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Résumé il

EFFECTIVE PROPERTIES OF RANDOM MEDIA : EXPANSIONS IN DILUTE REGIMES
Résumé

Cette thése porte sur le développement en régimes dilués des propriétés effectives de
milieux aléatoires et justifie rigoureusement plusieurs formules communément utilisées
en physique. Dans ce manuscrit, ces propriétés effectives sont obtenues par la théorie de
I’homogénéisation stochastique. On montre que le type de dilution a un impact sur les
ordres élevés de ces développements et on justifie les formules de Clausius-Mossotti et de
Batchelor issues respectivement de 1’électrostatique et de la mécanique des fluides.

Les différents modéles de dilution étudiés (dilatation, effacement aléatoire ou dilution
générale) ainsi que quelques outils généraux du domaine (développements en cluster,
intensités & plusieurs particules) sont présentés dans un premier chapitre introductif. Le
deuxiéme chapitre est consacré a 1’étude d’un probléme de conductivité effective avec
dilution par dilatation. Grace & une nouvelle méthode par point fixe, on montre que
cette conductivité effective dépend de maniére analytique du paramétre de dilatation.
Le troisiéme et dernier chapitre étudie la notion de vitesse effective de sédimentation de
particules dans un fluide visqueux. En utilisant une approche par cluster, on en fournit
un développement au premier ordre avec contréle quantitatif de I’erreur.

Mots clés : EDP, homogénéisation, milieu aléatoire, homogénéisation stochastique,
processus de points, Clausius-Mossotti, sédimentation, Batchelor, développement
dilué

Abstract

This thesis focuses on the expansion of some effective properties of random media in di-
lutes regimes and the rigorous justification of several formulas commonly used in physics.
These effective properties are obtained from the theory of stochastic homogenization.
We show that the type of dilution plays an important role on the high orders of these
developments and we justify the Clausius-Mossotti and Batchelor formulas originating
respectively from electrostatic and fluid mechanics.

The different dilution models under consideration (dilation, random deletion, or general
dilution) as well as some general tools of the field (cluster developments, multi-particle
intensities) are presented in the first chapter. The second chapter is devoted to the study
of an effective conductivity problem with dilution by dilation. Using a new fixed-point
approach, we show that this effective conductivity depends analytically on the dilation
parameter. The third and final chapter study the notion of effective sedimentation speed
for particles in a viscous fluid. Using the cluster expansion, we provide a first order
expansion of this effective speed with a quantitative control of the error.

Keywords: PDE, homogenization, stochastic homogenization, points processes,
Clausius-Mossotti, Batchelor, sedimentation, dilute expansion

Laboratoire Jacques-Louis Lions
Sorbonne Université — Campus Pierre et Marie Curie — 4 place Jussieu — 75005
Paris — France
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The main object of this thesis is the rigorous proof of several celebrated formu-
las in physics regarding the dilute expansion of some effective properties of random
heterogeneous media. We will focus on two examples stemming from electrostatic
(with the so-called Clausius-Mossotti formula for the effective conductivity of ran-
dom media) and from fluid mechanics (with Batchelor’s formula for the effective
sedimentation speed of particles in a viscous fluid).

After reading the above, one could wonder :

1. What is a random media and how can we define its effective properties ?
2. What is a dilute regime ?

3. What are the Clausius-Mossotti’s and Batchelor’s formulas and why do they
require a rigorous mathematical treatment ?

This introduction aims at providing some answers.

The first question fits into the framework of stochastic homogenization. We
will recall the fundamentals of this theory as our approaches in the rest of this
manuscript rely on it.

The second question seems naive at first glance : dilution means low concentra-
tion (a.k.a. volume fraction). In the case of random media, while the concentration
suffice to coarsely describe dilution, we shall see that correlations should also be
taken into account if we aim for a finer description. We shall illustrate this phe-
nomenon on a toy model.

Regarding the third question, we will first illustrate some difficulties through
the explicit study of comparable linear models. Then, we will rephrase these for-
mulas in modern mathematical language while giving an account of the literature
regarding their proof in dilute regimes. Finally, we will present our main contri-
bution to their rigorous justification.

1.1 Effective properties of heterogeneous media

In this section, we give an informal definition of the effective properties of
random media as well as some motivations for their use. Then, we informally
describe the physics formulas under study.
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1.1.1 Description and motivations

In this manuscript, we say that a system exhibits an effective behavior if it
can be replaced by a simpler one while retaining most of its physical features.
In material science, this corresponds to replacing a heterogeneous material by
an equivalent homogeneous one. This phenomenon typically appears in multi-
scales media : if the scale of variation of the properties of the medium (called
microscale) is much smaller than the scale of variation of the external forcing
(called macroscale), one expects some sort of averaging of the small scales (also
called microstructure). For instance, an aircraft wing (which is several meters
long) is made of panels of composite materials, a polymer matrix reinforced by
a fine weaving of carbon or glass wires (with a radius of a few micrometers). To
compute the deformation of the wing, it would be extremely costly to take into
account these small scales variations : an approach via Finite Elements Method
(FEM) would require meshing the wing at a scale finer that the micrometer ! To
reduce the computational costs, engineers treat composite panels as if they were
made of an effective metal (lighter and stronger than a natural one) characterized
by a few constant coefficients, allowing for a way coarser mesh.

When the heterogeneities of the medium are disordered, it is natural, from a
modelling perspective, to adopt a statistical description. Such media are said to
be random. This assumption is particularly suited for natural materials (such as
wood and bone which are natural composites but one can also think of a well
stirred suspension of particles in a fluid) as there is a lot of uncertainty on how
they were obtained. Even in the case of manufactured composites (such as carbon
or glass fiber) which are designed using deterministic patterns, one should still
take into account uncertainty in the fabrication process (which includes heating as
well as chemical reactions) creating random deviations from the original patterns.

