be a discrete function from Z¢ to R(g)x(;‘)’ we denote
its components by (ps,:;), <ig<(d)’ and assume that they satisfy the four properties

(7.2.4) supp ps C Bi—s, 0 < psij < CR™V4 3" s ii(3) = 1y,
z€Z3
and Vk € N,
C
k
V¥ ps.is| < R(@+k)(1-3)’

which implies in particular that ps;;; = 0 if ¢ # j. We define the functions

d d d d

2 2 2

G5 7% x Q — R(:)* () and Gs: 7% — R(3)%(3) to be the solution of the systems, for
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140 CHAPTER 7. QUANTITATIVE HOMOGENIZATION OF THE GREEN’S MATRIX

each integer k € {1, cees (g)}’

7.2.5 5.k = Ps.-k in QX Zd, -V - (8gVGs.1) = Ps.k in VA
) ) B ) )

We then prove, by using the regularity theory established in Section 5, that the
functions (5, G are good approximations of the functions ¢, G. This is the subject of
Lemma 7.3.1 where we show that there exists an exponent v := v(d, 3,d,¢) > 0 such
that

(7.2.6)

VG5 — VQ/HLOO(AR,%) <CR'™  and HVét; - Vé”Lm(AR,M) < CR'7477.

By the estimates (7.2.6), we see that to prove Proposition 7.3.1 it is sufficient to prove
the inequality, for each integer k € {1,..., (g)},

(7.2.7) Vs, = D (e + Vxis) ViGa g < CR'"™4.
bl L2(AR,up)
We now sketch the proof of the inequality (7.2.7). We let m be the integer uniquely

defined by the inequalities 3™ < R't% < 3™+l and consider the collection of
finite-volume correctors (Xm,i;) (&) We then define the two-scale expansion
2

1<i<d,1<5<
s - 70 x Q — R(:)* () according to the formula, for each k € {1, R (g) },
(7.2.8) s = GCsu+ Y (ViGs jk) Xom.ii-
,J

We now fix an integer k € {1, o (g) } The strategy is to compute the value of Z&#s. .k
by using the explicit formula on the map ¢/, stated in (7.2.8), and to prove that it
is quantitatively close to the map ps.; in the correct functional space; precisely, we
prove the H!-estimate,

(7.2.9) Lo, 1 = pskll g1

Obtaining this result relies on the quantitative behavior of the corrector and of the
flux established in Proposition 6.4.3. Once one has a good control over the H ~!-norm
of LHs. .k, — ps,.k, the inequality (7.2.7) can be deduced from the following two argu-
ments:

< CR'74,

Bpitetp) =

— We use that the function (s .; satisfies the equation 25 ., = ps,.r to obtain that
the H~'-norm of the term Z (#s,.x — (s,.x) is small. We then introduce a cutoff
function 7 : Z¢ — R which satisfies:

(7.2.10) suppn C Ag, 0<n<1, n=1on {z€Z: 1.1R < |z| < 1.9R},

and Vk € N, |an| < %, and use the function 1 (&%, — Cs,.1) as a test function
in the definition of the H ~!-norm of the inequality (7.2.9). We obtain that the
L2-norm of the difference (V... — Vs 1) is small (the cutoff function is used

to ensure that the function 7 (&#%,.x — (s,.k) is equal to 0 on the boundary of the

ASTERISQUE 447



7.2. OUTLINE OF THE ARGUMENT 141

ball Bri+s and can thus be used as a test function). The precise estimate we
obtain is the following

d —d—
(7'2'11) ”v(’?A(S,-k - vgév'k||L2(Zd,uﬁ) < CR2+1 d .

— By using the identity (7.2.8), we can compute an explicit formula for the gradient
of the two-scale expansion ¢/s,.,. We then use the quantitative sublinearity of
the corrector stated in Proposition 6.4.3 and the property of the gradient of the
infinite volume corrector stated in Proposition 6.4.4 to deduce that the L?-norm
of the difference Vs, .1 — Z” (eij + Vxi;)ViGjy is small; the precise result we
obtain is the following

(7.2.12) Vs, — Z(eij + Vxi;)ViGjk < CR#t1-d-7,
" L2(Z4,ng)

The inequality (7.2.7) is then a consequence of the inequalities (7.2.11) and (7.2.12).

7.2.2. Homogenization of the mixed derivative of the Green’s matrix. — In this sub-
section, we present the arguments of Section 7.4. The objective there is to use Propo-
sition 7.2.1 to prove Theorem 2. The proof is decomposed into four steps:

— In Step 1, we use Proposition 7.2.1 and the symmetry of the Helffer-Sjostrand
operator Z to prove the inequality in expectation

(7.2.13) <Rd > [z, —Gm(z)\z) < o

2EAR

— In Step 2, we prove the variance estimate, for each point z € Z¢,

Cq 1

(7.2.14) var [Uy, (2, )] < 22

Since we expect the function z — %, (2) to decay like |2|'~¢; its variance should
be of order |2|?>72%. The estimate (7.2.14) states that the variance of the random
variable ¢ — Uy, (2, ¢) is (quantitatively) smaller than its size; this means that
the random variable 94, (z) concentrates around its expectation. We then use
the result established in Step 1 to refine the result: since by (7.2.13), one knows
that the expectation of the map %, (z) is close to the function G, , one deduces
that the function 94, is close to the function G, in the L?(Ag, ps)-norm. The
precise estimate we obtain is the following

C‘ll
Rid—1—7"
The proof of the inequality (7.2.14) does not rely on tools from stochastic ho-
mogenization; we appeal to the Brascamp-Lieb inequality and use the properties
of the second-order Helffer-Sjostrand equation introduced in Section 5.4.

(7.2.15) H%(h —@J!EMR,W <
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— In Step 3, we prove the estimate (7.1.3), the proof is similar to the argument
presented in the proof of Proposition 7.2.1 and relies on a two-scale expansion;
it is decomposed into two substeps.

In Substep 3.1, We define the two-scale expansion ¢/, by the formula

(7.2.16) gy =Gy + Y ViGqy iXm,ij-
i,
We then use that the function G, is a solution to the equation V-a3VG,, =0
in the annulus Ag to prove that the E_l (Ag, pg)-norm of the term Zo%ql over
the annulus Ag is small; we show
C
(1217 19701 ) < i
The proof is essentially a notational modification of the proof of the esti-
mate (7.2.9), and is even simpler since we do not have to take into account
the exponent § and the function ps.
In Substep 3.2, we use that the function %/, satisfies the identity
U, = 0 in the set Ap x Q to deduce that the H ' (Ag,pus)-norm of
the term £ (Hy, — Uy, ) = LHy, is small. We then consider the map n defined
in (7.2.10) and use the function 0 ($#,, — %,,) as a test function in the defini-
tion of the H™' (AR, ug)-norm of the term Z (S, — U, ). We obtain that the
L? (A}Q, /,Lﬁ)-norm of the difference V¢#,, — VU, is small, where we used the
notation A}% = {x €Z%: 1.1R< |z| < 1.9R}. This is the subject of Substep
3.2 where we prove
(7.2.18) |V Uy, — VC%%”E(A}QM) < Rod‘fﬁv.
— Step 4 is the conclusion of the argument, we use the explicit formula for the
two-scale expansion ¢/, given in (7.2.16), the quantitative sublinearity of the
corrector stated in Proposition 6.4.3, and the quantitative estimate for the differ-
ence of the finite and infinite-volume gradient of the corrector stated in Propo-
sition 6.4.4 to prove the estimate

Clh
= Rd+v’

(7.2.19) Vg = > (eij + Vxij) ViGq, 5
b L2(AR,up)

The argument is a notational modification of the one used to prove (7.2.16). We
finally combine the estimates (7.2.18) and (7.2.19) to obtain the estimate (7.1.3),
and complete the proof of Theorem 2.

7.3. Two-scale expansion and homogenization of the gradient of the Green’s matrix

This section is devoted to the proof of Proposition 7.2.1. We collect some prelim-
inary results in Section 7.3.1 and prove Theorem 2 in Sections 7.3.2, 7.3.3 and 7.3.4
following the outline given in Section 7.2.
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7.3.1. Preliminary estimates. — In this section, we collect some preliminary properties
which are used in the proof of Proposition 7.2.1.

We first introduce some notation for the exponent . As was already mentioned,
this exponent depends on the parameters «, § and ¢; in the argument, we need to keep
track of its order of magnitude and we proceed as follows:

— We use the notation ; when the exponent is of order 1; a typical example is
the exponent v; := 1 — cpa — ¢10 — co¢ for some constants c¢g, c1, co depending
only on the dimension d.

— We use the notation 7, when the exponent is of order «; a typical example is
the exponent 7, := a — cgd — c1€ for some constants ¢y, c; depending only on
the dimension d.

— We use the notation 75 when the exponent is of order §; a typical example is the
exponent s := & — cpe for some constant ¢y depending only on the dimension d.

We always have the ordering

0<1: K7 <Y <m-

We also allow the value of the exponents 7., Vs, Vo, y1 to vary from line to line in the
argument as long as the order of magnitude is preserved. In particular, we may write

YL =71 — Q& Yo ="7a — 0 and s = v5 — €.

We are now able to collect and prove some regularity estimates pertaining to the
Green’s matrices ¢, {5, G and Gs.

Proposition 7.3.1. — The following properties hold:
— There exists an exponent vs > 0 such that one has the L™ -estimates
(7.3.1)
C — — C
IVG(x,-) = Vs, )l oo (aug) < = and ||VG - VG5||LOO(AR) < Rt

— The Green’s matriz (5 satisfies the following L™ -estimates

C C
(7.3.2) ||Q5||Loo(zd,uﬁ) < RA=6@=2) and ||vg§||Loo(Zd7#E) < RO—5@-1-9°

as well as the estimates

C
(7:33) NG5l o (4,0450) < Fravo@s 974 V06l Lo (a1s.0) < RaTora—ie
— The homogenized Green’s matriz G5 satisfies the reqularity estimate, for each
integer k € N,

C

(7.3.4) IV*Cis | s 21,y < Frmazrm

as well as the estimate

_ C
(7.3.5) ||V’“G5||Loo(

Apits ng) < RA+8)(d—2+k)
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Proof of Proposition 7.83.1. — The proof relies on the regularity estimates established

in Section 5. We first note that, by definitions of the functions { and (s, we have the

identities

(7.3.6)  ((2,0) =i (2,¢:0) and G5(z,0)= D Gi(x.dy)ps(y),
YEBR1-s

where the product in the right side of (7.3.6) is the standard matrix product be-

tween () (z,®;y) and ps(y). Using that the map ps has total mass 1 and the regu-

larity estimate on the Green’s matrix stated in Proposition 5.4.4, we obtain, for each

point z € Ag,

IVafi@,50) = Vols (@, 5 9) | ooy < D 25W) Vala (@,50) = Vala (@, 59) | oo )

YyEBRi—s

SRlﬂs sup ”Vzvyg/l(w,';y)”Loo(w)
YyEBRi1-s

<R sup oyt
YyEBRi1-s

< R'7PR™E

This computation implies the estimate (7.3.1) with the exponent 75 = § — ¢ which is
strictly positive by the assumption (7.2.3).

The estimate on the homogenized Green’s matrix is similar and even simpler since
we only have to work with the Green’s matrix associated with the discrete elliptic
operator V - a3V on 74; we omit the details.

The proof of the inequality (7.3.2) relies on the estimates on the Green’s matrix
and its gradient established in Proposition 3.4.11. We use the identity (7.3.6) and
write, for each point z € Z¢,

1G5 @, Ml ooy = D s @) 161 @ 59l 1o 0,

YEBRi1—s
1 C
— R(1-=6)d Z — qyld—2
R YyEBRi1-s |$ y|
1 C
— R@1-6)d Z |y|d—2
YEBR1-s
1

< R(I=-6)(d-2)"
A similar computation shows the bound for the gradient of the Green’s matrix and
the bounds (7.3.3) in the annulus Agi+s.
To prove the regularity estimate (7.3.4), we use the definition of the map G5 given
in (7.2.5) and note that

~V -85V (V*Gs) = V¥ps in Z%.
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We then use the properties of the function ps stated in (7.2.4) and standard estimates
on the homogenized Green’s matrix G. We obtain, for each point 2 € Z?,

IV¥Gs(a)| < Y [VR0s()] |G (z — )]

YyEBRi1-s

< C 1 < C
= Rd+k)(1-9) Z |z — y|9-2 = RO-9)(d—2+k)

YEBR1-5

There only remains to prove the estimate (7.3.5). To this end, we select a point z €
Api+s and write

[VFGs(@)| =| > VFG(z—1y)ps(y)
YEBRi1-s
lps(y)] c
< > = < camna 2 )l
YEBR1-s YyEBRi1-s

c

O
< RO+6)(d—2+k)

We have now collected all the necessary preliminary ingredients for the proof of
Proposition 7.2.1 and devote the rest of Section 7.3 to its demonstration.

7.3.2. Estimating the weak norm of Z&/s — ps. — In this section, we fix an integer k €
{1, e, (‘21) }, let &/, be the two-scale expansion introduced in (7.2.8) and prove that
there exists an exponent v, > 0 such that

(7.3.7) | LHs, 1. — Pa,~k||ﬂ—1(BR1+5,HB) <

The strategy is to use the explicit formula for the map ¢/ ., to compute the value
of the term Z&/s,.r. We then prove that its H! (BRri+s, g)-norm is small by using
the quantitative properties of the corrector stated in Proposition 6.4.3. We first write
(7.3.8)

LSHs ..k :_A¢w6k+2,82,8’ "H%ak—ﬁA(_%ék‘f‘Zv - gVl k-

Substep 1.1 n=1 acd

Substep 1.2 Substep 1.3

Rd—1+')’oc ’

We treat the three terms in the right side in three distinct substeps.

Substep 1.1. — In this substep, we treat the term —A4cks, 1. Since the homogenized
Green’s matrix G . does not depend on the field ¢, we have the formula

(7.3.9) —DyHsk =Y, ViGs ik (DpXm.ij) -

2%}
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Sustep 1.2. — In this substep, we study the iteration of the Laplacian of the two-scale
expansion. We prove the identity

(7.310) 3 e (-A) s =Y Z =7 ViGo k(= A)" Xom,ij + Rar,

n>1 57 1,7 n>1

where Ran is an error term which satisfies the H™* (Bgri+s, pg)-estimate

(7~3-11) ||RA"||£—1(B

We use the following identity for the iteration of the Laplacian on a product of func-
tions: given two smooth functions f,g € C*° (Rd), we have the identity

(7.3.12) ZZ( ) (VTAlfF) - (Vvrar—lg).

r=0 [=0

< ——.
R1+5’HB) — Rd71+7a

We note that this formula is valid for continuous functions (with the continuous
Laplacian), it can be adapted to the discrete setting by taking into considerations
translations of the functions f and g. Since this adaptation does not affect the overall
strategy of the proof, we ignore this technical difficulty in the rest of the argument
and apply the Formula (7.3.12) to the two-scale expansion ¢/, as such. We obtain
(7.3.13)

A"y 5 = APGis o+ ZZZ ( ) (V7 AV Gs ) - (T A )
3,5 r=01=0
We first focus on the term A"Gj, ., in the identity (7.3.13) and prove that it is small
in the H ' (Bgi+s, pg)-norm. Using the regularity estimate (7.3.4), we have, for each
integer n > 2,
(7.3.14)

"Gl < CR A G S I

C2nR1+6
R(1-6)(d—2+2n)
C2nR1+6
< - -
— R(1-6)(d—2+4)
CZn
= pten

(Brits.us) (Britsons) (Braits)

where we have set v1 :=2+6(d+1) > 0.

Using the regularity estimate (7.3.4) a second time, we can estimate the terms
of the right side of the identity (7.3.13) with more than 3 derivatives on the
homogenized Green’s matrix Gs. We obtain the following inequality: for each
(i,5) € {1,...,d} x {1,...,(9)} and each (r,1) € {1,...,d}? such that I < n — k and
k420> 2,

(7.3.15) [|(V"A'V:Gs i) - (V7 A" xmis) ||

iil(BRlths 7”5)
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< CR1+5 || (VTAlviaé,jk) . (VTA"_T_le,ij)
< CR'Y? ||VTAlVi§6,ijLoo(

Cr+2lR1+6 .
< maamramy 1V A" Xomiill g2 g i -

||L2(BR1+5 7/‘5)

) % ||VrAn—r—le’in£2

Bpits (Bgi+s,05)

We use that the discrete operator V" A"~ "~! is bounded in the space L? (Bgi+s) and
Proposition 6.4.3 to estimate the L2-norm of the corrector. We obtain
(7.3.16)

HVTAn_r_le,ij ||L2 < C2n_2l ”Xm,inL?(B

2n—20 p(1446)(1—a)
(Bri+s,kp) — =C R ’

R1+6 Hg) —

Putting the estimates (7.3.15) and (7.3.16) together and using the inequality
3 <2l +r < 2n, we deduce that
(7.3.17)
s < OB paini-o)
H ri+s:4) — R(1-0)(d+2)
CQn
< Ri-Ti7

where we have set vy :=1+a—ad+0(d—1)+§ > 0.