The properties of homogeneous materials are encapsulated in their (linear or
nonlinear) constitutive relations. They are usually parametrized by some con-
stants. For instance, one can think of Hooke’s law in elasticity or Ohm’s law in
electrostatic. The linear version of the latter relates the electrical flux J € R?
to the gradient of the potential v : R? — R through the (constant) conductivity
matrix a € R¥ via J = aVu. Assuming that the medium occupies a domain
Q) C R, conservation of this flux then leads to the following conductivity equation

—V-aVu=f inQ (1.1)

where f : Q@ — R is a source term (and we do not specify boundary conditions)
and V- aVu = 37, ., 0i(a;;0;u) = 0;(a;;0;u) (using Einstein convention). In
heterogeneous materials, these parameters vary spatially so that the conductivity
a : R - R4 ijs now a spatial matrix field. For multi-scales materials, the
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conductivity field a will even oscillate at very small scales. This problem admits
an effective behavior if one can find a constant conductivity coefficient @ € R4*?
(independent of the source term f) such that u ~ % where @ is the solution of the
effective conductivity equation

~V-aVi=f inQ (1.2)

with the same source term.

From this conductivity example, one can see that effective properties can be
more complex than a local average and can present a nonlinear nature. Indeed, if
one finely mixes a conductor with an insulator (forming a dense network of small
insulator pockets surrounded by conductor), the geometry of the microstructure
plays an equally important role as the proportion of each phase : when the insulator
percolates (i.e. when the insulating network is actually connected), the resulting
effective medium is an insulator, however good the conductor may be.

Understanding the derivation of effective parameters then serves three pur-
poses. First, if one zooms in enough, every material is in fact heterogeneous (at
least at the atomic scale) and the effective theory justifies why we can still consider
some materials to be homogeneous. Second, the nonlinear nature of the averaging
allows the design of synthetic material with uncanny properties. This was the case
of composites (which are lighter and more resistant than metals) in the 1960s.
Current researches include, among others, metamaterials which exhibit a negative
effective refractive index and can be used to create so-called invisibility cloak as
well as active fluids which can exhibit super fluidity, i.e. an effective viscosity
close to zero thanks to the addition of active particles (note that these effects are
way beyond the scope of this manuscript). Finally, as already pointed out, the
constant coefficient effective models are much easier to simulate, especially for ran-
dom materials. Indeed, in that case, one needs to suppress statistical fluctuations
using some sort of Monte Carlo method which itself requires one FEM simulation
(already expensive because of the small scales) per sample !

In this manuscript, we will exclusively work with two-phases heterogeneous
media constituted of a countable set of inclusions (or particles), parametrized by
the (countable) point set P of their centers, scattered across a background medium.
Note that particles in a viscous fluid also fit into this framework. The randomness
of the medium will be fully encapsulated in a suitable distribution on the point
set P.

For models stemming from materials science, effective properties are mainly
derived using the mathematical theory of homogenization (which holds both for
deterministic and random media). This approach requires a clear separation be-
tween the micro and macro scales, see details Section 1.2 below. In the sequel, we
will always place ourselves in this framework. Note that, effective properties can
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also be derived through any process which averages the fine scales, for instance
mean field approaches, in suitable regimes.

1.1.2 Dilute regime and physics formulas

While the theory of composites was established in the 1960s and the theory of
homogenization (which can be seen as its mathematical counterpart) in the 1970s,
the first results regarding the effective properties for materials trace back to the
19*" century. At that time, physicists focused on inclusion models in dilute regimes.
There, dilution is characterized (at first order) by the smallness of the volume
fraction (a.k.a. concentration) ¢ of the inclusion phase. In a bounded domain €2,
we have ¢ == % where |Z| is the total volume of inclusions. In [Mos36] and [Cla79],
Mossotti and élausius independently argued that the effective conductivity of a
medium constituted of a background material of constant isotropic conductivity
aId perturbed by scarce spherical inclusions of (constant isotropic) conductivity
B 1d is given by the following expansion for ¢ < 1

ad(8 — a)

a=old+——F——
N FUN )

Id ¢+ o(c) (1.3)
in any dimension d > 1.

Analogous formulas for similar models (effective dielectric constants and ef-
fective refractive indexes) were obtained by Maxwell [Max98|, Garnett [Gar04],
Lorenz [Lor80|, Lorentz [Lor09]|, see [Mar00, Section 1.1.3 p.7] for an account of
the historical context. Therefore, such expansions are called in the literature un-
der various combinations of those names but we will always refer to them as the
Clausius-Mossotti formula in the sequel. In fact, we will even call under this name
the slightly more general formula

a=AY + AVc + o(c) (1.4)

with given A©®, A ¢ R4 This formulation allows us to cover potential
anisotropy as well as the case of so-called stiff inclusions, formally obtained sending
B — oo.

The key idea to obtain the expansion (1.3) (and its various analogues) is to
consider the inclusions as isolated and therefore neglect the interactions between
them. This is justified in the dilute regime as particles are quite distant from one
another (at least in some average sense).

Expansions in the form of (1.4) are very robust to the distribution of the in-
clusion phase as long as it remains scarce. It also holds for the effective stiffness
tensor in linear elasticity as it shares the same structure as the conductivity prob-
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lem (1.2) seeing now u : RY — R? as a displacement field and a as a fourth order
stiffness tensor relating the stress o to the strain D(u) = 3(Vu + Vu?) (ak.a.
symmetric gradient) via Hooke’s law 0 = a : D(u).

In [Ein05] (see also [Str05]), Einstein extended this formula to the effective
viscosity 7 of a suspension of scarce, spherical, rigid particles in a Stokes fluid of
viscosity v > 0 in the following way

v=v(l+ =c)+o(c) (1.5)

in dimension d = 3. Formally this problem corresponds to the elasticity counter-
part of (1.1) adding the incompressibility constraint on the fluid and making the
inclusions rigid (i.e. sending their stiffness f — oo0). This formula is the prototype
(and starting point) for the study of complex rheology i.e. the study of the effective
constitutive laws for complex fluids. Depending on the distribution of particles,
the effective viscosity can be anisotropic and hence represented as a symmetric
matrix B € R&.

In the expansion (1.5), the particles are assumed to be buoyant, i.e. having
the same density as the fluid. If the particles are denser, they will start to sink in
the fluid, a phenomenon called sedimentation. In its fall, each particle interacts
with all the others through the fluid (hence in a very nonlocal way) which can
lead to quite complex trajectories, notably when particles are not spherical, see
[Gua06; GM12b|. While nowadays physicists are more interested in dense regimes,
the historical main contribution is due to Batchelor who gave in [Bat72] a dilute
expansion of V, the mean sedimentation speed of the particles. He showed that,

at first order, particles are falling at the speed V(l) (explicitly given for spherical
particles) corresponding to a single isolated particle sinking in the fluid as well as
a first correction of the following form

V=71 - 6.55¢) + o(c) (1.6)

in dimension d = 3. Note that this formula is coherent with (1.5) as adding
particles increases the effective viscosity of the fluid and thus decreases the sedi-
mentation speed.

Even if both (1.5) and (1.6) are first order dilute expansions, in the framework
of Clausius-Mossotti formulas, (1.6) should be seen as a second order expansion.
Indeed, in the absence of particles, 7 = v > 0 whereas V = 0. While there is
a wide physical consensus regarding the first order correction in (1.4), the next
orders are more complex, particularly for random media, as they should involve
the correlation structure. These differences appear for (1.6) as Batchelor predicted
a correction o ¢ for a Poisson-like random distribution of particles whereas, in
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[Has59], Hasimoto predicted a correction o ¢3 (for d = 3) for periodically arranged
particles. Clarifying the scaling of the higher orders correction is thus one of the
motivations of this thesis.

1.2 Stochastic homogenization theory : the effec-
tive conductivity case

We recall some elements of the stochastic homogenization theory, as it will be
our approach to derive effective properties in the sequel. We illustrate it on the
conductivity problem (1.1) (a.k.a. linear elliptic equation in divergence form) for
inclusion models. Indeed, as previously mentioned, the conductivity problem can
be seen as a prototype for more complex models (linear or nonlinear elasticity or
waves for instance) and was therefore, historically, one of the first to be treated.

We start by presenting the qualitative theory as well as its assumptions. It
yields a formula for the effective conductivity, called homogenized coefficient in
this context, which is, in general, not computable. We thus present some (rather
theoretical) approximation methods (used in Chapters 2 and 3) before reviewing
how to quantify their convergence. Finally, we come back to the dilute regime and
why it remains relevant today.

1.2.1 Qualitative theory

The main assumption of homogenization theory is to have a clear separation
between a microscale and a macroscale (as we are aiming for formulas ; therefore,
we voluntarily put aside compactness results such as H-convergence [MT97]). We
thus start by introducing the two-phases medium under study and its rescaling.

We set a constant background conductivity matrix o € R%? that we change
into 8 € R%*? in the spherical inclusions U,ep B(z) scattered along the (countable)
point set P C R¢ (where B(z) is the unit ball centered at point z). The associated
conductivity field a(P,-) : R? — R4 then writes

a(P,) =a+ (B —a)ly, pB@() (1.7)

where we assume that « and § are bounded strongly elliptic matrices (so that
a is too), i.e. there exists A > 0 s.t. Vo € RY V& € R4, A[€]2 < € - a(x)€ and
la(x)¢] < [€|. The conductivity a typically varies at scale ~ 1.

To define the microstructure, we consider, for 0 < ¢ < 1, the rescaled conduc-
tivity field a. : x — a(P, £) so that

ac(-) = a+ (B = a)ly,cpb.(ea)(") - (1.8)
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By construction, a. varies at scale ¢ < 1 but we have conserved the same volume
fraction of inclusions.

We then consider the associated family (u.)o<c«1 of Lax-Milgram solutions in
H}(Q) of the rescaled conductivity problem (analogous to (1.1))

—V-a.Vu.=f inQ (1.9)

where ) = [—3,3)? is the unit cube and we have chosen the forcing term f €
H7Y(Q). Note that we have (implicitly) chosen here Dirichlet Boundary Condi-
tions (BC) (i.e. that u. vanishes on 0Q) for convenience, the sequel holds for any
BC independent of £. An energy estimate yields [|uc||g1g) < 1 (independently of
g), therefore u. admits a weak limit (up to extraction) in H}(Q). Homogeniza-
tion theory identifies this (unique) limit (as the solution of a PDE) but requires
additional assumptions on the coefficient field a to do so. Note that instead of
decreasing the microscale € < 1, one could equivalently set € = 1 and increase the
macroscale replacing (Q by Qr = [—%, %)d for R > 1. In that case, one also needs
to rescale the forcing f(R-) to keep it macroscopic.

In the context of stochastic homogenization, these additional assumptions con-
cern the law of a i.e. the law on P here (which fully encompass the randomness by
(1.7)). We define the space Q) of locally finite point sets P, designated from now

on as random point processes, via
Q:={P c (RHY | VB c R? Borel set, #(P N B) < oo} . (1.10)

P € Q is now a random variable. Before defining its law, we first need a notion
of measurability. Following [Chi+13, Section 4.1.1 p.108|, we equip 2 with the
o-algebra

F =0(P — #(PNB),B C R bounded Borel set)

(which is countably generated since we can limit ourselves to rational rectan-
gles). Equivalently in [DV08|, P is represented by the locally finite measure
pp = Y .cp 0, which acts on the space of compactly supported continuous func-
tions via f — > 5 f(x). Using this representation, 2 can be identified with a
subspace of the space of Radon measures for which we have a notion of Borel sets
from the topology of weak convergence. We then equip (€2, F) with a probability
measure P that we assume :

— stationary (i.e. without origin) : for all z € R?, 7,P ~iaw P where the shift
T, is defined by 7,P = ( + 2),ep,

— ergodic (i.e. decorrelation at large scales) : for any F' € F, (F = F + z for
all z € RY) = P[F] € {0,1}.

By Birkhoff theorem, ergodicity implies that E[f(P)] = limg s fBR f(P+2)dz
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almost surely for any f € L'(Q2,P) (where Br := Bg(0) is the ball of radius R
implicitly centered at 0). This means that we can recover expectations from spatial
averages over large domains.

Remark 1.1 (i) Although not required for homogenization to hold, it is useful
to add a hardcore assumption on P, i.e. to assume that its minimal distance

((P) = infyyep |x — y| is strictly positive. If ¢(P) > 2, the inclusions are
TFEY
disjoint so that (1.7) rewrites

a(P.)=a+(6—a) Y Low() . (1.11)

zeP

(ii) In this formula, the random sum ) _, arises. This sum is the natural object
for random point processes. Even if the points of P all play a symmetric role
in (1.10), it is sometimes useful to label them so that P = (x,,)nen (which is
legitimate as one can construct a measurable enumeration). o

The qualitative theory of stochastic homogenization was established in the late
1970s independently in the pioneering works of Papanicolaou and Varadhan [PV81]
and Kozlov [Koz80], based on the compensated compactness by Murat and Tartar
[Mur78; MT97]. Under the stationary and ergodic assumptions, it states that the
sequence u. weakly converges in H'((Q)) almost surely to the unique (Lax-Milgram)
solution w € Hy(Q) of