We then estimate the H~!'-norm of the terms corresponding to the parameters
r =1 and | = 0 in the sum in the right side of the identity (7.3.13). To estimate it,
we select a function h € H} (Bgi+s, i) such that ||h||Q1(BR1+5’%) < 1. We use the
function h as a test function, perform an integration by parts in the first line, use
the Cauchy-Schwarz inequality in the second line and the continuity of the discrete
Laplacian (as an operator acting on L%(Z?)) in the third line

2 (V980 (09) - (VA i (0,) b, ),

xEBR1+5

- ﬁ Z <Xm,ij($7 )V AP ((vvié(;wjk ('T, )) h’(xv ))>

z€EBR1+s
||Xm’ij||L2(BR1+6,H,5) ||V . A" (Vviéé,jkh
) IV (VG i

|(V"A,Gs k) - (VA" xomsis)

(7.3.18)

B

Bp

IN

) HL2(BR1+6 Hg)

scr me’ij”LZ(BRlMaH,B )H£2(331+67uﬁ) ’

Using the regularity estimate for the homogenized Green’s matrix stated in (7.3.4) and

the inequality ||Al] L2( < CR'" (which is a consequence of the assumption

BR1+67H/§) -
||h||H1(B 1 es15) < 1 and the Poincaré inequality), we obtain
H'(Bpgi+s,

(7.3.19)

V- (V950 ) < 9G]

||L2(BR1+5,;LB) = ) + ”vzé&jthHy(B

R1+6:H3 R1+8 7#5)

< CR1+6 C
— R(1-6)(d+1) + R(1-8)d
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< C
= Rd—6(d+2)"

We then combine the estimate (7.3.18) with the inequality (7.3.19) and the quantita-
tive sublinearity of the corrector to obtain

(7.3.20)
1 . . CnR(lJré)(lfoc)
R EBZ ((VViGain (@) - (VA" Xmig (@) 1@ ), <~ pasasy —
T€EBR14s
C’I’L
< =

where we have set v, = a(1+6) —d(d+3) > 0.

By combining the identity (7.3.13) with the estimates (7.3.14), (7.3.17), (7.3.20)

and choosing the inverse temperature 8 large enough so that the series (C—; is

neN
summable, we obtain the main Result (7.3.10) and (7.3.11) of this substep.

Substep 1.3. — In this substep, we study the term pertaining to the charges in the
identity (7.3.8). We prove the expansion

-1 _ 1
(7.3.21) %A(%;,.k + Y Vi-aV s = -V a5VGs.p— Y ﬁviG(;,jkAXm,ij
q€Q i,j

+ Y ViGs V- aVoxm.ij + Ro,
4,J q€Q
where R is an error term which satisfies the H ! (Bgi+s, jug)-norm estimate

C

(7.3.22) 1RQM -1 (B s 5) < Fa=177a -

We first compute the gradient and the Laplacian of the two-scale expansion /s, .k
using the notation of (A.1.6) to expand the gradient of a product. We obtain the
formulae

(7.3.23) Vs k= VGsk+ Y [VViGs ik ® Xm.ij + ViGs,jkVXm.ij]
4,7
and
(7.3.24)
A, = AGs..k, + Z V- (VViGsjk ® Xm.ij) + (VViGsjk) - (VXm,ij) + (ViGs jk) AXmij-
1,J

We first treat the term Acks,.,, and use the two following ingredients:

(1) We introduce the notation Rg,1 =3, .V - (VViGs,jk ® Xm,ij)- By using the
regularity estimate (7.3.4) on the homogenized Green’s matrix and the quanti-
tative sublinearity of the corrector, we prove that this term is an error term and
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estimate its H ' (Bgi+s, j15)-norm according to the following computation

”RQJHE’I(BRH(;,MB) <C Z VViGsjk ® Xm,ij
©J LZ(BRH-& ,liﬁ)

< Z C ||VVi@5,ijLoo(BRl+6)M) ||Xm,ij||Lz(BRl+é s)
%,
CR(lJrzS)(lfa)
< RO-5)d
C

S =
where we have set v, = a(1+6) —6(d+1) > 0.

(ii) Second, we use the identity AGs . = V - VGs . = Z” V- (Viég,jkeij).

We obtain

(7.3.25) Acks,.x =V - Z ViGs,jk (eij + ViXm,ij) | + Z (ViGs,jk) AXm,ij + Rg1.
.5 %]

We then treat the term pertaining to the charges; the objective is to prove the identity
(7.3.26) Y Vi aVosk = VViGsjk Y 2V (e, + Xm.ij) L a- (ng)

qeQ ,J qeQ
+ ) ViGsu V-V (ley; + Xmiij) + Ro.2,
q€l

where Rg 2 is an error term which satisfies the estimate

(7.3.27) 1RQ.2l fr-1(B 14 51s) < Fa=to7

d
To prove this result, we select a test function h : Z¢ — R() which belongs to the

space H} (Bgi+s, 15) and satisfies the estimate ||h||H1( ) < 1. For each charge

Bri+s,1p
q € ¢, we select a point z, which belongs to the support of the charge ¢ arbitrarily.
We then write

(7.3.28) > a Vs 1k Vh = ag(ng, d"Ths.1) (ng,d"h) .

q€Q q€Q
We use the exact formula for ¢#s and apply the codifferential. We obtain
(7.3.29)

d*Hs,.k = La,a- (VHs,.k) = Lo~ (VG(S,Jc + Z [VViGsjk ® Xm,ij + ViGa,jkVXm,ij]>
%7

= d*égy.k + Z Viaé,jkd*Xm,ij + Z Ly g~ (Vvi@é,jk ® Xmﬂ'j) :

1,7 12
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We record the following formula
(7.3.30)

d*Gs,.x = Laa- (VGs.k) = Laa- Z ViGs jrkeij | = Loa- Z ViGsjk Ve,
,J 0,J
= ViGsjkLaa- (Vi)
4,J
=> VG jrd"le,,.
4,J
Putting the identities (7.3.29) and (7.3.30) back into (7.3.28), we obtain
(7.3.31) Y a, Vs kVeh=> > ag (ng, ViGsjk (d*le,, + d*Xm,ij)) (ng,d*h)

) ij qeQ

(7.3.31)~(i)

+ Z a4 (nqa Ly - (vviéé,jk & Xmﬂ'j)) (ng,d*h).
q€Q

(7.3.31)(ii)
The second term (7.3.31)-(ii) is an error term which is small and can be estimated
thanks to the regularity estimate (7.3.4) and Young’s inequality. We obtain

<Z ag (ng, La.a- (VViGsjk ® Xm,ij)) (ng, d*h)>
q€Q

< 3 VPl g 2|72
9€Q)

B

N

(Z%,1p) ||Xm’ij||L2(SUPP Mg 1 (supp ng,ug)

C
—cVB 2
R(1=8)(d+1) Z € Plall an”? ”XW’UHLQ(suppnq,uﬁ) HVhHLZ(SUppnq,w)
q€Q)

C
RO—6)(d+1)

_ 2 (5 2 _ 2
% Ze VAl ||nq||2 (R e ||Xm’ij||L2(SUPpnq,ﬂ5) +R7° ”VhHm(suppnq,uﬁ)) ’

IN

q€
We then use the inequality, for each point x € Z9,
_c 2
(7.3.32) Ze VAl Ingllz zesuppn,y < C.
q€Q

We deduce that

<Z ag (ng, La.a+ (VViGsjk ® Xm,ij)) (ng, d*h)>

9€Q e
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< CR~ 14+o CRl—a L 9
> R(l 8)(d+1) ”Xm l]”LQ( Rl+67ﬂﬁ) + 4R(176)(d+1) ”V ||L2(BRI+67H;5) .
We then use Proposition 6.4.3 and the assumption ||Vh||L2(BR1+5’MB) < 1. We obtain
(7.3.33)

1 — . CR'~@ o
B+d)d Z ag (ng, L2, (VViGéjk ® Xm,ij)) (ng,d"h) S R0 S Raiiva
R <0 R R

where we have set 7, = a — 3§ (d+1) > 0.
To treat the term (7.3.31)-(i), we make use of the point x4 and write

Z ag (ng, ViGsjr (d*le,; + d*Xomi5)) (ng,d*h)

KB

q€Q
- Z aq nq7 e” +d* Xm z])) (nq7 viéé,jkd*h)
qeqQ
+ Z ag (ng, (ViGs jk — ViGs ju(xq)) (d*le,; + d*Xm,ij)) (ng,d*h)
qeQ)
+ Zaq (nq ew +d* Xm 7,3)) (’nq, (V1657jk — vié&jk(mq)) d*h) .
qeQ

The terms on the second and third lines are error terms which are small, they can

be estimated by the regularity estimate (7.3.4) on the gradient of the homogenized
Green’s matrix and Young’s inequality as follows

<Zaq (ngs (ViGs,k = ViGsjk(2q)) (d*le;; + d*Xim,ij)) (n‘l’d*h)>
q€Q

Bp

< Ze 6f|\Q\|1 |n || ||VG5,J]C - VG&Jk Lq HLOO (supp ng,pug)
q€q

x ||V><m i3l 2 supp gy sis) IVl 22 0upp g )

< Rl B8 Ze_c‘ﬂ‘q“l 7241l dlamnq(
9€Q

We then apply the estimate (7.3.32), the bound ||VXm7ij||L2(

< C on the

L2(Bpiys.up)

gradient of the corrector and the assumption ||[VA| . (Bprysoms) < 1 to conclude that
L?(Bgi+s,

(7.3.34)

2
osuppmams) IV upp i) )

1 al rai * * *
RO+5)d <§ :aq (nqv (ViG&jk - ViG&jk(xq)) (d le,; +d Xmﬂ'j)) (g, d h)>
9 s

< ¢ < ¢
= R-%)d = Rld—1+m’
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where we have set 3 =1 — ¢ > 0. The same argument proves the inequality
(7.3.35)

]' * al al *
R(1+6)d <Z aq nq d ZEij +d Xm,ij)) (’I’Lq, (ViG(;,jk - viG(;’jk(:Eq)) d h)>
q€Q
< c
- Rd=1)+m’

with the same exponent 7; > 0. Combining the identity (7.3.31) with the esti-
mates (7.3.33), (7.3.34), (7.3.35), we have obtained the following result: for each
function h € Hg (Bgi+s, pg) such that ||h||H1( ) < 1, one has the expansion

KB

Rl+67ﬂ5

R(1+5)d Zaq qt’%d kV h = R(1+¢S)d Zaq nq, d lew +d Xm ZJ)) (nq,V Géykd h)
q€Q q€q

C
co(ml)

We then use the identity V;Gs jrd*h = d* (V;Gs jkh) — Laa- (VViGs ik ® h) which
is established in (7.3.30). We deduce that

7 3. 36 Zaq q(?és %Vgq h = Zaq nq, e” + d*Xm,ij)) (’qu,Cr'= (Vié&jkh))
q€Q) q€Q
* — C
+ Zaq nq7 ; T d'Xm zJ)) (nq’LZ,d* (VviGs,jk ® h)) +0 (Rd—l‘*‘%) ’
=
This implies the identity (7.3.26) and the estimate (7.3.27).

We now complete the proof of (7.3.21). To prove this identity, it is sufficient, in
view of (7.3.25) and (7.3.26), to prove the estimate

(7.3.37)
1
Qﬂ (VV Gs Jk) (eij + VXm,ij) + Z VV.iGs Jk Zaq em + Xm,ij) Lé,d* (nq)
%,J qeQ
=-V- (55V@57.k) + Rg,3,

where the term Rg 3 satisfies the estimate

C
(7.3.38) L

The proof relies on the quantitative estimate for the H ™! (BRri+s, ug)-norm of the
flux corrector stated in Proposition 6.4.3 and the regularity estimate (7.3.4) on the
homogenized matrix G5 and the identity

V- 5/@V§57.k =V- Z Vié&jkﬁgeij = Z Vvié&]‘k -age;;.

(2] 2]
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We select a function h : Z¢ — R() which belongs to the space H} (Bgi+ts, ) and

such that ||h|| ;1 < 1. We use it as a test function and write
H (BRH&NB)

Substep 1.4. — In this substep, we conclude Step 1 and prove the estimate (7.3.7).
We use the identity (7.3.8) and the identities (7.3.9) proved in Substep 1, (7.3.10)
proved in Substep 2 and (7.3.21) proved in Substep 3. We obtain

R - 1
(7.3.39)  ZHs,. = —V -8V Gs.1 + Z ViGs jk (A¢Xm,ij + 5
i,
. 1 1 "
+ Z Vi agVy (leij + Xm,ij) + 53 Z — (=) X4
26 £ B>
q€Q n>1

We then treat the three lines of the previous display separately. For the first line, we
use the identity

(7.3.40) -V 55V§5,.k = ps,.k in 78,

For the second line, we use that, by the definition of the finite-volume corrector
given in Definition 6.4.1, this map is a solution of the Helffer-Sjéstrand equation
Z (le;; + Xm,ij) = 0 in the set Bgi+s x €. We obtain

AXm,ij

_ 1 "
(7.3.41) > ViGs i <A¢Xm,ij + ﬁAXm,ij + D Vi agVy (ley, + Xim.i5)
iy . . q€Q
7.3.42 25225504 nHX’"’”)
( ) 2 7122:1 53 (=4) i
= Z Vléé,]kz (leij + XmﬂJ) =0.
i.d

For the third line, we use the estimates (7.3.11) and (7.3.22) on the error terms Rg
and Ran respectively. We obtain

C
Bpitsimp) < Ri—1+7a
A combination of the identities (7.3.39), (7.3.40), (7.3.41) and the estimate (7.3.43)
proves the inequality

(7.3.43) IR + Ranllg-1(

| LHs, x — Pocill -1 (m

< ——.
R1+5,,u5) — Ri—14+7a

The proof of the estimate (7.3.7) is complete.

7.3.3. Estimating the L?-norm of the term V(; — V§/s. — The objective of this section
is to prove that the gradient of the Green’s matrix V{5 and the gradient of the two-
scale expansion V& are close in the L2 (AR, pg)-norm. More specifically, we prove
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that there exists an exponent 75 > 0 such that one has the estimate

C
(7.3.44) IVGs — VHs 24 gy < RE D

To prove this inequality, we work on the larger set Bgi+s/, and prove the estimate

(7.3.45) IVGs = Vhll L2 (B 15 ,p0) < FaTH@ T 272

The inequality (7.3.44) implies (7.3.45); indeed, by using that the annulus Ag is
included in the ball Bgi+s, we can compute

| Britsya] |
Vs — VQ%(S”E(AR,M) < <|AR| V(s — VC%5||L2(BR1+5/2,M,)

RIA+)\ 2 C
<o)
Rd R(1+6)(d—1—¢€/2)

< C
— Rd—1+4~s’

where we have set 75 = §(% — 1 —¢/2) > 0. We now focus on the proof of the
estimate (7.3.45) and fix an integer k € {1, RN (‘21)} to write the proof. The strategy
is to use the identity 705 ., = ps,.k to rewrite the estimate (7.3.7) in the following form

(7.3.46) 12 (Hs -k = G50l g1

We then use the function 5., — SHs., as a test function in the definition of the
H~!-norm in the inequality (7.3.46) to obtain the H'-estimate stated in (7.3.45), as
described in the outline of the proof at the beginning of this section. The overall strat-
egy is relatively straightforward; however, one has to deal with the following technical
difficulty. By definition of the H ~!-norm, one needs to use a function in Hj (Bgi+s, ug)
as a test function; in particular the function must be equal to 0 outside the ball Bri+s.
This condition is not verified by the function (s .x — ¢4, which is thus not a suitable
test function. To overcome this issue, we introduce a cutoff function n : Z? — R
supported in the ball Bri+s which satisfies the properties

< ——.
R1+6 ,Mﬁ) — Rd—1+7a

) C
(7.3.47) 0<n<lg n=1in Bpys, and Yk € N, [V¥p| < RO+OE’

14687
R+ 5

and use the function 7 ((5.x — Hs,.1) as a test function. The main difficulty is thus to
treat the cutoff function. This difficulty is similar to the one treated in the proof of
the Caccioppoli inequality stated in Proposition 5.1.1 and we will omit some of the
technical details of the argument.

We first write
(7.3.48)

i 2 1ok~ To )L Gk~ T i),

IEBR1+5
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SNLGok = Ho i)l (B, p55) 11 Gok = Hs k)| 1181 500)

C
< Ri—1+7a 17 (Gs,.1 — 0%6,~k)||g1(BR1+5 wp)

We then treat the terms in the left and right sides of the inequality (7.3.48) separately.
Regarding the left side, we prove the estimate

C
(7.3.49) lIn (Gs,-x — (%6,-k)||§1(BR1+5M) S pa-isa-

The proof relies on the properties of the cutoff function 1 stated in (7.3.47), the reg-
ularity estimate on the Green’s matrix stated in Proposition 7.3.1, the L°°-bound on
the homogenized Green’s matrix G stated in (7.3.4) and the bounds on the corrector
and its gradient recalled below

<C

14+6)(1—
||Xm’ij||£2(BR1+67P«ﬁ) S CR( )( Oé)’ ||va’ij||L2(BR1+67HB) >~

and
2
Z ||ame,ij||L2(BR1+§7HB) < c.
z€Zd
We first write
(7.3.50)

1
1 Go.k = Aokl a2 (B4 0) < T 11 Gk = Ho okl 2B, 5 0)

(7.3.50)—(i)
IV Gok = Ho i)l 128,04 5.)
(7.3.50)—(ii)
+ 110 (V0o 6 = Vo, i)l 2 (B, 505)
(7.3.50)(iii)
+8> In(0:Gs.k — Ou Mo, 1) L2 (B 1 5115
z€Z?
(7.3.50)—(iv)

and treat the four terms in the right side separately. For the term (7.3.50)—(i), we use
that the function 7 is non-negative and smaller than 1 to write

1 1
Ri+0 In (G5, — (%5,%)”&2(3}%1”’%) < RIS (||Q6"k||L2(BR1+67N,B) + ||(%5"k|IL2(BR1+a,MB)) .