—V-aVu=f inQ (1.12)

(with Dirichlet BC) where @ is a constant deterministic strongly elliptic matrix. In
other words, at large scales, the random heterogeneous material (1.7) behaves as an
effective homogenized material with constant conductivity @ called homogenized
coefficient. This coefficient only depends on the law of P and in particular neither
on f, @ nor on the boundary condition. As a by product, the theory even yields
a formula : given e € R? (typically in the canonical basis (e;)1<i<q of R?),

ae :=E[a(P)(Vpe(P) + €] (1.13)

where ¢.(P) is the so-called corrector (in the direction e) defined as the suitable
(see below) solution of the whole space equation

—V - a(P)(Vpe(P)+¢e) =0 inR% (1.14)

By stationarity, the expectation in (1.13) can be taken at any point 2 € R? and
here implicitly at 0.
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Remark 1.2 The other key idea in homogenization (however less related to the
effective properties of materials), is that the corrector allows for a better approx-
imation of u.. Indeed, u. do not converge strongly in H' to u as u. exhibits the
spacial oscillations of a.. But these oscillations have been averaged out in @ hence in
u. However, replacing u by its so-called two-scale expansion, ult = U+ede,05u(2),
we have u. —ul") — 0in H' as e — 0 : the corrector has reconstructed the oscilla-
tions of u.. Note that, without the corrector, we still have the strong convergence

u. — u in L? by Rellich’s theorem. o

Let us now discuss the equation (1.14). It can be rewritten —V-aV¢, = V - ae
so that formally,
Voo =V(=V-aV) 'V -ae . (1.15)

Even if (1.9) is a linear equation, this formula highlights that the corrector and
therefore the homogenized coefficient (via (1.13)) depend nonlinearly and nonlo-
cally on the point process P. The difficulty here is that the source term V - ae
does not vanish at infinity, which implies that the solution ¢, itself (whatever the
meaning we give) does not decay at infinity either. This prevents us from using
standard energy methods (such as Lax-Milgram).

If a is periodic, i.e. here if P is a periodic point set, this difficulty is avoided
as the problem can be folded to one bounded periodic cell (typically the unit
cube if P = Z). Lax-Milgram (in H.) then yields a unique periodic solution of
(1.14). Note that the function is unique up to an additive constant but its gradient
is unique. Moreover, in this periodic framework, stationarity should be adapted
accordingly using discrete shifts and expectations should be replaced by averages
over the periodicity cell.

The random case is more subtle : existence and uniqueness rely on the sta-
tionarity (and ergodicity) assumptions. Following [JKO94, Chapter 7] and [PV81,
Section 2 p.840], one can construct a unique solution in the following class :

— ¢ € H (RY) almost surely,

— V¢, is a stationary field, i.e. the distribution of V¢, (-+ 2) do not depend on
z € 7% (actually, we even require that shifts in the physical space and in the
probability space are intertwined by the so-called contravariance property
Voe(P+2,-) =V (P, — 2) for all z € RY),

— E[V¢] =0,

— E[IVoc’] S lef,

— [ 5(0) % = 0 a.s (anchoring condition).

The idea is to directly consider (1.14) in the probability space which, by station-

arity, somehow corresponds to the periodic torus up to the fundamental difference
that the probability space is not finite dimensional. More precisely, stationarity
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(in fact contravariance) allows the transfer of a notion of gradient from R? to 2 :
the stochastic counterpart of 9; (for i = 1,...,d) is denoted by D; and is defined
by

DL — tim [P ) = S(P)

ho0 h (1.16)

These are the infinitesimal generators of the translations (in the directions
(€i)1<i<a) and we denote by H(Q) C L*(Q) the domain of D := (Dy,...,D,). For
f,9 € H(Q), we have the following integration by parts formula

E[fDig] = —-E[D;fg] (1.17)
so that (1.14) can be rewritten

E[D¢ - a(P)D¢.] = —E[Dt¢ - ae] Vi € H(Q) (1.18)

2
and solved by Lax-Milgram in L2, (Q) := {Dy, ¢ € H(Q)}L @

ot

lectures notes [Feh20, Section 3.3pp.25].

Note that here the gradient V¢, is constructed first and the corrector ¢, is
only recovered as a by-product, hence the need for an anchoring condition and the
absence of uniform bounds on ¢..

From an applied perspective, the formula (1.13) of @ is not fully satisfying
. except in a few specific settings, it remains abstract. These specific settings
include the unidimensional case for which @ is simply given by the harmonic average
E[a~']"" of a, in line with the formula for equivalent series resistors (reminding that
conductivity is the inverse of resistivity). We recover the physical intuition that in
1D, if the inclusions are insulators, conduction is broken and the medium effectively
behaves as an insulator. In 2D, we can also obtain the geometric average from
Dykhne’s formula in the case of random i.i.d. checkerboard taking with probability
1 either the conductivity aId or S1d so that @ = v/afB1d, see [JKO94, Section
7.3 p.235|. Another explicit case (in any dimension) is given by layered materials,
also called laminates. For these materials, the conductivity a only varies in one
direction rendering them effectively unidimensional. The lamination procedure can
be iterated in several directions while retaining an explicit formula. This defines
the class of sequential laminates, a rich parametrized family of composite materials
widely used in practice, see for instance [All02, Section 2.2.1 p.102].

, see the detailed

1.2.2 Approximations

Formula (1.13) is (in general) not explicit and one has to resort to numerical
simulations to approximate the homogenized coefficient a. The difficulties arise
from the corrector equation (1.14) which is both random and posed on the whole
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space (in the random case). We focus here on the latter : the elliptic nature of
the equation yields a nonlocal dependence on the randomness (see (1.15)) and the
inhomogeneity of the conductivity prevents us from using potential theory (such
as Single or Double Layers potentials). We thus need an approximation procedure
to restrict this problem to a finite volume better suited for numerical simulation.
This can be done either by changing the equation or by changing the domain.

The first strategy of approximation is the addition of a so-called massive pa-
rameter. For all T > 0, fixing P € 2, we consider ¢r(P) (we drop the subscript e
in the sequel for convenience) solution of

%¢T — V- a(P)(Vér(P)+¢) =0 inR?. (1.19)

¢r is uniquely defined in the space H}. = {v € HL.(R?) | sup,cpa fB(Z) v? +

Vo> < oo} by fully deterministic arguments. Indeed, the massive term 7

exponentially screens the medium at distance /T so that the elliptic operator
L — ¥V -aV can be inverted in the whole space, see Section 2.2.1. For instance,

T
for d = 3, the Green function of the massive Laplacian % — A is explicitly given

_ AL _
by Gy = ¢ VT |-|%? = ¢ VTG (where G is the standard Green function for the
Laplacian). This yields the following approximation of the homogenized coefficient

ar = E[a(P)(Vor +e)] . (1.20)

L*(Q)

Seen as a random field, Vor T—> V¢ so that ap — @ as T' — oo.
—

o0
The main feature of this approach is that it preserves stationarity. Indeed, by
uniqueness, ¢r is even contravariant. Here, ¢ itself has finite moments (for finite

T) a priori, unlike ¢.. The equation can even by rewritten in the probability space
: for all ¥ € H(Q),

E [%w} FEDG - a(Dér + )] =0

The main drawback here is that we have modified the differential relations. For
instance, the exponential screening is broken if we add an incompressibility con-
straint (i.e. divergence free fields).

While the screening drastically reduces the influence of the medium at infinity,
the equation (1.19) is still posed in the whole space. The other approach then
restricts the equation to a finite box, following the naive intuition. For R > 0,
consider ¢(P) solution of

—V-a(P)(Vor(P)+e) =0 in Qg (1.21)
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which is deterministically uniquely defined in

HLw(Qn) = {0 € HY (RY) | 015 Quepesiodic, | v =0}

R

choosing periodic boundary. The other natural choice are Dirichlet boundary
conditions so that the solution belongs to H}(Qr). We define the corresponding
approximation of the homogenized coefficient by

an(P) = ]é a(P)(Vn +¢) (1.22)

Note that, ar is a random variable contrary to @ and @p. However, by ergodicity,
we have ap — @ almost surely as R — oo. We could also consider E [ar(P)] so
that the random error for finite R can be decomposed in bias and variance writing
aRr — a = (E [CLR] - 5) + (aR —E [CLR]).

This approach preserves the structure of the equation (for instance, incom-
pressibility) but breaks stationarity as it fixes (implicitly) an origin at the center
of Qr. This creates boundary layer effects : some inclusions may intersect 0Q g
and thus would be cut. Stationarity can be recovered if the law of P admits a
periodic approximation i.e. we can find a periodic Pr C Qg so that Pr — P (in
law) as R — oo. In that case, the inclusions intersecting Q) g should then be peri-
odically extended to the torus Q. This periodic approximation in law, although
restrictive, is verified for a wide range of models in practice (notably when they
admit an algorithmic construction).

These approximations provide an alternative construction of a solution to the
corrector equation (1.14). Details on this approach can be found in [Neul7, Propo-
sition 2.15 p.21]. It relies on three main steps :

1. Obtain a uniform bound on the gradient (for instance E [|[Vor|?] < 1) by
energy estimations. In general, one does not get a uniform a priori estimate
on the solution itself (for instance, a priori, E [|¢7|?] < T which diverges as

T — ).

2. Extract a (weak) limit W of this sequence of gradient by compactness. This
limit is necessarily a gradient i.e. W = V¢ as the space of potential fields
(a.k.a. gradients) is closed for weak convergence by Weyl’s theorem. Pass-
ing to the limit in the weak formulation of the approximated problem (for
instance (1.19)), ¢ solves (1.14) weakly.

3. Show uniqueness (in the above class) of solution of (1.14). This step is a
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consequence of ergodicity in the form of the sublinearity of the corrector

1 2
}%l_rgoﬁ BR¢ =0, (1.23)

see [Neul7, Lemma 2.18 p.24 & Corollary 2.26 p.31].

In practice, these two approximation strategies can be combined tuning the
massive parameter to dim the influence of boundaries, see [GH16|. The massive
term can also be used for an iterative coarse-graining, see [Arm+21|.

1.2.3 Quantification of the approximations

Quantifying the convergence of numerical approximations of the homogenized
coefficient @ (here, ar and ag) is a first goal of quantitative stochastic homogeniza-
tion, which has been a booming field in the last fifteen years. We will focus on the
convergence of arg since, heuristically, ar ~ E [ag] for R = VT by screening. As ap
converges to @ by the Birkhoff ergodic theorem, one needs to quantify ergodicity
to obtain a rate. The main difficulty lies (as before) in the nonlinear and nonlocal
dependence of @ on the law of P, see (1.15). Surprisingly, the optimal quantitative
results state that ag(P) essentially behaves as if its dependence on P were local :
the fluctuation of ap = fQR a(Vogr + €) exhibits a similar behavior to the one of
the empirical average fQR ae.

In the case of linear averages, it is well-known that the Law of Large Numbers
(a form of ergodic theorem) is quantified by the Central Limit Theorem (CLT).
This yields, for instance,

e- ][ ae ~ Ele - ae] + R2N(0, Var e - ael)
R
where N denotes a normal random variable, if P is weakly correlated enough so

that the CLT scaling holds for fluctuations. The rate of convergence can still be
estimated for more correlated fields, for instance in the a-mixing case.

Definition 1.1 We say that P is algebraically a-mixing with rate 5 > 0 if for all
U,V CR? and for any A € o(PNU) and B€ o(PNV)

IP[ANB]—P[A]P[B]| < (1+dist(U, V)" . .

The first quantitative (yet suboptimal) approximation results are due to Yurin-
skii [Yur86] for d > 2 in the post-processed form [EMZ05, Theorem 1.3 p.126], see
also Bourgeat and Piatnitski [BP04, Theorem 4 p.163]. In the 2010s, two quanti-
tative approaches emerged.
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The first approach is due to Gloria and Otto (as well as Neukamm, Fischer,
Duerinckx, Nolen among others) and rely on a quantification of ergodicity through
functional inequalities (involving a derivative with respect to randomness in the
spirit of Malliavin calculus). These inequalities imply a strong decorrelation of
the random field a, typically Poisson-like point processes but they can be relaxed
to cover more correlated cases, see [DG20a; DG20b]. Treating first the case of
discrete elliptic equations in divergence form with i.i.d. conductances (the pro-
totypical example of stochastic homogenization) [GO11; GO12; GNO15|, these
authors obtained in [GN16] a quantitative CLT of ag around @ with a rate of
convergence in Wasserstein distance toward normality and an explicit covariance
structure : there exists o, > 0 s.t.

dist (Rie'(“i—_“)e,f\f(o, 1)> < R~# n%(R)
(note that the expected optimal rate should be R~% In(R)). See [DFG22; DO20]
in the continuum setting. See also [Clo+22| when the law of P admits a periodic
approximation.