We then estimate the L2-norm of the Green’s matrix (5 thanks to the estimate
< < ¢
1G5, 11 L2y 5 1) < W68 Lo 20,0y < R=87@=2) -
The L?-norm of the two-scale expansion §#; can be estimated according to the fol-
lowing computation

”éZ%kaL?(B

) < [1Gstll s

R1+6-KB R1+6’Mi)
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+3 ||viG5ajk||L°°(BR1+5 ) IXmisll L2 (B )

4,3

C CR(1+6)(1—a)
— R(1-6)(d-2) + R(1-6)(d-1)
O A
— R(1-6)(d-2)’

where we have used the inequality « > ¢ in the third inequality. A combination of
the three previous displays shows the estimate

(7.3.51)
1 C C
R+ 1 (Gs,1 _(’%‘Sv'k)HE(BRm ) = R+ % R(I—6)(d—2) < Rd-1-8(d-3)"

The proof of the term (7.3.50)—(ii) is identical, we use the estimate |Vn| < % and
apply the estimate obtained for the term (7.3.50)—(ii). We obtain

C
(7.3.52) IVn (Qg,k — 5&57.k)||£2(3m+6 s) < RT3 3"

For the term (7.3.50)—(iii), we first write
17 (VG5 = VTto, 1)l 12 S UIVGs, kil ooz gy + IV Hs | 2

The L°°-norm of the Green’s matrix V{5 i is estimated by Proposition 7.3.1. We have

c
VG kll Lo 2,0) < Fa=sy@=1=9)"

BR1+5,#5) Bpri+s ,#ﬁ) :

For the L%-norm of the two-scale expansion ¢/, we use the Formula (7.3.23) and write
||v07457'k”L2(BR1+5 ,,ug)S Hvaév'kHLw(Zd) + Z vaiGévijLw(Zd) ||Xm,ij HLQ(BRI-HS’IJ‘K?)

_ 4.
+ Z HviGijk”Lw(Zd) ”VXm’iJ'”y(BRH(; p)

- v C CRO+0)(1-a) C
> R(lfé)(dcflfs) + RO-5)(d—e) + RO-3)(d—1-¢)

< Rd—1-e—46(d—1—¢) "

A combination of the three previous displays together with the inequality ¢ > ¢ yields
the estimate

c
(7.3.53) I (VGs,x — V%&,-k)HL?(BRlHMB) < Ri—1-6d"

There remains to estimate the term (7.3.50)—(iv). We first write
(7.3.54)

B I @elsi = 0ol 25 s a) < B D Nm0als.tll (3, 00

€7 z€LY
(7.3.54)~(i)
+5 Z ||77(9z<9755,<k||y(331+5,ua)
z€Z4
(7.3.54)—(ii)
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and estimate the two terms in the right side separately. For the term (7.3.54)—(i),
we use that the map (s .5 is a solution of the equation 5., = ps.,r and use the
map 17?051, as a test function. We obtain

B Z ||n3x(/75v'k||12(3,{1+5,w) = —% Z <VC}57.k(x, ) v (772@6,%) (l‘, .)>u3
z€Zd zeZd
-p Z <vqg’5,-k ca,V, (772(/7’6,-k)>#6
q€Q
— %Z Z ﬂ% (Vs k(x,) - VI (0205 ) (i, .)>M

n>1gezd
2
+ B Z ps. k(@) (@) - (Gs,x(z,)),, -
z€Z
We then estimate the four terms in the right sides using the pointwise estimates on
the function (5 and its gradient stated in Proposition 7.3.1, the properties on the

functions ps and 7 stated in (7.2.4) and (7.3.47) respectively. We omit the technical
details and obtain the estimate

2
(7.3.55) Zwezd ||7781957.k||L2(BR1+5 ) < W.

The term (7.3.54)—(ii) involving the two-scale expansion is the easiest one to esti-
mate; using the explicit formula for the map ¢/, and the fact that the function Gy .
does not depend on the field ¢, we have the identity

az&lé,k = Ei,j Viéé,jkasz,ij'
We deduce that

(7.3.56)
Z Hn@w%‘s"knéz’(BRlH,Mﬁ) < Z ||aw0755,~k||£2(BR1+6#5)
TEZ zeZd
= CZ ”va(s"kHLm(Zd) Z ”amxm’ij”LZ(BRl-H; ,ﬂﬁ)
5,7 C ISyA

S RO-9)(d—1—¢)"
Combining the inequalities (7.3.54), (7.3.55) and (7.3.56) yields

(7.3.57)  Xpeze [0 0uls.k = 0alo-t)l| L2 (5, 15 ) S FoTesa2 < poi=sa

The inequality (7.3.49) is then obtained by combining the estimates (7.3.51),
(7.3.52), (7.3.53) and (7.3.57). We then put the inequality back into the inequal-
ity (7.3.48) and deduce that

(7.3.58)
1 7 C
R0 Z (0 G,k — Ho 1) L G5,k — Ho,k)),,, < Ri-1F7 x Ri-1-3d
TzE€BR1+s
C
= pprr
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where we have used in the second inequality that the exponent v, is of order o and
is thus much larger than the value dd.
In the rest of this step, we treat the left side of (7.3.58) and prove the inequality

(7.3.59)
1
IV Gs,.1 — Ve%é,-kn; (BM’“B) < ROT5d Z (n (G, = Ho,1) L Go,k — Hs,ok)

TEBpi4s

c

+ RO+8)(2d—2—¢)

First, by definition of the Helffer-Sjéstrand operator Z, we have the identity
(7.3.60)

> Gk — Fo k) T Goh — Mo, k) g

= 3 a0 @bate) - 0tz ),
+’ % m% (Vo6 = Vs, 1) (@:2) - V (0 G, — Fo k) (&),
+ % (Vg (Go,k — Hook) ~agVq (0 G5k — Hs,k))),,
+ o Z Z (V" Gk — T on) () V™ (0 Gok = Foa)) (2,9)),,

We then estimate the four terms on the right side separately. For the first one, we use
that it is non-negative

> 0@)? (0o, n(,7) = 0, k(z,))”) 2 0.
Hp
z,y€Z4
For the second one, we expand the gradient of the product n ({5, — ¢#) and write

(7.3.61) D (V5.1 = Vo) (2,7) -V (1 Go,6 = Fo,n)) (),

zeZd

= > @) (V.6 = Vs k) (%,°) - (Vs — Vs, 1) (&),

TeZd
+ Y (Vsk — Vs k) (&) - V(@) (Gs,.% — To k) (2, )
reZd

we divide the identity (7.3.61) by the volume factor R(+9d and use the properties
of the function 7 stated in (7.3.47). In particular, we use that the gradient of 7 is

B

Mg "
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supported in the annulus Agi+s := Bgi+s \ Bgi+s and obtain
2

(7.3.62)
it O A(VGok = V1) (@)Y 0 ok~ To)) (,7),,

TEZ
> c|ln (Vs — Vﬂ&-k)”iz(
C
~ Jies VG5, — Vc%a,-kHLz( ) 05,k — <%s,.k||L2(A

By a computation similar to the one performed for the term (7.3.50)—(iii), but using
the estimates (7.3.3) and (7.3.5) for the Green’s matrices in the distant annulus Ag:+s,
instead of the L*>-estimates (7.3.2) and (7.3.4). We obtain

C
Apits.ig) =< RO+8)(d—1-¢)

BR1+57MB)

ARi+s,1p R146:148)

(7.3.63) IV Gs, = Vs kll 2

and

C
16k = Ho bl L2 (4 rs5.0) < FOTOI@ D)

A combination of the inequalities (7.3.62) and (7.3.63) proves the estimate
(7.3.64)
C

ﬁ Y (VGsk = VHs,k) (@) -V (0G5 — Fsk)) (), + Rz

z€Z4
> clln (Vs — Vc%w)”iz(

The other terms in the right side of the identity (7.3.60) involving the sum over the
iteration of the Laplacian and over the charges ¢ € ¢) are treated similarly and we
omit the details. The results obtained are stated below

Brits ,uﬁ) :

(736&
C
(1+5)d Z q Gs,k — Hs, k) - agVq (0 (Gs,1 — 0(7156,%)»“5 + RO+8)(2d—2—2)
q€Q
> —Ce™P |l (Vs — Vs, 1) 7220
and
(736@
R(1+5)d > Z (V" Gk — o k) () - V(0 (Cs,0 — Ho,or)) (2, ')>uﬁ
n>1 acEZd C

+ R(1+5)(2d 2-¢)

=YY () [V (G — i) (e ")

n>1 :ceZd
> 0.
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We then combine the identity (7.3.60) with the estimates (7.3.64), (7.3.65) and (7.3.66)
and assume that the inverse temperature [ is large enough. We obtain

1 c
ROT0d Z (n(Cs,.c — )L (G5, — Ho, k), T ROT0(d—2—2)

reZd
> c|ln (VGs,.k — Vs 1) 72z
> c||VGsk — Vc%,.klliz(B

The proof of the inequality (7.3.59) is then complete. To complete the proof of Step
2, we combine the estimates (7.3.58) and (7.3.59). We obtain
(7.3.67)

2
VG, — V&ls,.klly(

B)

R1+6/27Nﬁ) :

C
< R2d—217a + RO+6(@d—2-¢) = RI+8)(2d—2—¢)’

B )
R12+6 Nﬁ)
where the last inequality is a consequence of the fact that 7, is of order a and
of the ordering @ > 0 > . Since the inequality (7.3.67) is valid for any integer
ke {1, cee (‘21) }, the proof of the estimate (7.3.45) is complete.

7.3.4. Homogenization of the gradient of the Green’s matrix. — In this section, we
post-process the conclusion (7.3.45) of Section 7.3.3 and prove that the gradient of
the Green’s matrix V(. is close to the map Z” (eij + Vxij) Viéjk. The objective
is to prove that there exists an exponent s > 0 such that

— C
(7-3~68) Vg*k - Z (eij + VXij) ViGjlc < W'

1,7
J L2(AR,pp)

We first use the regularity estimates stated in Proposition 7.3.1 and the L2-bound

on the gradient of the infinite-volume corrector, for each z € Z?, each pair of inte-
.. d .

gers (4,5) € {1,...,d} x {1,..., ()}, V=, ')”Lz(uﬁ) < C. We write

(7.3.69)

V (G —Cs.k) — D (eij + Vxij) Vi (Gs jx — Gir)
b L2(AR,up)

<AV @ = Coi)ll L2 )
C

* Z ICeis + VXi3)ll L2 (A s 173 (Gs.3x = Giie) HLW(AR,M) S Ri-T
i,j
Using the inequality (7.3.69), we see that, to prove (7.3.68), it is sufficient to prove
the estimate

_ C
(7.3.70) Vg/(s’.k - Z (eij + VXij) ViGs, ik < BRIt

1,7
J L2(Agr,ug)
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We then use the main estimate (7.3.45) and deduce that, to prove the inequal-
ity (7.3.70), it is sufficient to prove

(7.3.71) VHsk — Y (i + Vxij) ViGs ji < %.
b L2(AR pig)

The rest of the argument of this step is devoted to the proof of (7.3.71). We first

use the explicit formula for the gradient of the two-scale expansion Vs .k stated

in (7.3.23) and write

Vks, .k — Z (eij + VXm,ij) ViGs jk

J L2(AR,pg)

<> IV V3G jkxm,is | L2 )+ (ViGsgk) (Vxm,is = Vi) || 2

i,J

AR,pp AR,up)

We then use the regularity estimate (7.3.4), the quantitative sublinearity of the cor-
rector stated in Proposition 6.4.3, and Proposition 6.4.4 to quantify the L?-norm of
the difference between the gradient of finite-volume corrector and the gradient of the
infinite-volume corrector. We obtain

_ |Ag| \? CR-®
7.3.72 *— m.ij) ViGs,j <
( ) ||\ Vs, -k Z(6J+vx i5) ViGs jk <|BR1+5| Rd—=
1] L2(AR,up) 1
+ |Ar| \? CR™®
|BR1+6| Rd—l—s
< C
< R

where we have set v, ;= a —¢ — %‘5 > 0. Using that the exponent 7, is larger than
the exponent 5 completes the proof of the estimate (7.3.68).

7.4. Homogenization of the mixed derivative of the Green’s matrix

The objective of this section is to use Proposition 7.2.1 to prove Theorem 2. We
fix a charge ¢; € ¢ and recall the definitions of the maps %/, and G,, given in the
statement of Theorem 2. The proof is decomposed into three sections and follows the
outline of the proof given in Section 7.2.2.

7.4.1. Preliminary estimates. — In this section, we record some properties pertaining
to the functions U, and G4, which are used in the argument.

Proposition 7.4.1. — There exist an inverse temperature By := Bo(d) < 0 and a
constant Cy, which satisfies the estimate Cy, < C||q1||]1€, for some C(d) < oo and
k(d) < oo, such that the following statement holds: For each point y € Z¢ and each
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integer k € N, one has the estimates

O‘Zl C!h
VU, (Y5 )l oo () < e’ U, (4, M e () < e

and
— C
k q1
VG (w)] < [y TE
Proof. — The proof is a consequence of the regularity estimates stated in Proposi-
tion 3.4.11 and the identity q = dn,. O

7.4.2. Exploiting the symmetry of the Helffer-Sjostrand operator. — The objective of
this section is to use Proposition 7.2.1 and the symmetry of the Helffer-Sjostrand
operator Z to prove the following estimate
2\ 2 C
< Rd—1+vs "

(7.4.1) <Rd Z ‘(62411 (Zv')>#ﬁ _641(2)
We start from the formula, for each integer k € {1, ceey (g) }a

zEAR

(7.4.2) d*Qk _ Z ( le” + d*XzJ) \Y G]k < W’

! L?(AR,pg)
which is a direct consequence of Proposition 7.2.1 since the codifferential is a linear
functional of the gradient. Using the estimate (7.4.2), we deduce that

R )" |(eos (2m (¢, qa( + 1)) (ng, (@ + ), dCr))

TzEAR

=3 eos (2 (91w + ) (mg, (@), (0L, +d%xig))),, Vilie(0)] < ot

4,J
By the translation invariance of the measure ug and the stationarity of the gradient
of the infinite-volume corrector, we deduce that

Z <COS 2m (¢, qa1(z +-))) (n!h (x+), (d*leij + d*Xij))>#B leJk(x)

,J
_ Z(cos 27 (¢, 1 )(nql,( e, +d Xw))> o ViGjk(z)
= G‘h (.’13) .
We now claim that we have the identity, for each point « € Ag,
(cos (27 (¢, q1(z + 1)) (ng, (x+),d"0)) . = (Vi (@+(0,))
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The proof of this result is a consequence of the symmetry of the Helffer-Sjostrand
operator Z and the stationarity of the measure pg. We compute

{cos (2m (¢, q1(x + ) (ng, (x +),d°Q)), = ((cos 27 (¢, qu(z + ) @1 (z + ), 0)) .,
=((cos @7 (¢, q1(z+ ) @1 (z+),27'h0)),,
= (27" cos 2m (¢, qu(x + ) a1 (z+ ), 80))
= (Yyy (a+9(0,-))

A combination of the four previous displays implies

kg

e

— C
—d
(7.4.3) R Z ‘<%q1(w+~)(07 ')>M, - Gq, (m)‘ < Ri—1+7s °
TEAR
We then use the translation invariance of the measure ug and the definition of the
map %, as the solution of the Helffer-Sjostrand Equation (7.1.2) to write

(7.4.4) (Uny (20, ’)>ug = (U (=, .)>P«ﬁ :
Combining the inequality (7.4.3) with the identity (7.4.4), we obtain
_ C
—d
(745) R ZA ‘<6Mq1 (J,‘, -))Mﬁ — Gq1 (JJ)‘ < W.
T€AR

We finally upgrade the L!-inequality stated in (7.4.5) into an L2-inequality: by using
Proposition 7.4.1, we write

RS (@ (@), — Car(2)

TEAR

‘2

< <R_d Z ‘(%ql(x,~))uﬁ —qu(l‘)D (||6Uq1($» ')”Loo(AR,M) + Haf}lHLOO(AR))

T€EAR
C‘h
Rd71+75 X Rdflfs
< CQI
= R2d—2+7s’

where we have used the convention notation described at the beginning of Section 7.3
to absorb the exponent ¢ into the exponent s in the third inequality.

7.4.3. Contraction of the variance of %/, . — In this section, we prove that the random
variable 9, contracts around its expectation. To this end, we prove the variance
estimate, for each point z € Z¢,

C‘h
|Z|2d—2€ :

(7.4.6) var [Up, (2,-)] <

Let us make a comment about the result: since the size of the random variable
Uy, (2, ) is of order |z|!~¢ (since it behaves like the gradient of a Green’s function), we
would expect its variance to be of order |z|272¢. The inequality (7.4.6) asserts that it
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is in fact of order |z|2¢~2¢ which is smaller than the typical size of the random variable

thealUy, (2, -) by an algebraic factor: the random variable 9, (z, -) concentrate around
its expectation.

Once this estimate is established, we can combine it with the estimate (7.4.1)
established in Section 7.4.2 to prove that the map %, is close to the (deterministic)
Green’s function G, in the L? (Ag, u5)-norm: we obtain the inequality

C
2 < i
NHL2(AR,pue) — RA—1+7s

(7.4.7) | U, — G

We now prove of the variance estimate (7.4.6). We first apply the Brascamp-Lieb
inequality and write

(7.4.8)
C
var (U, (2,)] < C Y 10y %Uy, (2, Mr2eus) Wnayl%ql(z,-)ﬂmwﬁ)-
y,y1 €24

A consequence of the inequality (7.4.8) is that, to estimate the variance of the ran-
dom variable 9, (z,-), it is sufficient to understand the behavior of the mapping
y — 0y Uy, (2,-). To this end, we appeal to the second-order Helffer-Sjéstrand equation:
following the arguments developed in Section 5.4, the map u : (y, 2, ) — 0, Uy, (2, ¢)
is solution of the second-order equation

Locctl@,y,$) = — Y 212 (8, q) cos (27 (¢, 9)) Uy, 0) 4(x) ® q(y)
q€Q
+ 27 sin (27 (¢,q1)) 1 (z) ® g1 (y) in Z% x Z% x Q.

The function u can be expressed in terms of the Green’s matrix (i, and we write,
for each triplet (z,y, ) € Z¢ x Z x Q,

.'I} Y ¢ 2271’2 ﬂ q Z dzld?jl sec cos(27r(¢,q))( 417‘1) (x,y,¢;a;1,y1)nq(a:1)®nq(y1)
q€Q z1,y1 €24

+ Z 27Td;1dylgsec,sin(Qﬂ(¢,q1)) (iﬂ, Y, ¢; zy, yl) Mg, (wl) ® N, (yl)
ml,yleZd

We use the regularity estimates on the Green’s matrix stated in Proposition 5.4.4 to
obtain, for each pair of points (z,y) € Z¢ x Z4,

(7.4.9)

(@, y, )| oo oy < €D e VPl

q€Q z1,y1 €24

Z |nQ(xl)| |’I’Lq(y1)| H(d*%ﬁvnq)HLoo(Hﬁ)
|z — 21297 + |y — e

(7.4.9)-(i)

S g, (21)] [ng, (41|

x1,y1 €24 |x_$1|2d Sty — y1|2d e’

(7.4.9)—(ii)
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We then estimate the two terms (7.4.9)—(i) and (7.4.9)—(ii) separately. We first focus
on the term (7.4.9)—(i) and prove the inequality

(7.4.10) (7.4.9)-(i) < Ca
|z — y|47° max (||, y|

)dfl :

To prove the estimate (7.4.10), we first decompose the set of charges ) according to
the following procedure. For each z € Z?, we denote by ). the set of charges ¢ € ¢
such that the point z belongs to the support of ng, i.e., @, :={g € : z € suppng}.
We note that we have the equality ¢) := (J,cz4 ¢ but the collection (¢).),.,. is not a
partition of ¢). We first prove that, for each point z € VAR

) T S Rt L | | PRV
o |z — 21|28 + |y — g1 24—
4€0. @1,y €2¢ ! yon
C‘h

= e Pty - o) X e
To prove the estimate (7.4.11), we first use Proposition 7.4.1 to estimate the
term [|(d* Uy, , 1)l Lo (,,,,)- We write, for each charge g € Q.

(7.4.12)

1 C
* g,91
%170 1) S 19 gy Il < o 800y < 2

Putting the inequality (7.4.12) into the left side of the estimate (7.4.11), we obtain

(1413) 3 eevBlal 3 Ina(@)] Irg (4 ("% 20l e )

|ZL‘ _ x1|2d—s + |y _ y1|2d—6

q€Q). x1,y1 €24

s Ce-vAlalc, . > 1
- |2|4=< |z — @124 + |y — g2

q€Q) Z1,Y1 ESUpp ng

The term in the right side of (7.4.13) can be explicitly computed by using the expo-
nential decay of the term e~<VPBllali and we obtain

S ety g P e 1T )

= ozt |z — 2124 + |y — y1[24<

Clh
< .
Tzl x (|z — 2P 4 [y — 2240)

Summing over all the points z € Z¢, we obtain

(7.4.14) (7.4.9)-() < > B

z€Z3

Cth
T — Zl?d—e + |y _ Z|2d—e) :
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The term on the right side can be explicitly estimated. We omit the details and give
the result
. C
(7.4.15) (7.4.9)-(i) <
|z — y|? max (||, |y|

Combining the estimates (7.4.14) and (7.4.15) completes the proof of the esti-
mate (7.4.10).

The term (7.4.9)—(ii) can also be estimated by an explicit computation which we
skip here. We obtain

)d—28 :

Clh

(7.4.16) (7.4.9)-(ii) < (oo 4 [yPa—c"

We then combine the estimates (7.4.9), (7.4.10), (7.4.16) to deduce the inequality, for
each pair of points z,y € Z¢,
qu

|z — y|4=¢ max (|z|, |y|

||u(m,y,-)||Lm(M) < )d—e'

We use this inequality to estimate the variance of the random variable %, (z,-) by
using the Formula (7.4.8). We obtain

var [Uy, (2,)] < C Y Ca ¢ Ca

T 0 — i d—2"
— ly — v1l

|)d—5 :

— d— —
|z = y|*=e max (2], |y]) |z = g1 |~ max (2], |y

We use that the terms max (|z|,|y1|) and max(|z|,|y|) are both larger than the
value |z| to deduce that

(U () < ol Y 1L 1 G

- |z|2d—2€ z_y|d—s ’ |y_y1|d—2 |Z_y1|d—s - |Z|2d—25'

YY1 €24

The proof of the estimate (7.4.6) is complete.

7.4.4. Homogenization of the mixed derivative of the Green’s matrix. — The objective
of this section is to complete the proof of Theorem 2. We fix a radius R > 1 and let
m be the smallest integer such that the annulus Ag is included in the cube [J,,. The
proof relies on a two-scale expansion following the outline described in Section 7.2.2.
We define the function ¢/, by the formula

(7.4.17) Hyy =Gy, + Z ViGyy jXm,ij-
0,J
We decompose the argument into three steps.
Step 1. — 1In this step, we prove that the H ™' (AR, pg)-norm of the term Z&#,, is

small; more specifically, we prove that there exists an exponent 7y, > 0 such that one
has the estimate

C
(7.4.18) 190l 1= i) < Foat-

Ri+7a "
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The proof is essentially identical to the argument presented in Section 7.3.2: we use
the exact formula for the two-scale expansion ¢#,, given in (7.4.17) to compute the
value of Z¢/,, and then use the quantitative properties of the corrector stated in
Proposition 6.4.3 to prove that the H ™' (Ag, pp)-norm of the term Z¢/,, satisfies the
estimate (7.4.18). Since the proof is rather long due to the technicalities caused by
the specific structure of the operator Z (iterations of the Laplacian, sum over all the
charges g € ¢)), we do not rewrite it but only point out the main differences:

— We work in the annulus Ag and not in the ball Bgi+s, this difference makes
the proof simpler since we do not have to take the additional parameter § into
considerations.

— We can always assume that the diameter of the charge ¢; is smaller than R/2,
otherwise the constant Cj,, is larger than RF for some large number k :=
k(d) (since it is allowed to have an algebraic growth in the parameter |g;l;)
and the estimate (7.4.18) is trivial in this situation. Under the assumption
diam ¢; < R/2, we use the identity —V - égV§ql = 0 in the annulus Ag in-
stead of the identity —V - 83V Gs = ps in the ball Bgi+s.

— We use the regularity estimates on the function G, stated in Proposition 7.4.1
instead of the estimates on the Green’s function G stated in Proposition 7.3.1.
Since the map G, scales like the gradient of the Green’s function (in particular it
decays like |z|'~%), we obtain an additional factor R in the right side of (7.4.18)
compared to (7.3.7), i.e., we obtain

C .
||Zé%q1||ﬁ—l(AR,M) < gats, instead of || ZLcHsk — pé,-k”g—l(AR,uﬁ) < Rd—%m'

Step 2. — In this step, we use the main Result (7.4.18) of Substep 3.1 to prove that
the gradient of the Green’s function V%, is close to the gradient of the two-scale
expansion V&, in the L? (AR, pg)-norm. We prove the estimate

qu
(7.4.19) VU, — VA, 2 (ap gy < 7o -

To simplify the rest of the argument, we do not prove the estimate (7.4.19) directly.
We slightly reduce the size of the annulus A and define the set A}, to be the annulus
A}% = {:c €Z?:1.1R< |z| < 1.9R}. We note that we have the inclusion, for each
radius R > 1, AL, C Apg. In this substep, we prove the inequality
(7.4.20) 1Y%, = VPl | 2 (a1 ) < TS
The inequality (7.4.19) can then be deduced from (7.4.20) by a covering argument.

The argument is similar to the one presented in Section 7.3.3 except that, instead of
making use of the mollifier exponent § to prove that the H'-norm is of the difference
(VEHs — Vs) is small, as it was done in the estimates (7.3.62) and (7.3.63), we use
the main Result (7.4.7) of Section 7.4.3. We first let  be a cutoff function which
satisfies the properties:

(7.4.21) 0<n<1,suppn C Ag, n=11in A}, VkeN, |VFy| < S.
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We then use the function n (%, — ¢/, ) as a test function in the definition of the
H™' (AR, up)-norm of the inequality (7.4.18) and use the identity %, = 0 in the
set Ag x 2. We obtain

(7.4.22)
27 O 00y — T Uy, = T

T€EAR
<L Wy~ Fa ) g (5511 1) 17 Vo = o) 73 e

C
< BRI Im (%‘II —e%ql)Hgl(AR,M)-

We then estimate the H' (AR, j15)-norm of the function %, — &#,, with similar argu-
ments as the one presented in the proof of the inequality (7.3.49), the only difference
is that we use the regularity estimates stated in Proposition 7.4.1 instead of the reg-
ularity estimates for the functions {5 and ¢#. We obtain

(7.4.23)
C
I (Uq, — %m)”ﬂl(Am%) < |InUy, ”Hl(ARJw) + IncHa, ||£1(ARM5) < RTL_

For later use, we also note that the same argument yields to the inequality
C
(7'4'24) ||V%Q1 - vgéth ||£2(AR7.UJL3) < ||V%q1 ||£2(AR7HL3) + ”V(gé(h ”QZ(ARW'B) < RTq_ls

We then combine the inequalities (7.4.20) and (7.4.22) and use the ordering ¢ < 7,4
to deduce that

1 Cq
(7425) ﬁ Z <7] (%th - (’7411 ) Z (%QI - gélh )>#ﬁ < de(_li_,ya .
T€EAR
Thus to prove the inequality (7.4.20), it is sufficient to prove the estimate
2 1 C
”vGUql - V&ém”L?(A}%’MB) < Rl Z (n (%ql - &lql)z(%ql - (%‘H»uﬁ + R2d(i’)’5'

T€EAR
First, by definition of the Helffer-Sjostrand operator Z, we have the identity
(7.4.26)

> Uy = ) Uy = T Vs = > 1) {0, Uy, (w,°) = 0y (2,))°)

rEeZd z,y€Zd K
45 3 (VU = V) ()7 (1~ Th) (@),
r€Zd
+ Z (Vo (U — Hgy) - agV q (n (Uy, — C’%ql)»,m
qeQ
+ IS Lo @ - ) )V 0 WUy - T)) (09)
20 Sl B2 e
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We then estimate the four terms on the right side separately. For the first one, we use
that it is non-negative

(7.4.27) >0 @) (0%, @) = 0,y (@,)") >0,
r,ycZ9 s

For the second one, we expand the gradient of the product n? (%, — ¥, ) and use
the properties of the function 7 stated in (7.4.21) to obtain

(7.4.28)
RN (Y, (2,-) = Vg )@,-) -V (7 (U, — ) (@, )
wezd > cln (Y%, = VHa) 12 (A us)

C
- R ||V%Q1 - VC’%ql”y(AR,M) ||%q1 qullm

We then use the inequality (7.4.7) and the estimate (7.4.24) and the quantitative
sublinearity of the corrector to deduce that

(7.4.29)
1 1 C C C
1Y% = V) 1o = gz a ) < e s < e

We then combine the inequalities (7.4.28) and (7.4.29) to deduce that

(ARr,ug)

(7430) R_d Z ((v%lh (Z‘, ) - V(géth) ($7 ) -V (77 (%th - (géh)) ('Tv .)>Ilﬁ + Rg;i,m

z€Z4 9
2 c|ln(VU, — VC’%ql)”g(AR’M) .

The two remaining terms in the right side of the estimate (7.4.26) (involving the
iteration of the Laplacian and the sum over the charges) are estimated following the
ideas developed in Section 7.3.3 (see (7.3.65) and (7.3.66)). We skip the details and
write the result:

Car
(7431) R™Y (Y Uy, — Thay) - 20V g (0 Uy = T, + Tading
q€Q
> —Ce—°VPB ln (VU — V%ﬁ)“i%/&mﬂﬂ)
and
(7.4.32)
n " C 1
ROY S o (T4 @y = ) () 97 (1 Uy = o) (0, + i 2 0
n>1 mEZd

We then combine the estimates (7.4.27), (7.4.30), (7.4.31) and (7.4.32) with the iden-
tity (7.4.26), choose the inverse temperature [ large enough so that the right side
of (7.4.31) can be absorbed by the right side of (7.4.28) and use that the cutoff
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function 7 is equal to 1 in the annulus AL. We obtain
(7.4.33)
C‘h

C
||VGMQ1 - v(?’fq1||é2(,4h,uﬁ) < R Z (n (%th _%q1)z(%q1 _067411))#5 + Ra+vs
z€Zd

We then combine the inequality (7.4.33) with the estimate (7.4.25) to complete the
proof of (7.4.20). Step 2 is complete.

Step 8. The conclusion. — In this step, we prove the L2-estimate
ral th
(7.4.34) VU, — Z (eij + VX”‘) VG, ;i S Ritw
d L?(AR,up)

In view of the estimate (7.4.20) proved in Step 2, it is sufficient to prove the inequality

CQ1
— Ra+7vs”

(7.4.35) VHg = Y (i + Vxij) VG, 5

4 L2(Agr,ug)

The proof of (7.4.35) relies on the regularity estimate on the function G,, stated
in Proposition 7.4.1, the quantitative sublinearity of the corrector stated in Proposi-
tion 6.4.3, and the quantitative estimate for the difference of the finite and infinite-
volume gradient of the corrector stated in Proposition 6.4.4. The argument is identical
(and even simpler since we do not have to take into account the parameter §) to the
argument given in Section 7.3.4 so we skip the details. The proof of Step 3, and thus
of Theorem 2, is complete.
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CHAPTER 8

FIRST-ORDER EXPANSION
OF THE TWO-POINT FUNCTION:
TECHNICAL LEMMAS

In this section, we present the proofs of the technical lemmas which are used in
Section 4 to prove Theorem 1. All the tools used in this section have been introduced
in Section 3 except one: The second-order Helffer-Sjostrand equation introduced in
Section 5.4.

Most of the heuristic of the arguments are presented in Section 4 and we refer to
it for an overview of the results. As it may be useful to the reader, we record below
the tools established in this article which are used in the proofs below:

— In Sections 8.1, 8.2 and 8.3, we study the correlation of random variables; this
is achieved by using the Helffer-Sjostrand representation formula. We need to
use the properties of the Green’s matrix associated with the Helffer-Sjostrand
operator stated in Proposition 3.4.11.

— In Section 8.3, we need to study the correlation between a solution of a Helffer-
Sjostrand equation and the random variables X, and Yj. To this end, we appeal
Helffer-Sj6strand representation formula and the second-order Helffer-Sjostrand
equation as well as to the properties of the Green’s matrix associated with this
operator stated in Proposition 5.4.4.

— Sections 8.4 and 8.5 are devoted to the proofs of some properties of the discrete
Green’s function on the lattice Z%; they can be read independently of the rest
of the article.

8.1. Removing the terms Xy, cos, Xcos cos aNd Xgin sin

We recall the definitions of the values Zg(o) and Z3(0) introduced in (3.1.12),
the definitions of the random variables Yy, X, Xsincos, Xcoscoss Xsinsin introduced
in (4.1.4) and the identity

Zg(o)
8.1.1 = (Y XszincosxcoscosXsinsin
(8.1.1) Z5(0) (Yo )

g "
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Proof of Lemma 4.2.1. — As is explained in Section 4.2, the proof of the lemma is
based on the proof of the following estimates
C
||Xsincos - ]-||L<>o S W,
C
||Xcoscos - 1||Loo S Wy
(8.1.2) c

Val'#ﬁ Xsin sin < |$|2d—2’

c C
E Xsinsin =1 T I—o ara K
) =1+ iz +0 ()

The fact that (8.1.2) implies (4.2.1) is straightforward, and we refer to the long version
of this article ([36, Chapter 8, Section 1]) for the details. To prove (8.1.2), we first
focus on the first two inequalities involving the random variables Xgin cos and Xcos cos-
They can be obtained thanks to the following ingredients:

— For each point y € Z¢ and each charge ¢q € @y, we have the estimate

C
|(VG,TLQ)| < ||VG||L2(suppnq) ”nq”z < |y|%7

a similar computation shows the estimate (VG,,n,) < Cyly — |1 74.
— The standard estimates, for each real number a € R, |sina| < [a|, |cosa — 1| < L|a?

and the estimate, for each charge ¢ € @, |2 (8, ¢)| < e—eVPBlall

We obtain the inequality

(8.1.3) Z z(8,q) sin (27 (¢, ¢)) sin (27(VGy, ng)) (cos 27 (VG,ng)) — 1)
q€Q
~evBladh o 1
e
=C Z Z ly — $|d—1q |y[24-2
y€Z4 qeQy
1 1
=C Z d—1 |, |2d—2
sz ly =2ty
< ¢
= T

where we used the exponential decay of the term e~¢VPllali to absorb the algebraic
growth of the constant C;. With a similar strategy, we obtain the two inequalities

(8.1.4)

Z 2(8, q) sin (27(¢, q)) sin (27 (VG, ny)) (cos (2n(VG4,q)) — 1)‘ < |x|6d’_17

q€Q
C

57 5(6.0)sin (2n(6,0)) § (cos2n (VG ) = 1) (cos2n(VG.) 1) < o,
qeQ)
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8.1. REMOVING THE TERMS Xgincos; Xcoscos AND Xginsin 173

We then combine the estimates (8.1.3) and (8.1.4) and use that the exponential func-
tion is Lipschitz on any bounded intervals of R to obtain, for each realization of the
field ¢ € Q,

C C
| Xaincos () — 1| < T and  [Xcoscos(¢) — 1| < s

This result implies the L> (ug)-estimates stated in (8.1.2).