The second approach is due Armstrong and Smart (as well as Kuusi and Mour-
rat among others) and relies on a quantification of ergodicity through a variational
strategy. Similar results hold, see [AS16] and [AKM19; AK22| and this approach
remains valid for strongly correlated fields. In particular, [AM16, Theorem 5.1
p.294| (reduced to the conductivity case, as this theorem is written in the non-
linear setting) provides the best known results in the a-mixing case : if P is
algebraically a-mixing with rate 3 (see Definition 1.1), there exists 0 < v < [ s.t.
for all R > 0,

@—Elan(P)]| S R (1.24)

Since its assumptions are quite weak, this estimate is a useful tool. Indeed, a
suitable version of (1.24) is used in [DG20c, Theorem 5 p.70] to obtain Einstein’s
formula (1.5) by the so-called implicit renormalization method, see Section 1.4.3
below.

Remark 1.3 (Functional inequalities and a-mixing) The notion of
a-mixing (used here in a form with explicit decay rate) was introduced to handle
linear functions of the randomness (such as empirical averages) whereas the
functional inequalities used in the approach by Gloria and Otto (abbreviated in
FI in the sequel) were introduced to handle nonlinear functions of the
randomness (such as @(P)). The latter, although more general, does not fully
encompass the former.

Indeed, for reasonably correlated fields, FI imply a-mixing. For instance, every
Gaussian field satisfies F1 (it was actually the prototypical example) but a Gaussian
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field is only a-mixing when its covariance is integrable, see [DG20a, Proposition
1.4].

Assuming a-mixing only does not yield any notion of FI. However, most models
encountered in stochastic homogenization satisfy some FI. o

1.2.4 Back to dilute regimes

While the approximations (1.22) and (1.20) are better suited for numerical
approximations, their computation remains expensive as one can hope (at best)
for CLT fluctuations. Therefore, in the random setting, Clausius-Mossotti formulas
(1.4) keep some relevance.

First, it provides a first guess of the true homogenized matrix @. Therefore,
it can be used in variance reduction methods as in [AL11; AL12|. These papers
sparked a renewal of interest for Clausius-Mossotti formulas in the stochastic ho-
mogenization community [Moul5; DG16].

Second, (1.4) and its higher order generalizations already provide some in-
formation on the original medium, notably its volume fraction. In the context
of homogenization of inclusion models (1.7), the volume fraction of the inclusion
phases is linked to the intensity A(P) of the point process (i.e. the average num-
ber of points per unit of volume). For a stationary ergodic point process P, it is
defined as

AP) =E[#PNQ) . (1.25)
As P is ergodic, it can be recovered by taking averages over large domains via
. #(PNQRr)
AP) = lim ——— . 1.26
(P) = Jim FE (1.2

The volume fraction is then defined similarly via

c(P) = lim | Uzep B(z) N Qx|

R—o0 |QR|

(1.27)

If the inclusions are disjoint, as in (1.11), ¢(P) = |B|A(P). The Clausius-Mossotti
formula (1.4) can thus be seen as an expansion of @ in A. In this manuscript, we
aim at high order expansions in the form

n

a=Y ADN% 4 o(A) (1.28)

=0

for n > 1 with coefficients (A(i))0<i<n € (RdXd)n and where the exponents
(ai)o<i<n € (0,00)" form an increasing sequence (for instance a; = i, see the
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discussion regarding Batchelor formula (1.6)). From a numerical perspective, it is
of course better if the coefficients (A®);5¢ are given by explicit formulas or easily
computable. But, even if these coefficients remain abstract, the mere knowledge
of the exponents (o );>o already provides useful information. Indeed, as the simu-
lations are expensive, engineers often prefer to extrapolate from previous compu-
tations. The expansion (1.28) then allows for a more accurate extrapolation.

These formulas can also be used to (partially) reconstruct the microstructure
of the medium from external measurements, which constitutes an inverse problem.
Using the first order formula (1.4), it is possible to measure the volume fraction,
inter alia, see for instance [AKO7, Chapter §|.

1.3 Notion of dilution

In this section, we present different modes of dilution starting from
one-parameter models to a more intrinsic notion of dilution. To do so, we
introduce two important tools for dilute expansions : the cluster expansion and
multi-point intensities. The former, in the spirit of Taylor expansions, provides a
decomposition of many-body interactions in finite subsets contributions whereas
the latter generalizes the notion of intensity providing an intrinsic measure of
dilution which combines nicely with the cluster formalism. Finally, we will
illustrate these dilution methods on a toy model. In particular, we will see why
the volume fraction ¢ (see (1.27)) or equivalently the intensity of the point
process A(P) (see (1.25)) is not sufficient to characterize dilution at higher orders.

1.3.1 One parameter models

As already mentioned, for inclusions models such as (1.7) and following the
physical intuition, we usually characterize dilute regimes by the assumption
A(P) < 1. However, by definition (see (1.25)), the intensity is only a suitable
notion of mean for point processes. Therefore, it does not describe its correlation
structure which should be of crucial importance for high order expansions.

We will see that the so-called multi-point intensities provides a description of
the (local) correlations. Before their introduction, the idea in the literature to
bypass this difficulty was to rely on one parameter models : fix an underlying
point process P (assumed stationary and ergodic so that homogenization holds)
and modify it so that the parameter characterizes the dilution level. The two
canonical models are geometric dilation and Bernoulli random deletion. The first
one is essentially a rescaling whereas the second one can be informally described
as tossing independent coins on each inclusion.
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In the geometric dilation case, given P € () a stationary ergodic point process,
choose a dilation parameter L > 1 and consider the dilated process

LP = (Lx)zep € ). (1.29)

Note that geometric dilation preserves stationarity and ergodicity. This rescaling
provides indeed a dilution : by (1.26),

MLP) = L™I\(P) (1.30)

so that A(LP) < 1 when L > 1. However, the correlation structure of LP is
essentially similar to the one of the original process P.