There remains to prove the estimates corresponding to the variance and the ex-
pectation of the random variable X, sin in (8.1.2). We first note that a computation
similar to the one performed in (8.1.3) gives the following L°°(ug)-estimate: for each
realization of the field ¢ € Q,

(8.1.5)
S 2(8, 4) cos (2(6,0)) sin (27(VG, 1)) sin <2w<vaz,nq>>\ <Oy
g Ly =2l
YEZL
C
=

By the estimate (8.1.5) and the Taylor expansion of the exponential, we obtain the
bound

Xsinsin — 1 — Z z(8,q) cos (2m(, q)) sin (27 (V G, ng)) sin (27 (V Gy, nyg))
q€Q)

< C(% z(8,q) cos (2m(¢, q)) sin (27(VG, ny)) sin (27 (V Gy, nq))>
o

< |x|2d—4'

Since the dimension d is assumed to be larger than 3, we have the inequality
2d —4 > d—1. We deduce that to prove the estimates pertaining to the random
variable Xgingin in (8.1.2), it is sufficient to prove the inequality

(8.1.6) var {Z z(B, q) cos (2m (¢, q)) sin (27 (V G, ny)) sin (27 (VGy, nq))J < ch’_2
q€q)

and the expansion

(8.1.7)

E {Z 2(B,q) cos (27 (¢, q)) sin (2n(VG, ny)) sin (27 (V Gy, nq))} = m% +0 (Mcd'l) )
q€Q

The estimate (8.1.6) involving the variance can be estimated by the Helffer-Sjostrand
representation formula and the bounds on the Green’s matrix { stated in Proposi-
tion 3.4.11. We first note that, for each point y € Z¢,

SOCIETE MATHEMATIQUE DE FRANCE 2024



174 CHAPTER 8. TECHNICAL LEMMAS

(8.1.8) 0, Z z(8,q) cos (2m(9, q)) sin (27(VG, ng)) sin (27 (VG,,ng))
q€Q
=— Z 272(B, q) sin (27 (¢, q)) sin (27 (VG, ng)) sin 27 (VG3,ng)) q(y).
q€Q
From the identity (8.1.8), we deduce that to compute the variance (8.1.6), one needs
to solve the Helffer-Sjostrand equation

(8.1.9) ZW(y,¢) =—Y_ 2(B,q)sin (27(¢, ) sin (27(VG, q)) sin (27(VGa, 0)) q(y)-
q€Q

The Equation (8.1.9) can be solved explicitly by using the Green’s matrix associated

with the Helffer-Sjostrand operator; we obtain the following formula for the codiffer-

ential of W

"Wy, ¢) = =Y _ 2(8,q) sin (27(VG, ny)) sin (21(V Gy, ng))
q€Q)
X Z d;;d:(’}sin(%r(d),q)) (ya ¢; Z) nq(z)
zEsSupp ng

Using the estimate on the Helffer-Sjostrand Green’s matrix proved in Proposi-
tion 3.4.11, and the fact that the codifferential d* is a linear functional of the
gradient, we deduce the estimate, for each point y € Z¢,

§ e—cvVBldl. ¢ 1
(8.1.10) 1 WY, M e ) < D D Tramir, — o oL
S 23 =l Ty — 2]
c 1
S .
Z 2191z — 241 [y — 2[7—*

Using the definition of the map %, we apply the Helffer-Sjostrand representation
formula and deduce that

var [Z z(B, q) cos (2m(¢, q)) sin (27 (VG, ny)) sin (27 (VGy, nq))]

q€q)
— 4w 3 (X #(6.0)sin 2(6.0)

A q€Q

x sin (27(VG, ng)) sin 27(VGy, q)nq(y))) d*W(y, ¢)>

tp
Using the estimates (8.1.10) and a computation similar to the one performed in (8.1.3),
we deduce that

(8.1.11) var [Z z(8,q) cos (2m(9, q)) sin (27(VG, ng)) sin (27 (VG,, nq))]
q€Q
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o,
> Z Z Tyl&T]z — y[i-1 14" WY, ) oo (u)

yEZ geQ,

1 1 1
<C
y;zd i P PR L MR

C

- |m|2d—2’

where we used the results stated in Appendix C in the last line. There only remains
to prove the identity (8.1.7). To this end, we use the ideas and notation presented in
Section 4.5.2 and decompose the sum

Zz(ﬂ, q) cos (2m(¢, q)) sin (27(VG, ng)) sin (27 (VG4,ng))
9€€)

= Y 2B,q9) > cos(2n(,q(y+-)))

l[q]eQ/zd yezd
x sin (27(VG,ng(y + -))) sin (2n(VGy,ng(y + 7)) -

Taking the expectation, using the translation invariance of the measure 118, we deduce
that

(8.1.12) E {Z z(B, q) cos (2m(¢, q)) sin (27(VG, ngy)) sin (27(VGy, nq))}
q€Q

= Y 2(B,q)E[cos (2n(¢,9))] Y _ sin (27(VG(- — y),n,)) sin 2m(VGa(- — y),ny)) -

la]eQ/24 Y€z

Fix an equivalence class [q] € ©/Z%. By using a Taylor expansion of the sine and
standard properties of the discrete Green’s function GG, we obtain the expansion

(8.1.13) Z sin (2m(VG(- — y),ng)) sin 2n(VG,(- — y),ng))

y€ezd

=472 > VG(y) - (ng) x VGa(y) - (ng) + O (JL)

y€eZd

d
= 4r* Z (ng); (nq)j Z V:G(y)V;G.(y) + O <|x|qul> '

4,j=1 yeZd
Putting this estimate back into (8.1.12), we deduce that

(8.1.14) E {Z z(B, q) cos (2m(¢, q)) sin (27(VG, ng)) sin (2m(V Gy, nq))}
q€q)

d
=Y ¢ Y, ViGy)V;Ga(y) + O (m(jl> )

ij=1  yezd
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where the constants c;; are defined by the formulae

cij=4r> Y 2(8,q)E[cos (21($,9))] (ny), (ng),; -
lql€Q/z?
The expansion (8.1.14) is not exactly (8.1.7). To complete the argument, we appeal
to the symmetry invariance of the model and claim that it implies the identities
cij =01if i # j and ¢;; = ¢;; for each pair (4,5) € {1,... ,d}2. The proof follows from
standard symmetry arguments and we omit it here. Once this result is established,
the expansion (8.1.7) is obtained from (8.1.14) thanks to an integration by parts and
the properties of the discrete Green’s function. O

8.2. Removing the contributions of the cosines

The goal of this section is to prove Lemma 4.3.1.

Proof of Lemma 4.8.1. — We start from the Helffer-Sj6strand representation formula
stated in (4.3.3) and recalled below
(82.1) cov [Xo, Yol = Y (0, X2) Yy, ),

yezd

where Y : 74 % 0 — RE) is the solution of the Helffer-Sjostrand equation, for each
pair (y, @) € Z¢ x ©,
(8.2.2) LYy, ¢) = 0yYo(4).

Using the definition of the random variables Yy and X, stated in (4.1.4), we have the
identities, for each y € Z¢,
(8.2.3)

0,Y0(0) = — | Qo(y:6) + 32 3 = (8,0)sin (2n(6, ) (cos (2n(V G, ny)) ~ 1) a(y) | (o)
q€Q

and

(8.2.4)

0,Xa(6) = — | Quly:9) + ) %%Z (8,q) sin (27(9, q)) (cos 2m(VGz,n)) — 1) 4(y) | Xa(9)-
q€Q)

The objective of the proof is to remove the terms involving the cosine in the right sides

of the identities (8.2.3) and (8.2.4). The proof requires to use the following estimates

established in (4.3.9) and (4.3.11): for each point y € Z<,

C
(8.2.5) Q. (U5 ) poo () <

ly — x|d-1
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and
C
> 2 (B,q)sin (27($, ) (cos (2m(VGa,ng)) — 1) ng(y)| < [y zp?’
q€Q
as well as the estimates
C
(8.2.6) 11Q0 (4 M oo () < lyla=1’
and
C
> 2(B,9)sin (27(¢, ) (cos (2m(VG,ny)) — 1) ng(y)| < =k
q€Q)

We split the argument into three steps:

— In Step 1, we prove that the solution of the Helffer-Sjéstrand equation ¥ satisfies
the upper bound, for each y € Z¢,

. C
(8.2.7) 1YY, M2,y < e

— In Step 2, we prove that the covariance between the random variables X, and
Y, satisfies the expansion

(8.2.8) cov [X,, Y] = Z (XeQx(y, ) Y(y, ')>,w +0 <|:L.|d€’1—e> :

y€eZ?
— 1In Step 3, we use the symmetry of the Helffer-Sjostrand operator £ to complete
the proof of Lemma 4.3.1.

Step 1. — We first express the function ¥ in terms of the Green function associated
with the Helffer-Sjostrand operator Z. From the Equation (8.2.2), we deduce the
formula for the codifferential of the map %, for each pair (y, ¢) € Z¢ x Q,

d*y(gh ¢) =27 Z Z z(ﬁa Q) sin (27T(VGa nq)) dydzlg/cos(er(-,q))Yo (yv ¢7 yl) nq(yl)

y1 €24 q€Q
1
+ 2w Z ZE(COS (27T(VG,7’Lq)) 1) dy yIQSm(ZTr( ,2)) Yo(y ¢ yl)nQ(yl)
y1€Z4 q€Q
Using the estimate on the Helffer-Sjostrand Green’s matrix proved in Proposi-

tion 3.4.11, that the random variable Y, belongs to the space L? (), and the Taylor
expansions of the sine and cosine, we obtain the inequality

[ERZCBIE » |d O S Ceontanay e (30 85 91) [

y1 €24

(ks)

+ Z |2d 2 de o Gsin2m () Yo (> &5 91) HL2
Y1 eZd

SOCIETE MATHEMATIQUE DE FRANCE 2024



178 CHAPTER 8. TECHNICAL LEMMAS

C C
< +
yzd lya =ty — g |47 [y 2972y — ya|de
< C
=yt

The proof of Step 1 is complete.

Step 2. — By the Helffer-Sjostrand Formula (8.2.1), we have the identity
(8.2.9)

cov [X,, Yo = Z ((0y X)Wy, ")),

B

y€ezZ?
= > (RWXY (),
y€eZ?
- “<Z 2 (B, q) sin (27(¢, q)) (cos (2m(VGa,ng)) — 1) g (y) X2d"Y(y, ~)>

€0 Hp
The objective of this step is to prove that the term involving the cosine in the right
side of (8.2.9) is of lower order; specifically, we prove the estimate (8.2.10) below. The
proof relies on the three following ingredients: the Taylor expansion of the cosine,
the L? (up)-estimate [ Xall2(,) < €, and the estimate (8.2.7) proved in Step 1. We
obtain

% > 2(8,9) (cos (2m(VGa,yng)) — 1) ng(y) (sin (27(¢, 9)) Xod* Wy, ),
q€Q

1 . "
< 52 |2(8,q) (cos (2n(VGa, ng)) = 1) ng(y)| lIsin (27(¢, q)) Xall 2 () 147U, M 2
q€9)
C _ 1
= ly—aPi? e

Summing the inequality over all the points y € Z? and using the results of Appendix C
then shows

(8.2.10)
5 {2 5 (0,005 21(6.0) (oos 2r(VG ) = DXV} | < i
vt st mp

Step 8. The conclusion. — We use the main Result (8.2.8) of Step 2 and the symme-
try of the Helffer-Sjostrand operator to complete the proof of Lemma 4.3.1. By the
expansion (8.2.8), we see that it is sufficient to prove the estimate

B211) ¥ (@l )XV Ny, = X Qe IXal0 N, + 0 (s )

yezd y€eZd
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By the symmetry of the Helffer-Sjostrand operator, we can write

(8.2.12) S Qe )XYW, N, = S (e (0,) 9, Yo,

y€eZd y€eZd
where the mapping & : Z% x Q — R() is the solution of the Helffer-Sj6strand
equation,

(8.2.13) e = Qo X, in Z% x Q.

The objective of this step is thus to prove the following expansion

C
(8.2.14) Z (K (y,-) 8yY0>M = Z (He (y,-) Qo(y, ')Y0>Ma +0 (|x|dl"3> .
yeZ4 yeZa
The proof is similar to the one written in Steps 1 and 2. With the same arguments
as the ones developed in Step 1, one obtains the following upper bound for the func-
tion d*&X,: for each y € Z4,
* C
(8.2.15) lld %(y,')HLz(MB) < m
Using the same arguments as the ones developed in Step 2, we obtain the inequality

(8.2.16)

D> 2(8,9) (cos (2m(VG,ng)) — 1) ng(y, ¢) (d*Has (v, ¢) sin (27(¢, 0)) Yo(9)),.,
y€EZ?* q€Q)
C
Combining the inequalities (8.2.15) and (8.2.16) with the Formula (8.2.3) implies the
expansion (8.2.14). We then use the symmetry of the Helffer-Sjostrand operator a
second time to obtain the identity

(8217) Z <$C$ (y7 ) QO(ya .)YO>ILE = Z <Q$(y7 )chv (yv ')>Mﬁ )

A y€ezZ?
where the function % is defined as the solution of the Helffer-Sjostrand Equa-
tion (4.3.13). Combining the identities (8.2.14), (8.2.12) and (8.2.17), we obtain the
expansion (8.2.11). This completes the proof of Step 3 and of Lemma 4.3.1. O

8.3. Decoupling the exponentials

The objective of this section is to remove the exponential terms X, and Yy from the
computation. We prove the decorrelation estimate stated in Lemma 4.4.1. The argu-
ment makes use of the bounds on the Green’s matrix { obtained in Proposition 3.4.11
and on the Green’s matrix (ec ¢ associated with the second-order Helffer-Sjostrand
operator proved in Proposition 5.4.4. Before stating the lemma, we record two esti-
mates which are used in its proof:
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— We recall the definition of the random variable &, : Z% x Q — R(g) defined
in (8.2.13) as the solution of the Helffer-Sjostrand equation, for each (z, ¢) € Z4x
Q, X, (2, ¢) = 9, X,; by the inequality (8.2.15), it satisfies the L? (ug)-estimates

. C
(8.3.1) [|Ka (2, )l p2(uy) < P and "o (2, )l 12y < P

— The function ) defined in the statement of Lemma 4.3.1; by the estimate (4.4.8),

it satisfies the estimate

. c
(8.3.2) 4™V (2, )l g2 ) < [g[d-1—e"

Proof of Lemma 4.4.1. — We recall the notation and results introduced in Re-
marks 4.4.2, 4.4.3 and 4.4.4 which will be used in the proof. We start from the result
of Lemma 4.3.1 which reads

cov [Xa, Yol = Y (XeQu(y, )U(y, "), +O (ng—) ’

IS
where % is the solution of the Helffer-Sjéstrand equation, for each (y, ¢) € Z% x €,
(8.3.3) ZU(y,¢) = Qo(y, ) Yo(9).

We split the argument into two steps:

— In Step 1, we prove the decorrelation estimate

(8.3.4)
S (X Quy, )V, N, = (Ko, S (Quly )V, ), +O (HC) .
yeZa yeZ4

Let us note that since the measure pg is invariant under translations, the
value (Xw>#ﬁ does not depend on the point z.
— In Step 2, we prove the expansion

835) 3 (@l )Py, = Wil 3 (@00 Ny, +0 (i )

yeZa yeZa
Lemma 4.4.1 is a consequence of (8.3.4) and (8.3.5).

Step 1. — The expansion (8.3.4) can be rewritten in terms of the covariance between
the random variables X, and Q. (y)U(y,-); it is equivalent to the expansion
C
(8.3.6) > cov [Xa, Quly, ) VU(y, )] = O (|x|d—1—s> -
yeZa

To prove the expansion (8.3.6), we apply the Helffer-Sjostrand representation formula
which reads, for each point y € Z¢,

(8.3.7) cov [Xg, Qe (y, ) V(y, )] = Z (K (2,7)02 (Qa(y, )V (y, ')))Hﬁ .

z€7Z2

ASTERISQUE 447



8.3. DECOUPLING THE EXPONENTIALS 181

Summing over the points y € Z¢ and performing an integration by parts in the
variable y, we deduce that

S cov [Xa, Quly, YV, N = 3 (Halz)0: (Quly, YUy, ).,

y€ezZd y,z€Z%
= > (Halz,)0: (ng, (y, )" V(y, ), -
y,z€7Z4

We split the proof into two substeps:

— In Substep 1.1, we compute the value of 9, (ng, (y,-)d*VU(y,-)). We prove the
identity (8.3.20) and the inequalities (8.3.21).
— In Substep 1.2, we deduce the expansion (8.3.4) from Substep 1.1.

Substep 1.1. — We first expand the derivative

(8.3.8)—(i) (8.3.8)—(ii)

The term (8.3.8)—(i) can be computed explicitly from the definition of the charge ng,
and the identity ¢ = dn,. We obtain

(8.3.9)
(aanw (4, ) V(y, §)

— (3 4m2(5.0) (in (2n(6, ) sin (2 (V G ) 1) © () ) 4"V )
qeQ)

= (3 452206, 50 (2(6,)) i (TG ) 1a0) ©14(2) 4V ) )
q€Q
We then estimate the term in the right side of (8.3.9). To this end, we note that the
sum over the charges ¢ € ¢) can be restricted to the set of charges ¢), . and use the
two inequalities: first, qugy’z e~ Vhllall < e=eVPBly—=| established in (A.2.9) and, for

each charge g € @y, [sin (27(VGg,ng))| < Iav—iﬁ We deduce that
(8.3.10)
3 2(5,0)sin (2(9,0)) sin (2m(VGiz mg) ma0) @y ()] < 3 Pl Lo
s s ly — =]
Ce—cVBly—2|
T ly—altt

Combining the estimate (8.3.10) with the inequality (8.3.2) on the codifferential of
the function 9, we obtain, for each pair of points z,y € Z¢,

’ (Z (B, q) (sin (27 (-, q)) sin 2m(VGa,nq))) ng(y) ® nq(2)> d* Uy, -)
q€Q

L2(pg)
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Ce—cVBly—zl

< .
T |y — x4l x Jyld-1me

We now treat the term (8.3.8)—(ii). To estimate the L? (14)-norm of the map 9,d*%V(y, ¢),
we start from the definition of the map 9 as the solution of the Helffer-Sjostrand
Equation (8.3.3) and apply the derivative 9, to both sides of the identity (8.3.3).
Following the arguments developed at the beginning of Section 5.4, we obtain that the
map Vsec : (Y, 2,¢) — 0,UV(y, @) is the solution of the second-order Helffer-Sjostrand
equation

(8.3.11)
zsecGUsec(yz 2, ¢)

= (Z 4m%2(B, q) (sin (27 (¢, q)) sin (27(VG, ny))) q(y) ® q(z)) Yo

q€Q

+> 21z (8,q)sin (27 (6, 9)) (4" V,ng) q(y) @ g(2)
q€Q

Q)@ (Qo(e.6) + 52 Y- 2 (5,0)in (2n(6,0) (cos 2n(VGa) ~ 1) a(2) ) Yo
q€Q

We decompose the function Usec into three functions, Vsec,1, Vsec,2 and Vsec,3 accord-
ing to the three terms in the right side of (8.3.11), i.e.,

(8.3.12)
LsecVsec,1 (Y, 2, ) = (Z z(B,q) sin (27 (¢, q)) sin (27 (VG, ny)) q(y) ® q(z)> Yo,
q€Q
LiecVsee2(U, 2, 8) = Y 2 (8,q) sin (27 (¢, 9)) (A"V, ng) a(y) ® q(2),
q€Q)

gzSecGZ)sec,B(ya Z, ¢) = _QO(ya ¢) Y (QO(Za ¢)

+ % Z z (8, q)sin (27 (¢, q)) (cos (2n(VG,ng)) — 1) q(z)> Yo.
q€Q

We then estimate the three terms PUsec,1, Vsec,2 and Vsec,3 separately. The first two
terms can be estimated by using a strategy similar to the one used in Step 1 of the
proof of Lemma 4.3.1: we use the Equations (8.3.12) to obtain explicit formulae in
terms of the Green’s matrix (s, associated with the second-order Helffer-Sjostrand
equation, and use Proposition 5.4.4 to estimate them. We omit the technical details
which can be found in the long version of this article ([36, Chapter 8, Lemma 3.1]).
The results are collected in (8.3.21) below.

The estimate for the term s 3 is more involved. Using a similar strategy with ad-
ditional technical details: we prove that there exists a map Wsec s : 74 x 74 x Q — Rdx(g)
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which satisfies the identity, for each (y, z, ¢) € Z¢ x Z¢ x Q,

(8'3'13) Ovsec,3(yv 2, ¢) = dz%sec,?) (y, 2, d))»
as well as the upper bounds
C
(8.3.14) HGMS“?’(y’Z’ )”LZ(#@) “y |d———s % |Z|d———s
and
(8.3.15) 14 Whaee s (v, 2, - < ©
. y sec,3 g LZ(Hﬁ) = |y|d_1—€ % |Z|d_1_8.

The strategy to prove the identity (8.3.13) and the estimate (8.3.14) is the following.
We use the dynamic formulation to solve the Helffer-Sjéstrand Equation (8.3.12), and
obtain the identity

(8.3.16)
Virs.50) = Y [ B [Vo(@) Pt n, 2150 2)Qu(u1,60 © Qo(e,00)]
y1,21€24 %0
—m > > z(B,q) (cos (2n(VG,n,)) — 1)
y1,21 €24 g€Q
X/ Eg {Sm (27 (¢, q)) Yo (o) der( » Y15 215 Y, 2)Qo(y1, B1) ®‘J(21)} ,
0
where, given a trajectory (¢;);>o of the Langevin dynamics, the map Pj’ér(-, Y, 2)

4
(0,00) x Z% x 7% — R(2)" denotes the solution of the parabolic system of equations,
6tPc(ﬁ3.r ('7';';y7z)+ (zsq:)tatm zsq;tat,y) Plflﬁér (~,-,~;y,z) =0 in (0700) X Zd X Zd7
Pfe‘r (0,-,-39,2) =0(y,) in 7% x 7.
Let us observe that, thanks to the specific structures of the second-order Helffer-
Sjostrand equation (see (5.4.8)) and of the right-hand side of (8.3.16), one can factorize

this term and obtain
(8.3.17)

Vaers(y:2,0) = — Y 2(8,a1) z(8, ¢2) sin (27(VG, ng,)) sin (27(VE, ng, )

q1,92€89

x / N Ey [cos (27 (¢¢, q1)) cos (27 (¢, a2)) Yo (o) (a1, P (2,51 )) ® (g2, P (2, 2))] dt

+m Y 2(8,a1) % (8,q2) sin 21(VG,ng,)) (cos 2m(VG, ng,)) — 1)

q1,92 €0
X /000 Ey [cos (27 (¢, q1)) cos (2m (¢, g2)) Yo(e) (g1, P (¢, 5y)) ® (g2, P¥ (¢, 2))] dt.

The strategy is then to use the symmetry of the spatial operator 72 ., to observe

spat?
that, for any charge q € ) and any time T > 0, if we let Ry, : (0,T) x Z% — R() be
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the solution of the parabolic system of equations (note that we reverse the time in
the dynamic ¢; and replaced it by ¢r_;)

{atRTq Lo Rrg =0 in (0,T) x Z¢,
Rr,(0,:)=¢ in 74,

then we have Rr,(T,y) = (q,P? (T,-y)). We may then consider the solution
Sr,q:(0,T) x Z% — R? of the parabolic system of equations

15— (350 35 X 55 -0 )Sra = =3 2 (5.0 cos 2 (67-,0)) (VuRnr
nt 2ee in (0,00) x Z4,

Sg,(0,-) =nq in 7%,

and define Qg" (T,y) := S1,4(T,y). Using the estimate on the heat-kernel in dynamic
environment stated in Proposition 3.4.4 and the Duhamel principle, one can prove
the following results, for each point y € Z¢, and each time t > 1,

(8.3.18) Pf‘(t,y) = dQ?' (t,y) and |Q‘;‘(t,y)’ < Cot®®c (t,y — 1),

where y; is a point which lies in the support of the charge n,. We then define Wger,3
by the formula

(8.3.19)

621)der,3(y7 Z, ¢)
=— Z z2(B,q1) 2 (B,¢2) sin (27 (VG,ng, )) sin (27 (VG, ng,))

q1,92€Q

X /Ooo Ey [cos (27 (¢y, 1)) cos (2 (61, g2)) Yo (i) (a1, P (£, 9)) © Q% (¢, 2)] dt

+ 27r Y 2(B,01) 2 (8, ¢2) sin (2m(VG,ny,)) (cos (2m(VE, ng,)) — 1)

q1,92€9
- /oOo Eg [cos (27 (¢r, q1)) cos (2m(d4, 2)) Yo(¢e) (a1, P (t,9)) © QY (¢, 2)] dt

We can verify the equality (8.3.13) by an explicit (and straightforward) computa-
tion making use of the identities (8.3.17) and (8.3.18). The bounds (8.3.14) can be
verified by using the explicit Formula (8.3.19), the bound on the heat kernel in the
dynamic environment (Proposition 3.4.4), and the bounds on the function @, stated
n (8.3.18). We omit the details which can be found in the long version of this article
([36, Chapter 8, Lemma 3.1]).

Conclusion of Substep 1.1. — We have the identity, for each pair of points (y, z) € Z¢,
(8.3.20)
9 (nq, (y, )" V(y, ) = (9:nq, (y,) d*V(y, ") + nq, (y,)0-d"V(y, )

= (0:nq, (y,)) d"VU(y, ") + 1q, (¥, )dy Vsee1 (¥, 2, )
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+nQ, (¥, ')d;;c?)sec,Q(ya z,+) +d; (an (v, ')d;;%sec,ii(y: Z, )) )
with the estimates

(8.3.21)

. Ce—cVBly—=|
102 (1) "Vl Mgy <

x|d—l X |y|d—1—s ’

C
Ndx, . <
Ina. (v, )y Vacer 3 = )HLz(HB) T |z — yldlme x |2 — yldtime s max (Jy], |2))
C
nryad*cp 2\Y,%," S 1
-, 05 o2 sy o — |91 x |z — |12 x max (Jy], |2

C
Han (y7 ')d;%sec,i’)(yv 2, ')||L2(M/3) < |y _ x|d_1|y|d_1_6|2|d_1_6 ’

Substep 1.2. — We prove the covariance estimate (8.3.6). By the Helffer-Sj6strand
representation formula we have, for each point y € Z,

(8.3.22) cov [Xo, Qu(y, )V, )] = Y (Ha(2,)0: (Qu(y, ) VY, ), -
z€Z4

Using the Formula (8.3.22), we write

(83.23) Y cov[Xe, Qu(y, )V (y: )] = Y (Hal2,)0: (Quly, YV, )0,

y€eZd y,2E€Z%

Y (&alz,)0: (nq, (v, )" V(Y. )),,, -

y,zE€Z%

We combine the identities (8.3.20) and (8.3.23), and obtain
> cov [Xa, Quly, ) VU(y, )]

y€eZ

= Z <Scx (Zﬂ ) (8Zan (y)) d*GU(yv .)>Hﬁ + Z <géx(za ')an (y)d;@sec,l(y, 2, .)>Hﬁ

y,2€7Z4 y,2€Z4
+ Z <chx(za ')an (y)dZGZ)sec,Q (y, 2, .)>ll[3 + Z <d*(%ac(za ) (an (y)d;%secﬁ(ya 2, .))>Hﬁ
y,z€L4 y,2€24

We use the estimates (8.3.1) on the function ¢, and the estimates (8.3.21). We obtain

C e—cVBly—z|
(8324) Z cov [Xza Qz(:‘h )GU(yu )] < Z d—2_ d_1 d—1—
|z — @427 |y — z|9 x [y|d-1-e
yeZa y,z€Z%
C 1
+
P P e R e (T
C 1
+ ZG:Zd |Z _ x|d7178 |y _ x|d71|y|d717€|z|d7175 .
Y,z
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The term in the right side can be estimated by an explicit computation. We skip the
details here and obtain the expansion (8.3.6). Step 1 is complete.

Step 2. — To complete the proof of Lemma 4.4.1, there remains to prove the expan-
sion (8.3.5). The strategy of the proof relies on the symmetry of the Helffer-Sjostrand
operator Z; if we let 9, the solution of the equation 7% = Q. in Z¢ x Q, then we
have the identities

D (Quly, )V, Ny = Y (U (y,7) Qo(y,)Yo),,
yeZa yeZa

and
Z <Qz(y> )%(ya ')>Hﬁ = Z <%z(y7 )QO(y7 ’)>p5 .
y€ezd yezd

Using these identities, we see that the expansion (8.3.5) is equivalent to

5 (e 1) Qo ), = (¥aly, 3 (% () Qulo Ny, + 0 ( iis )

yezd yezd
The proof of this result is similar to the proof written in Step 1, and is in fact simpler
since we do not have to treat the term Usec 3 in (8.3.12); we omit the details. O

8.4. Using the symmetry and rotation invariance of the dual Villain model

This section is devoted to the proof of some properties of the discrete convolution
of the discrete Green’s function on the lattice Z?. We recall the definition of the group
H of the lattice-preserving maps introduced in Section 2.1.

Lemma 8.4.1. — Fiz four integers j, j1,k, k1 € {1,...,d} and let F : Z¢ — R be the
function
Finjo b (@)= Y V;Gy)ViG(z —y — K)V}, Vi, G (k).
y,KEZL?
Then, if we let Jj g 1k, : RE\{0} — R be the (2—d)-homogeneous map whose Fourier
transform is given by the formula m(ﬁ) = &;&;€k 1€]7. Then for any e > 0, one
has the identity

1
Fj kg k1 () = Jj ke, (2) + O <|x|d—1—€> .
A direct consequence of the previous lemma is the corollary stated below.

Corollary 8.4.2. — Fiz two integers j,j1 € {1,...,d} and let Fj;, : Z% — R be the
map

Fjj(x) =Y V,Gy)V;,G(z —y),

yeZd
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then, for any € > 0, one has the identity

1
Fjj (z) = Jjj(z) + O <|m|d—1—€) )

where the map J; ;, is (2 — d)-homogeneous and its Fourier transform is given by the
- —4
formula J; ;(§) = &&; €]

The proofs of this lemma and this corollary follow standard arguments; we refer to
the long version of this article ([36, Chapter 8, Section 4]) for the details.

The following proposition is used in the proof of Theorem 1. It asserts that if a
linear combination of the maps F; ; 1; and F; ;, with a specific structure given by the
problem considered in this article, is invariant under the group H lattice preserving
maps, then it must satisfy the expansion given by (8.4.2).

Proposition 8.4.3. — Assume that there exist coefficients (¢ij),<; ;<4 and (Kij),<; i<qs
an exponent o > 0 and a map U which is invariant under the group H of the lattice-
preserving maps such that
d c
(8.4.1) U)= Y cijenFijri(z)+ Z KiiF; j(z) + O <|1,|d_2+a) :
4,9,k,l=1 i,j=1

then there exists a constant ¢ € R such that

(842) U@ = |d S +0 <|x|d02+a>'

Proof. — Applying Lemma 8.4.1 and Corollary 8.4.2, the expansion (8.4.1) can be
rewritten

d
C
Uz) = E : CijcriJigmi( § : KijJi (@) + O <|x|d—2+a> :
i,5,k,1=1 1,j=1

Using that the maps J; ; x; and J;; are (2 — d)-homogeneous, we see that the as-
sumption that U is invariant under the lattice-preserving maps implies that the same
property holds for the function 21 k=1 CijChidi gkl +Z K;;J; ;: foreach h € H
and each z € Z%\ {0}, one has

1,7=1

(8.4.3)
d d
Z czjck:lJ,]kl E KljJ’L] Z Cljcliijl Z szJ,]
,5,k,l=1 4,j=1 i,5,k,1=1 ,j=1

Using the homogeneity of the maps J; ;; and J;;, the result can be extended to
each point of R?\ {0}. Let us denote by P the homogeneous polynomial of degree 4

2
d

d
(8.4.4) P& = Z cii&i€i |+ e Z Ki;&i&;,

ij=1 ij=1
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so that the Fourier transform of the map Z” koi=1 CijChidi gkl + Z

equal to the function & — P (€) |¢]7°.
Taking the Fourier transform on both sides of the identity (8.4.3), we obtain the
identity, for any £ € R%, and any h € H,

(8.4.5) P(h(£)) =P ().
Using the Definition (8.4.4), the property (8.4.5) and an explicit computation which
we omit here, we prove that there exists a coefficient a € R such that

d 2
(8.4.6) P(¢)=a (Z 6?) =alg*.

The equality (8.4.6) implies that the Fourier transform of the map

d d
E Cijckidi gk, + Z KijJi,;

3,4,k l=1 i,7=1

ij=1 KijJi;j is

is equal to a|¢|~2, which implies, by taking the inverse Fourier transform, that there
exists a constant ¢ such that, for any x € R¢\ {0},

d
(8.4.7) Z cijcridi g1 (® Z KijlJij(x | |d 2"
i, l=1 i.g=1 o

Combining the identity (8.4.7) with the expansion (8.4.1), we have obtained

C
U(z) = |z |d ; +0 (|x|d—2+o¢>'

The proof of Proposition 8.4.3 is complete. O

8.5. Treating the error term &, 4,

This section is devoted to the treatment the error term &, 4, used in the proof of
Theorem 1.