In the Bernoulli random deletion case, given P € Q (still a stationary ergodic
point process), choose a deletion parameter 0 < p < 1. Define a family of i.i.d.
Bernoulli random variables s.t. for every x € P, b, ~ pd; + (1 — p)do independent
of P. We then consider the deleted process

PP ={zecP|b=1}. (1.31)

As the family (b, )zep is i.i.d., Bernoulli random deletion preserves stationarity and
ergodicity. This rescaling also provides a dilution : we claim that

A(P®)) = pA(P) (1.32)

so that A(P?) <« 1 when p < 1. Indeed, using the definition (1.25) of the
intensity,

APP)=E[#PPNQ) =E| > lg(x)| =E

zeP(P)

be]lQ(ﬂf)]

=E»

> Ey[b]1Q(x)

zeP

> gl

zeP

= pA(P)

as the expectation can be decomposed as [E = EpE, by independence between the
Bernoulli variables and P and since E [b,] = p. This dilution procedure modifies the
correlation structure. Indeed, the Bernoulli random variables provide additional
independence. For p <« 1, P® should essentially look like a Poisson process
regardless of the underlying process P.

The main difference between these dilution procedures is how they modify the
minimal distance ¢(P) between points : random deletion leaves it unchanged,
hence potentially arbitrarily small, whereas geometric dilation increases it by a
(multiplicative) factor L, rendering it potentially very large for L > 1.
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On the effective conductivity problem, we can therefore consider @® the ho-
mogenized coefficient associated to a(P®) (see (1.7)) and @* associated to a(LP).
Their dilute expansion is thus equivalent to a Taylor expansion of the maps
p— a? at p=0and L — @ at L — oo instead of the higher order formula
(1.28).

1.3.2 Cluster expansion formalism

We recall that the key idea to establish Clausius-Mossotti, Einstein’s or Batch-
elor’s formulas was to consider the particles as isolated, neglecting the many par-
ticles interactions thanks to diluteness, see Section 1.1.2. To obtain better ap-
proximations, it is fruitful to take into account finite subset contributions (pairs,
triples, ...). This can efficiently be done using the so-called cluster expansion.
This approach is well-known in statistical mechanics (see [Tor02, Chapter 19]) and
has already been successfully used in stochastic homogenization, see for instance
[DG16]. In this paper, the authors study the random deletion case for which the
cluster expansion appears naturally : j-inclusions interactions appear exactly when
j Bernoulli variables take the value one. See also [DG20c, Section 1.3.1].

Given a discrete countable set £ = {z1,...,25} C RY cluster expansion
formalism applies to functions

=" . FCFE+— OF

from the power set of E (i.e. the set of subsets of E) to a given vector space V.
A typical example is the corrector from the conductivity problem ¢ : P +— ¢(P),
defined by its PDE (1.14), seen as a function of the point set P. Note that, to be
fully rigorous, one should rather consider one of its approximations. For instance
the massive corrector ¢r defined by the PDE (1.19) is well-posed for any given
deterministic (finite or) infinite subset of particles, unlike (1.14) which requires a
probabilistic input for infinite sets.

For all z € E, we introduce the difference operator 61} acting on this space
defined by

sl = sl l# = o _oF VFCE.

The difference operator 6%} provides a notion of discrete derivative (or sensitivity)
of ® with respect to adding a point at x.
For F' C E, we recursively define higher-order difference operators via

of = H slet

zeF

with the natural convention 62 = Id and noting that for all « # y, 6t=sl} =
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stwtslel and ((5”})2 = —{#}. One can check that for any F, H C F,

5F®H — 5F(I)HU# _ Z(_l)‘F\C”@GUH ]

GCF

These difference operators are the building blocks to construct the so-called
cluster expansions. For E finite, the following identity holds (using some combi-
natorics) :

# #
1 1
E _ % {z} 3 # - {z1,22} F# - L1y | #
@ =97+ Y sWet 4 N smle Fet S sloeamte
zeFE r1,02€F Z1,..,2| g EE
(1.33)
where we have set Zfl ..... 5,€E = > x; ,,,,, 2/ If; ; This can be rewritten in the more
T#x] 101
compact form
|E|
D LD S
FCE i=0 FCE

|Fl=i
Example 1.1 Taking £ = {a, b}, we have

slabtp — slatsitrp — glat (q){b} — q)@)
= pladr _ plar _ @b} 4 32

so that
oloth = 92 4 glado# 4 sho# 4 sletio#

This corresponds to (1.33) writing the last term in the symmetric form §{**'® =
%(5{%5}(1) + 5{5’:“}(1)). O

Example 1.2 If the function ® is linear i.e. ®F = 3" . o(z) for all F C E,
formula (1.33) does not provide any additional information. Indeed, for all z € E,

oot = p(x)

and for all y # x
slevtp# =0 .

Therefore, cluster expansions are most relevant when & is nonlinear. o

For all n, we also introduce C(™, the truncation of this series to order n, given
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by
CMOH(E) =) > s"o* (1.34)

i=0 FCE
|Fl=i

)

as well as 3" , the nth cluster coefficient, via

o |
3" (E) =Y Fa* = — > sledet (1.35)
II;IC_E "1, zn€E

When |E| = oo, as it is the case for random point processes P € ) (seen as
countable sets), the series in (1.33) does not converge in general. However, we
expect that its finite truncations, referred to in the sequel as cluster expansions,
provide a good ansatz.

1.3.3 Intrinsic dilution : multi-point intensities

While the cluster expansion appears naturally in the Bernoulli random deletion
case, its coefficients are robust and can be applied for a wide variety of models.
Their estimation requires the introduction of the so-called multi-point intensities,
a refined measure of diluteness introduced in [DG20c, Section 1.3.2] that we now
recall.

Definition 1.2 For P € (), we define its minimal distance

(:=((P)= x}%fp lz — vy, (1.36)
zy

which is almost surely a deterministic characteristic length of P (by ergodicity as
¢ is shift-invariant).
If ¢(P) >0, we say that the process is hardcore. O

In the sequel, we always consider hard-core processes.