Proposition 8.5.1. — Fix two exponents v,e € (0,1] such that ¢ < ﬁ, and two

charges q1,q2 € Q. Let &, 4, 7% — R be a function which satisfies the pointwise and
L'-estimates, for each point k € Z* and each radius R > 1,

c -
(8.5.1) €2 (K)] < W and Z |€41,40 (K)] < CR™.
kE€B2r\Br
Then, the constant K, 4, = 4n> Y ez Cqr qo (K) s well-defined in the sense that the

sum converges absolutely, and one has the erpansion

(8.5.2) Z VG(22) - (ng,)VGqg(22 + K) - (ng, )4y .40 (K)

22,KEL
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C
=Kg 0 E VG(22) - (ng,)VG(22 — x) - (ng,) + O | —7F5— | .
|:L‘| +4(472)

ZQEZd
Proof. — The proof of this lemma relies on (elementary) considerations about the
discrete Green’s function, we refer to the long version of this article ([36, Chapter 8,
Section 5]) for the details. O
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APPENDIX A

LIST OF NOTATION AND PRELIMINARY RESULTS

A.1. Notation and assumptions

A.1.1. General notation and assumptions. — We work on the Euclidean lattice Z? in
dimension d > 3. We denote by |-| the standard Euclidean norm on the lattice Z¢. We
say that two points z,y € Z¢ are neighbors, and denote it by = ~ v, if |z — y| = 1.
We denote by ey, ...,e; the canonical basis of R?.

Given a subset U C Z¢, we define its interior U° and its boundary OU by the
formulae

U°e={zeU:z~y = yeU} and 0OU:=U\U".

If the subset U C Z? is finite, we denote by |U| its cardinality and refer to this

quantity as the volume of U. We denote by diam U the diameter of U defined by the

formula diam U := sup, ,cy |z — y|. Given a point x € 7% and a radius r > 0, we

denote by B(z,r) the discrete euclidean ball of center x and radius r. We frequently

use the notation B, to mean B(0,7). We also define the annulus Ag := Bag \ Bg.
A discrete cube [J of Z¢ is a subset of the form

(A.1.1) O:=z+[-N,N]*N2Z% with 2 € Z% and N € N.
We refer to the point x as the center of the cube U, and to the integer 2N + 1 as
its length. We denote by O, := [N, N]d N Z%. Given a parameter > 0, we use the

nonstandard convention of denoting by r[J the cube
r0:=z + [-rN,rN]* Nz
If O is the cube given by (A.1.1), then we define the trimmed cube OO~ by the formula

d
N N N N
(A12) O mat (<N YN N _VNY g
2 10 ° 2 10
Given three real numbers X,Y € R and « € [0, 00), we write

X=Y+0(k) ifandonly if |X —Y|<k.
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For each integer i € {1,...,d}, we denote by h; the reflection of the lattice Z? with
respect to the hyperplane {z €zt : z = O}, ie.,

7¢ — 74
hi =

(Zla"')zd)'_)(Zlv"'a_zia"'azd)‘

For each pair of integers ¢,j € {1,...,d} with ¢ < j, we denote by h;; the map

N z¢ — 72
R (21, 52d) = (Z15- 1 Zjy e ooy Zig e ey 2d).

We define H the group of lattice preserving transformation to be the group of linear
maps generated by the collections of functions (h;); ;<4 and (hi;); ;. ;<4 With respect
to the composition law.

We frequently consider functions defined from Z? and valued in R of the form
x — |x|~*. We implicitly extend these functions at the point = 0 by the value 1 so
that they are defined on the entire lattice Z?.

A.1.2. Notation for vector-valued functions. — For each integer £k € N, we let
F (Zd,Rk) be the set of functions defined on Z? and taking values in R*. Given a
function g € &F (Zd,Rk), we denote by g1,...,gr its components on the canonical

basis of R* and write g = (g1,...,gx). We define the support of the function g to be
the set

supp g := {x €7%: g(x) # O}.
For each integer i € {1,...,d}, we define its discrete i-th derivative V;g : Z¢ — RF
by the formula, for each z € Z¢,

Vig(z) := g(z + i) — g(=),
and its gradient Vg : Z¢ — R¥** by the formula
VQ(QS) = (Vig(x))lgigd = (Vigj(m))1§i§d,1§j§k .

We denote by V7 the adjoint gradient defined by the formula VIg(z) = g(x—e;) —g(x)
and the adjoint gradient

Vig(z) = (v;g(x)hgigd = (vfgj(x))lgiSdJSjSk .
We define similarly the divergence, for any function g : Z¢ — R¢,
d
V-g(@) ==Y Vig(x).
i=1
We extend this definition to a more general class of vector-valued functions as follows:

For an integer k € N, and a function g = (gi;)1<i<d,1<j<k : Z¢ — R¥* we define
V. g:7Z% — RF by the identity

d d
V- g(m) = <Z gz’,1(99) - 91',1(50 - ei), ceey Zglk(:p) - gi,k(l' - 6¢)> .
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The Laplacian is then defined by the identity A = V - V and is equivalently given by
the explicit formula: for any g : Z¢ — R¥,

(A.1.3) Ag(z) = (g(y) — 9(x)).

Yy~
We will consider higher order derivatives as follows: For each integer n € N, we denote
by Vg : Z% — R"¥*F a5 follows

Vg(z) = (Vy - 'Ving(x))lgil,“.,ingd'

We will also denote by A™ = A o...o A the Laplacian operator iterated n-times.
We note that these discrete operators have range n and 2n respectively, i.e., given a
point z € Z¢ and a function u : Z¢ — R* one can compute the value of V"u(z) (resp.
A™y(z)) by knowing only the values of u inside the ball B(x,n) (resp. B(z,2n)).

For each function g : Z¢ x Z¢ — R*, we denote by V, the discrete gradient with
respect to the first variable and by and V, the discrete gradient with respect to the
second variable. Formally, for each point (z,y) € Z¢ x Z¢, we write

Vmg(:ﬂ, y) = (gj(x + ey, y) - gj(xa y))lgigd,lgjgk
and
Vyg(:v, y) = (gj(l', y+e)— gj(x, y))1§i§d,1§j§k .
We similarly define the i-th derivatives V; ; and V;, and the Laplacians A, and A,

and the higher-order derivatives Vi’ and V' with respect to the first and second
variables.

Given a vector p € R?** we write p = (p1, ..., ps) where the components py, . ..,
belong to the space R%. We denote by [, the affine function defined by the formula
Zd N Rk,
(A.14) I, =
z— (p1-®,...,pk-T).

This notation will be frequently used in the case k = (g)

Fori,j e {1,...,d}x{1,..., (g)}, we will use the notation /;; for the affine functions
RY — R(),
z+— (0,...,0,z-€;,0,...,0),

where the term x - e; appears in the j-th position.

ij =

A.1.3. Notation for matrix-valued functions. — A tool frequently used in this article
is the notion of fundamental solution for system of elliptic equations (and in particular
for the Helffer-Sjostrand equation), which requires to introduce matrix-valued func-
tion. Given an pair of integers k,I € N, we may identify the vector space R¥*! with
the space of (k x [)-matrices with real coefficients. Given a map F : Z¢ x Z¢ — RFX!,

we denote its components by (Fi;), ;< 1<;<;- For each integer i € {1,... k}, we
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denote by F;. the map
{Zd x 7% — R,
' (z,y) = (Fij(xyy))1gjgl'

We similarly define the map F; : Z¢ x Z? — RF for each integer j € {1,...,1}.
As in Section A.1.2, we define the gradients V,F : Z¢ x Z¢ — R@xF)xl and
V,F:7%x 7% — RFEx(dx1) with respect to the first and second variables.

A.1.4. Scalar and matrix product. — We present in this section an index of the in-
trinsic scalar products used in the article.
Given two functions f, ¢ : Z¢ — R* and a point z € Z¢, we will use the notation

z)g(x) = Zfz )9i(z)

Vf szfj zgj )

=1 j=1

k
Vi(z)g(z) = Z Vifi(x)g;(2)

Given a matrix-valued function F : Z¢ — RFX! two functions f : Z¢ — R* and
g:7% = R!, and z,y € Z%, we denote by

k
F(z,y)f(z) = (Z Fz’j(%?])fi@))

1<i<d

l
f(2)F(z,y)g(y) = Z > Fij(z,y) fi(x)g;(v)-

Similarly, for f: Z¢ — R4** and g : Z% — R¥*!, we write

d &
VoF(z,y)f(z) = (Z va,ilFiJ-(w,y)fhi(x))
i1=11i=1 1<j<
d 1
VyF(z,y)9(y) = Z Vi Fij(2,9) 95,5 ()
Lj=1 1<i<k

Ji=

d k1
F@) VeV F@,y)gW) = 35 37 DD Vi Vs Fis(2,9) firi )95 ().

d
i1=1j1=114=1 j=1
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As it will be useful when dealing with the second-order Helffer-Sjéstrand equation,
we extend these definitions to functions defined on Z2? and Z2¢ x Z2? (see also Sec-
tion A.2.2).

Given f : Z%* — R* and h : Z? — R!, we denote by f ® g : Z% x Z¢ — R**! the
tensor product between the two functions f and g; it is defined by the formula, for
each = € 74,

(A.1.5) feg(x):= (fi(x)gj(x))1gigk,1§jgl'
This notation allows to expand gradients of products of functions: for each function v :
7% — R, one has

(A.1.6) V(ug)(z) = Vu ® g(z) + u(z)Vg(z).
For z,y € Z%, we will also use the notation

fx)®@g(y) :== (fi(x)gj(y))lgiSkJSjSl :

A.1.5. Norms and functional spaces. — We define the L2-scalar product (-, ) accord-
ing to the formula
(A17) (f,9) =) f@)(a),

z€Z3

We restrict this scalar product to a set U C Z¢ and define, for any pair of func-
tions f,g: U — RF,

(A.1.8) (f,9)y =Y f(@)g(x).
zeU

Given a bounded subset U C Z?, we define the average of g over the set U by the
formula

1
9y = U] Z g(z) € R*.
zelU
For each subset U C Z¢, we define the L> (U)-norm

lgll Lo vy = sup |g(z)].
zelU

where the notation |-| denotes the Euclidean norm on R¥. Given a bounded subset U C
72, we denote by LP(U) the normalized norms

190l Lo 0y = (“1]' > |g(x)|p>p.

z€Zd
We introduce the normalized Sobolev norms H'(U) and H™'(U) by the formulae

1
lgll g0y = (dam ) lgll L2y + 1Vl L2y

and

W9l sy = { (-0 = F:U =R [ f gy <1}
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We denote by H} (U) the set of functions from U to R* which are equal to 0 outside the
set U (by analogy to the Sobolev space). We implicitly extend the functions of Hj(U)
by the value 0 to the entire lattice Z<.

A.1.6. Notation for the parabolic problem. — In Section 5, we study the solutions of
parabolic equations. We introduce in this section a few definitions and notation per-
taining to this setting. For s > 0 and ¢t € R, we define the time intervals I := (—s, 0]
and I,(t) := (—s+t,t]. Given a point z € Z? and a radius r > 0, we denote the
parabolic cylinder by @, (t,z) := I2(t) x B(z,r) (where B(z,r) is the discrete ball).
To simplify the notation, we write @, to mean Q,(0,0).

A.1.7. Notation for Gibbs measures. — We let Q be the set of vector-valued func-
tions ¢ : Z¢ — R(:). Given a cube O C 7%, we let Qo(0) be the set of vector-valued
functions ¢ : 1 — R(:) such that ¢ = 0 on 80. Given z € Z¢, we define 7, : Q@ — Q
to be the translation: 7,¢(-) = ¢(z + ).

Given an inverse temperature 3 > 0, a probability measure p1g on €2 and measurable
function X : 2 — R which is either nonnegative or integrable with respect to the
measure /i3, we denote its expectation and variance by (X), = and var,, [X]. We

define the L? (ug)-norm of the random variable X according to the formula

Xl = ([ K@) natas))

2

For each point z € Z¢ and each integer i € {1, ce (‘21) }, we let w, ; be the function
e, ifx=y
wai(y) = 0if x # v,

where (61, . ,e(d)> is the canonical basis of R(2). We define the differential opera-

tors 0, ; and 0, by the formulae

Op,iu(P) == ’{11)% ug+ hw:;{i) —u(@) and  Oyu(¢) = <3$,1u, e ,8L(g)u) .

We let C22 (Q) be the set of smooth, local and compactly supported functions of the

loc

set Q2. We define the space H! (ug) to be the closure of the space C° () with respect

loc
to the norm (rescaled with respect to the inverse temperature j3)

2

2
lull g1y = lull L2y + | B Z [0z ull T2,
z€Z?
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For any subset U C Z¢, we let L? (U, ug) to be the set of measurable functions
u: Z% x Q — R* which satisfy

1
2
”uHL?(U,pﬁ) = (Z ||u ||L2(u5 ) < o0.

zecU

When the set U is finite, we define the normalized L (U, y15) semi-norm by the formula

1

2
(A19) . <|U| 2 lute: iz “ﬂ’) |

zeU

as well as the space and space-field averages for: u : Z% x Q — R() and ¢ € Q,

(w)y (¢ |U|Z u(z,¢) and (u UMB:|U|Z (z,)

zeU zeU
We define the norm H'(U, ug) by the formula

2

lell s 00 = <Z (@, Mz +||V“||L2Uuﬁ>> !

zeU

as well as the normalized H 1(U {3)-norm

2 .
1l ) = ( |U|Z|| 2, )2 ()

zecU

Z Z 16y u(z, )||L2(Hﬁ) STl U ”VUHLz (Uspp)

yGZd zeU
We define the subset H& (U, ug) to be the subset of functions of H! (U, ug) which
are equal to 0 on the boundary OU x §2. We implicitly extend these functions by the

value 0 to the space Z®. In particular, we always think of elements of H} (U, 1g) as
functions defined on the entire space. We introduce the seminorm

2 IB 2 1 2
[l @ 0) = 757 > Byt Mgy + 7 1V 22
zeU,yeZ

We define the H™~*(U, u)-norm by the formula

[l . sup{|U|Z (ulz, (e, ), weH&(U,ﬂﬁ),||v||H1<U,#ﬁ>s1}-

zeU

We next state a Poincaré inequality for H'(U, ug). We give two statements, one
for functions which vanish on the boundary of U and another for zero-mean functions
in the case U is a cube.

Lemma A.1.1 (Poincaré inequality for H' (U, ug)). — Let Of, be a cube of size L. There
exists C(d, ) < oo such that:
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(i) For every subset U C O, and w € H} (U, pg),

(A.1.10) lwll L2y < CLIW g1,y -
(ii) For every cube ' C O, and w € HY (I, pg),
(A.1.11) |w — (w)D'”L?(D',M) <CL [[w]]Hl(D/,/,Lﬁ) .
Proof. — The results are obtained by applying the standard Poincaré’s inequalities
for each realization of the field ¢ € €2, and then integrating over the fields. O

A.2. Discrete differential forms

For each integer k € {1,...,d}, a k-cell of the lattice Z? is a set of the form, for a
subset {i1,...,ix} C {1,...,d}, and a point = € Z9,

k
{a:+z/\leil eR? : ogAl,...,Akgl}.

1=1
We equip the set of k-cells with an orientation induced by the canonical orientation
of the lattice Z¢ and denote by A¥(Z?) the set of oriented k-cells of the lattice Z<.
Given a k-cell ¢, we denote by dci the boundary of the cell; it can be decomposed
into a disjoint union of (k — 1)-cells. The values k = 0, 1,2 are of specific interest to
us; they correspond to the set of vertices, edges and faces of the lattice Z¢. We will
denote these spaces by V(Z%), E(Z?%) and F(Z?) respectively.

A.2.1. Definitions and basic properties. — Given an integer k € {0, ...,d}, we denote
by A¥(Z?) the set of oriented k-cells of the hypercubic lattice Z<.

For each k-cell ci, we denote by clzl the same k-cell as ¢, with reverse orientation
and by dcj, the boundary this cell. A k-form v is a mapping from A*(0J) to R such
that u (c; ') = —u (cx) .

Given a k-form u, we define its exterior derivative du according to the formula, for
each oriented (k + 1)-cell cgy1,

(A.2.1) du (cky1) = Z u(ck),
¢ COCk41

where the orientation of the face ¢ is given by the orientation of the (k+1)-cell cx41;
we set the convention du = 0 for any d-form u. We define the codifferential d* ac-
cording to the formula, for each (k — 1)-cell c4_; and each k-form u : A¥ (O) — R,

(A.2.2) d*u (cp—1) := Z u(cg)-
dckdck—1

Clearly, du is a (k+1)-form and d*u is a (k—1)-form; we set d*u = 0 for any 0-form wu.
One also verifies the properties, for each k-form u : A*¥(0) — R, ddu = 0 and
d*d*u = 0. For arbitrary k-forms u,v : A¥(Z?) — R with finite support, we define the
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scalar product (-,-) by the formula

(A.2.3) (u,v) = Z u(eg)v(ek).

cpEAF (Zd)
We may restrict the scalar product (-,-) to forms which are only defined in a cube [J;
we denote the corresponding scalar product by (-,-)g. It is defined by the formula,
for each pair of k-forms u,v : AF(O) — R,

(u,v) = Z u(ek)v(cg)-
cx €AR(O)
The codifferential d* is the formal adjoint of the exterior derivative d with re-
spect to this scalar product: Given a k-form u : A*(Z?) — R and a (k + 1)-form
v: AF*1(Z9) — R with finite supports, one has the identity

(A.2.4) (du,v) = (u,d*v).

For an integer k € {0,...,d — 1} and a cube (0 C Z9, we define the tangential
boundary of the cube 0y +1J to be the set of all the k-cells which are included in the
boundary of the cube [J. Given a k-form u : A¥(0) — R, we define its tangential

trace tu to be the restriction of the form u to the set 9y ¢[J. One has the formula, for
each k-form u : A¥(0J) — R such that tu = 0 and each (k + 1)-form v : A*(0O) — R,

(du,v)g = (u,d*v)5.
We will need the classical Poincaré lemma in the discrete setting. In the continuous

setting, a proof of this result can be found in [80], in the discrete setting in [27,
Lemma 2.2].

Lemma A.2.1 (Poincaré). — Let [0 C Z% be a cube of the lattice Z.¢ of sidelength R
and k be an integer in the set {1,...,d — 1}. For each k-form f : A¥(0) — R such
that df =0 and tf = 0 on the tangential boundary Ok +0, there exists a (k — 1)-form
w: A*~1(0) — R such that tu = 0 on the tangential boundary Okt and du = f in
the cube . Additionally, one can choose the form u such that

lull 2y < CRI Sl 2y -

An important role is played by the set of integer-valued, compactly supported
forms ¢ which satisfy dg = 0 and have connected support. We denote by ¢) the set of
these forms, i.e.,

(A.2.5) Q= {q : 7% — 7 : |suppgq| < oo, suppq is connected and dg = 0} .

We may restrict our considerations to the charges of §) whose support is included in
a cube O C Z¢; to this end, we introduce the notation

Qn = {q : 7% — 7 : suppq C O, suppq is connected and dg = 0} .

We will need to use the following version of Lemma A.2.1 for the forms of the set ),
for which we refer to [27, Lemma 2.2].
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Lemma A.2.2 (Poincaré for integer-valued forms). — Let k be an integer of the
set {1,...,d — 1} and q be a k-form with values in Z such that dg = 0, then there
exists a (k — 1)-form ng with values in Z such that ¢ = dn,. Moreover, ng can

be chosen such that suppmng is contained in the smallest hypercube containing the
support of q and such that
Ingllpe < Cllqll, -

As it is useful in the article, we record a series of inequalities satisfied by the charges
q €0,
lall e < llally
diam g < [suppq| < g, ,

diamng < C||ql|; ,
(A.2.6) lsupp ny| < Cllq|l{,

d+1
||nq||L1 < |Suppnq| ||nq||L<x> < C||Q||1 )

1 1 441
gl 2 < lIngllzs Ingllze < Cllalls ™ -

The proofs of the first two inequalities is a consequence of
lgll = = sup la(@)| < D la(=)| = llall,
z€Zs z€Z
and, using that the charge ¢ is integer-valued,
diam g < [suppg| = Y Ligmzoy < Y, la(@)] < llqll,
z€Z? z€Zd

For the third inequality, we note that the sidelength of the smallest integer con-
taining the support of ¢ is smaller than (C diam g) (for some constant C' depending
only on the dimension). Since the form n, is supported in this hypercube, we have
diamng < C'diamg < C||q||;. Similarly the cardinality of the support of n, is smaller
than the cardinality of the hypercube, and thus diamn, < (C diam q)? < C ||q||‘1i The
last two inequalities are obtained by combining the previous results with interpolation
arguments.

Given z,y € Z* x Z¢, we denote by ), and @, , the set of charges q € ¢ such that

the point x and the points z,y belong to the support of n, respectively, i.e.,
(A.2.7)

Qr:={qe@ : xzesuppny} and @, ,:={ge@ : z csuppny and y € suppn,}.
We also define, for any [0 C Z9,

(A.2.8) Onz={g€@n : z € suppng}

and

Oy ={q€@n : x €suppng and y € suppng} .
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We also record two inequalities involving the sum of charges: for each pair of
points (x,y) € Z%, each integer k € N, and each constant ¢ > 0, there exists By > 0
such that for any 8 > B,

Z ||q||’1c e~eVhlal, < Ce*CO\/B,
q€Qs
Z ||q||k —evBllaly < cecovVBlz—yl
9€,y
where the constants C, ¢y depend on k, ¢ and the dimension d. To prove the first
inequality, we first absorb the polynomial factor by writing

ke—evBlal, < ce=<'VAlal

(A.2.9)

lqlly
for some constant ¢’ € (0, c). We then decompose over the supports of the charges. To
this end, let us denote by o7, the set of the finite connected subsets of Z¢ containing
the vertex z. We then write

Z e—cVBlall, — Z Z e~ VBlall, — Z Z <H ec’\/ﬁlq(ﬂcﬂ) .

4€Qx Xedts: q€n Xeds q€9n zeX
supp g=X supp g=X

Exchanging the sum and the product, we see that

| X
0 —cVB
—c'VBlg(z)| —VBla@) | _ [ ¢ "7
> (e <T( 3 ()
9eQn  \eex 2eX \g(z)=1

supp g=X

We thus obtain

S emevBlal < 37 eV —ZHXEQ%E | X|=n}e”
7€ X €T

We next note that the number of connected components of the lattice containing a
vertex z € Z% and of size n € N grows exponentially fast in n, i.e.,

{X €« |X]| =n}| < eCm.

Choosing the inverse temperature 3 large enough (i.e., such that ¢y/3 > C), we deduce
that

Z e~ VBl < g=coVB,

q€Qs
The proof of the second estimate of (A.2.9) can be deduced from the first one by noting
that, any charge ¢ € ¢),, has a diameter larger than |z — y| (and thus ||g|, > |z — y|
since the charge ¢ is assumed to have connected support) and that @, , C ¢),. We
thus write (increasing the value of § if necessary)

k _— — k _—c¢
Z ¥ e eVBllall, — o—5vBlz—yl Z lql¥ e $vBlall,
q€Q0xy 9€z,y
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< e~ 5VBle—yl Z ||q||’1fe—%x/ﬁl\qlll

q€Qx
< e—ﬁ\/ﬁ‘x_?ﬂe_coﬁ

< Ce—cox/mm—y\ .

A.2.2. Differential forms as vector-valued functions. — Given a subset
I= (ila--wik) C {177d}

of cardinality k, we denote by A¥(Z?) the set of oriented k-cells of the hypercubic
lattice Z? which are parallel to the vectors (e;,, ..., e;, ). This set can be characterized
as follows: if we let c; be the k-cell defined by the formula

k
cr = {Z)\leil ERd : OS)\l,...,)\kSI},

=1
then we have

(A.2.10) Ak (z) = {z+ecr:ze Zd} .
The identity (A.2.10) allows to identify the vector space of k-forms to the vector

space of functions defined on Z? and valued in R() according the procedure described

below. Note that there are (Z) subsets of {1,...,d} of cardinality k¥ and consider an

arbitrary enumeration I, ... ,I(d) of these sets. To each k-form 4 : A¥(Z?) — R, we
k

can associate a vector-valued function u : Z¢ — R(:) defined by the formula, for each

point z € Z,

(A.2.11) u(z) = ('&(x—}—cll),...,ﬂ(:v—}—cl(d))).

k

This identification is enforced in most of the article; in fact, except in Section 3.1,
we always work with vector-valued functions instead of differential forms. We use the
identification (A.2.11) to extend the formalism described in Section A.1 to differential
forms; we may for instance refer to the gradient of a form, or the Laplacian of a form
etc. Reciprocally, we extend the formalism described in Section A.2.1 to vector-valued
functions; given a function v : Z¢ — R(Z), we may refer to the exterior derivative, the
codifferential and the tangential trace of the function u, which we still denote by du,
d*u and tu respectively. We note that the two definitions of the scalar products (A.1.7)
for vector valued functions and (A.2.3) for differential forms coincide through the
identification (A.2.11).

From the definition of the exterior derivative d and the codifferential d* given
in (A.2.1) and (A.2.2) and the identification (A.2.11), one sees that the dif-
ferential operators d and d* are linear functionals of the gradient V: for each
integer k € {1,...,d}, there exist linear maps Lygq4 : rx(2) - RGH) and
Ly g :Rdx(i) —>R(kil) such that, for each function v : Z% — R(g), and each
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point z € Z,
(A.2.12) du(z) = Ligqa (Vu(z)) and d*u(z) = Lga+ (Vu(z)).

Using that linear maps on finite dimensional vector spaces are continuous, we obtain
the estimates, for each point z € Z¢,

|[du(z)] < C|Vu(z)]  and  [d*u(z)| < [V u(z)|,

for some constant C' depending only on the dimension d.

This article frequently deals with functions defined on the space Z% x Q x Z¢ (resp.

724 x Q x 72%) and valued in R(2)*(2) (resp. R(2) *(2)") since these maps correspond
to the fundamental solutions of the Helffer-Sjostrand operator (resp. second-order
Helffer-Sjostrand operator) associated with the dual Villain model.

Given amap F : Z¢ x Q x Z¢ — R(;’)x(g), we denote by
A F 78 x Qx2? - RE)*G) 4,F .79 x Qxz2¢ - RE)*E),
the exterior derivative with respect to the first and second variable, and by
dF: 78 x Qx 28 - R™G) @rF 70 x 0 x z¢ - RG)

the codifferential with respect to the first and second variable respectively. They are
defined by the formulae, for each triplet (z,y,¢) € Z% x Z¢ x Q, and each integer

ke{l,....@}
(de(JJ, d)a y))k = L2,d (Vka(Z', ¢)7 y)) ) (dyF(;U, ¢7y))k. = Lz,d (vak($7 ¢7 y))
and

(d;F(x7y7 ¢))k = L2,d* (V;Fk(x7 Y, ¢))7 (d;F(:U’ Y, ¢))k = L2,d* (VZFk(:E7y7 ¢)) .

2 2
Similarly, given a function F : Z2¢ x Q x Z?¢ — R()x() , we define, for
each (z,y,¢,71,y1) € Z% x Z¢ x Q x 74 x 74, each field ¢ € Q and each triplet of

integers 4, j, k € {1,.-~, (;l)}

(doF (2, 21,8, 9,91)).5 = L2,a (VaFlijr(z, 21,0, 9,91)) ,
(day F(2, 21, 6,9, 91)) .55 = L2,a (Vay Fijr(@, 21, 6,9, 91))
(dyF(z,21,8,9,91)) 5. = L2,a (VyFije(z, 21, 0,9, 51)) ,
(dy, F(z, 21, 0,4, 1)) 5. = L2,a (Vy, Fije. (2, 21, 6,9,51)) ,
and similarly
(dzF (@, 21, 0,9, 91)) i1, = L2,ar (VeFajn(, 21, 6,9,41))
(d3, F(z, 1, ¢,Z/7y1))”k = Laa- (Vi Fijie(z, 21,9, 9,91)
(dZF(xa$1a¢ay7y1))w L = Loar (Vi Fijr(z, 21, 6,9,91)) 5
(& F(z,z1,9,9,01)) .. = Laa~ (Vy, Fije-(z,21,6,9,51)) -

)
)
ijk-
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We extend these definitions so that we can consider mized derivatives; for instance,
we may use the notation djd; F (or any other combination of exterior derivatives and
codifferentials). It is clear that as long as the derivatives involve different variables,

they commute: we have for instance djd; F' = d;dy F.

We complete this section by recording the Gaffney-Friedrichs inequality which pro-
vides an upper bound on the L2-norm of the gradient of a form in terms of the L2-norm

of its exterior derivative and the codifferential assuming that the tangential trace of
the form vanishes.

Proposition A.2.3 (Gaffney-Friedrichs inequality for cubes). — Let [ be a cube of Z°.
Then there ezists a constant C := C(d) < oo such that for each k-form u : A¥(0) — R
with vanishing tangential trace, we have

IVl 2oy < C (Idull 2oy + [1d*ul L2 (o)) -

The proof of the continuous version of this inequality can be found in [54, 47] or
in the monograph [87, Proposition 2.2.3]. We complete this section by proving the
solvability of a boundary value problem involving discrete differential forms used in
Section 3.1.

Proposition A.2.4. — For any integer k € {1,...,d — 1}, any cube O € Z%, and
any k-form q := (qi, ..., q(g)) .0 — RG) such that dg =0 in the cube O and tg =0
on the boundary 001, there exists a unique solution to the boundary value problem

dd*w = q in O,
Aol dw =0 in O,
(A-2.13) tw =0 on 00,

td*w = 0 on 401.
If we denote by wy, . .. Y W(a) the coordinates of the map w, then they solve the following

boundary value problem: for eachi € {1,..., (Z)}, if we denote by 01,0 the subset of
faces of the boundary 00 which are parallel to the cell cr,, then we have
—Aw; = g; in O,
(A.2.14) w; =0 in I, 0,
Vw;-n =0 on o0\ o,0.

Remark A.2.5. — The boundary condition (A.2.14) is a combination of the Dirich-
let and Neumann boundary conditions: given an integer i € {1,..., (Z)}, we assign
Dirichlet boundary condition to the faces which are parallel to the cell ¢;,, and Neu-
mann boundary condition to the faces which are orthogonal to the cell cy,.

Proof. — The boundary value problem (A.2.13) admits a variational formulation
which can be used to prove existence and uniqueness of the solutions. We first define
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the set of k-forms
Cg(l:l) = {u 00— ]R(z) :du=0in0and tu = Oona[l} .

We then define the energy functional Jj : Ck(0) — R according to the formula

1 *
Jo(u) := 5 |d%ull 2 ) = (¢, )

To prove the solvability of the problem (A.2.13), we prove that there exists unique
minimizer to the variational problem
inf  J(u).
weCk(d)
We first use that, by Lemma A.2.1, there exists a (k — 1)-form ny : O — R(:21) such
that tn, = 0 on 000 and dn, = ¢ in the cube [J. We then perform an integration by
parts to write

To(u) = % a2y — (g, d*w)s

The technique then follows the standard strategy of the calculus of variations.
The energy functional J,; is bounded from below and we consider a minimizing
sequence (wy),cy- It is clear that the norms ||d*wn||L2(D) are uniformly bounded
in n € N. Using that dw,, = 0 and the Gaffney-Friedrich inequality stated in Propo-
sition A.2.3, we obtain that the norms |[Vw,|p2) and [[wn| 72, are uniformly
bounded in n. We can thus extract a subsequence which converges in the discrete
space L? (0J) and verify that the limit is solution to the problem (A.2.13). The
uniqueness is a consequence of the uniform convexity of the functional J,.

To prove (A.2.14), note that the condition dw = 0 and the identity dj + dd = —A
imply that —Aw = ¢ in the cube [. Using the definition of the Laplacian for vector-
valued function (stated in (A.1.3)), we have that for each integer i € {1,..., (Z)},
—Aw; = ¢; in the cube . The boundary condition tw = 0 implies that w; is equal
to 0 on each face which is parallel to the cell ¢,; the condition td*w = 0 implies
that the function w; satisfies a Neumann boundary condition on the faces of the
boundary U which are orthogonal to the cell cy,. O
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APPENDIX B

MULTISCALE POINCARE INEQUALITY

Proposition B.0.1 (Multiscale Poincaré inequality). — There exists a constant
C := C(d) such that for each cube integer n € N, the following statements hold:

1. For each function f € L? (O,, ug),

17 = Dol < CNFIL20, )
+C3" << [z > > )
Z |Zrn n| Z |2 + O e?ﬂ BB

2. For any function f € L* (O, ug), one has the estimate
2 2
1 = (Dola, < C ||Vf||Lz<Dn »
L3 Z ) <( Y Vi ) >
|Z’" nl 2€Zm.m [ + D z€z+0m Hp

3. for each function f € L? (O, ug) such that f = 0 on the boundary of the cube
U

||f||22(un,,w) <C ||Vf||2L2(Dn uﬂ)
oS 5 (5 o),
|Znn| 2+ 0l = s

Proof. — The proof is an almost immediate application of the multiscale Poincaré
inequality proved in [7, Proposition 1.7 and Lemma 1.8]. We only treat the inequality
(1); the other two estimates are similar. We consider a field ¢ € Q and apply [7, Propo-
sition 1.7 and Lemma 1.8] and a Cauchy-Schwarz inequality to the map z — f(z, ¢)
(with a fixed field ¢). We obtain

1£¢0) = (P, s o, < CIFC D@,

"3
+C3"
2 ol

> fw¢)>

z€z+0,,

Z(|z+mm|
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Taking the expectation with respect to the field ¢ gives
2 2
(I = Do), < O3,

w3 ,
S 2 (e £ ) )

r€z+,,

We complete the proof by using the estimate
2 2
19 =0 < (W = D),

which is a direct consequence of the definitions of the H~'(0) and H ' ([J, ju)-norms
stated in Appendix A. O
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APPENDIX C

BASIC ESTIMATES ON DISCRETE CONVOLUTIONS

The objective of this appendix is to collect estimates on some discrete convolutions
of functions decaying algebraically fast at infinity. These estimates are used in various
places in the article and are elementary; their proof can be found in the long version
of this article [36, Appendix C].

Proposition C.0.1. — Given a pair of exponents a, 3 > 0 such that a+ 3 > d, a small
exponent € > 0, and a point x € 72, then:

(1) If « € (0,d) and B € (0,d),

Z 1 1 < C
2yl o=yl = JafotAa

(ii) Ifa =d and B € (0,d],

1 1 Cln ||
2 eyl S e
yezZa
(iii) If @ > d and B € (0,00),

Z 1 1 < C
yEZd [y« |z —y[P ~ |5’7|min(a”6)'

(iv) One has the estimate

|.’13 _ zl|d |zl _ 22|d7£ |22|d71 — |$|d7176.

z1,22€L%

(v) One has the estimate

Z | 1 1 1 < Cln ||

T — 21|91 |21 — 29|4 ¢ |2o]@ = |z|d-1-€

21,22€7L%

and equivalently

Z 1 1 1 < C
y ooy W e =yl o 247 2 — 2|4 fy — 2|dme T a2
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(vi) For each exponent a > d,
1 < C
yl* + 1y —2|® = |g*?

yeZa
where the constant C' depends on the parameters o and d. A wvariation of the
proof gives the following generalization of (C.0.1): for every cube O C Z¢ of
center 0 and sidelength R > 1, and every point y € 7%,

1 c
Z < a—d’

wizio 1ol +lyo = yI* = max (R, |y))
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