Definition 1.3 For P € Q hard-core and j > 1, we define its j-points intensity

by
i . J
NP = sup E| Y [ lguen(@)| - (1.37)
Zl""7zjeRd :1:1,...,:'6]'67) k=1

As it proves useful for estimation in the sequel, we also define the aggregated
quantity
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(to which we will often improperly refer as j-point intensity as then coincide under
mixing assumptions, see (1.41) below). 0

Let us now motivate this definition. We have seen that a natural object for the
point process P is the random variable #P N B, the number of points in a given
set B C RY We first note that \;(P) is nothing but the intensity. Indeed, by
stationarity

AP)=E|[R (PN Qr(2

E [ R Mgl ]

zeP

for any R > 0 and z € RY. Then, we note that the RHS of (1.37) can be rewritten

J

H (% (PN @m)))]

=1

E Z H d]lQé (21) ZL’l

z1,...,2;€P 1=1

for (z;)1<i<; s.t. the cubes are disjoint. Note that, by definition (1.36) of ¢,
each cube ()(2) contains at most one point of P. Hence, A\;(P) corresponds to the
maximum expected number of j-tuples of points in P that lie in the ¢-neighborhood
of an element of (R?)’ (properly normalized by ¢) : a local notion of correlation.

The multi-point intensities can be defined alternatively using the so-called
multi-point densities of the process.

Definition 1.4 Let P € (2 be a stationary random point process and 57 > 1. We
define its j-point density f; (also known as jth-order reduced/factorial moment
measure, see |Chi+13, Section 4.3.2 p.121]) as the non-negative function defined
by the relation

#

/(Rd)j XH=E| > xa,....x;)|, YxeCI(RY). (1.38)

.1}1,...7ij73

Note that f; is symmetric as the points are indistinguishable. Intuitively,
fjdzy ... dz; is the probability to get j-points at positions (zq,...,z;). 0

We then recover the j-point intensity A;(P) as the (locally averaged) maximum
A\i(P) = sup ][ fi - (1.39)
Qe(z1)xxQe(z;)

21,...,2; ERY

This definition naturally extends to £ = 0 setting A\;(P) = || fjl| po(ma)sy in that
case.
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Borrowing from [DG20c, Lemma 1.1 p.8|, we recall some useful properties of
the multi-point intensities.

Lemma 1.1 Let P € ) be a stationary ergodic point process.

— For all j > 1, we have
A1 (P) < 70N (P). (1.40)

We also have \(P) < (7.
— If P is strongly mizing (see Definition 1.5 below),

Ai(P) = )(P) (1.41)

which implies in particular that X\;(P) > A\(P)J. o

Definition 1.5 We say that a point process P on (2, F,P) is strongly mixing if,
for all U,V C R? and for any A € (P NU) and B € o(PNV),

P[ANB] -P[A]P[B] — 0 as dist(U,V) — oo . .

Note that the algebraic a-mixing from Definition 1.1 is a quantification of this
notion and that strong mixing implies ergodicity.

For P hard-core and mixing, combining (1.40) and (1.41), we have A\(P)’ <
A;(P) < A(P). One can actually construct points processes for which \;(P) spans
this entire range. Indeed, following [DG20c, Section 5.1 p.121], for any g € [0, 1],
there exist point processes s.t. Ay(P) ~ A(P)'*# and this construction can be
generalized to k > 2. The cases 8 € {0,1} are simpler : we provide some simple
examples to illustrate them.

We start by the canonical example of random point process : the Poisson
process. It is to point processes what Gaussian fields are to continuous random
fields. A lot of more refined models are based on it, see for instance [Chi+13,
Chapter 5.

Example 1.3 (Poisson) The Poisson process on R? (resp. V, for bounded V C
R?) is fully parametrized by its intensity A > 0. To be a Poisson process, P should
satisfy two properties :

— For any bounded Borel set B C R? (resp. C V), #(P N B) follows a Poisson

law of parameter A| B| (which is its mean) i.e. forallk > P[#(PNB) = k] =
QAIBDE —AB|

il
— For any k£ > 2, the random variables (#(P N B;))1<;j<k are independent if
the bounded Borel sets (B;)1< <) are disjoint.
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See [Chi+13, Section 2.3] for more details.
The Poisson process is stationary by construction. Thanks to independence it
is ergodic and for all j > 1, we have f; = M, see [Chi+13, (2.36) p.47], so that

N(P) =N . (1.42)

In finite volume, it is very easy to simulate. For instance, it can be constructed
sequentially : first draw N, the total number of points, according to Poisson law
then add N points drawn independently and uniformly in space.

However, it lacks an important feature for inclusion models : it is not hard-core
(¢ =0 as.). O

We then define what we call, in the sequel, a hard-core Poisson process.

Example 1.4 (Hard-core Poisson) In the sequel, we regroup under the com-
mon name hard-core Poisson processes a variety of models constructed from the
Poisson process which are still stationary and ergodic with the additional hard-
core feature. The previous definition can not hold anymore as we have to require
at least some local correlation to obtain a hard-core process. However, one can
retain strong decorrelations at large distance. For the models that we consider, we
have
N(P) ~NPY Vi >1

reminiscent of the Poisson case.

Some examples are the so-called Matérn’s hard-core point processes type I,
I, IIT [Mat86| or Penrose graphical construction of the random parking measure
[Pen01]. Most of these models are obtained by an algorithmic modification of an
underlying Poisson process. It is usually some sort of thinning (which means eras-
ing points from the original process, as in the Bernoulli random deletion case) with
some refinement to keep a high intensity (proportional to the volume fraction here)
as naive approaches delete too many points. Those examples are stationary and
ergodic. In fact, their correlation decays exponentially (which implies that they
are algebraically a-mixing for an arbitrarily high rate, see Definition 1.1). This
can be efficiently captured through so-called multi-scales functional inequalities
developed by Duerinckx and Gloria, see [DG20b, Section 3.3 and 3.4].

As these processes are derived from the Poisson process by an algorithmic
procedure, they can be numerically simulated (in finite volume). O

We conclude with a simple example to illustrate the behavior of the multi-point
intensities.

Example 1.5 (Doubled process) Given P stationary ergodic and hard-core,
choose e € R? s.t. |e| < ¢(P). Then, the point process P, := P U (P +¢) consists



1.3. Notion of dilution 25

of pairs of points (z,r + €),ep and thus satisfies \o(P.) =~ £79\(P.). Hence,
Aa(Pe) =2 A(P.). o

1.3.4 Toy model

We have at hand three modes of dilution : the one parameter models of geomet-
ric dilation and random deletion as well as the more intrinsic way using multi-point
intensities. We wish to illustrate their behavior on a toy model. In particular, we
want to identify the scalings of their respective dilute expansions and we want to
see how the cluster expansion and the multi-point intensities combine. We shall
start by the random deletion case before presenting the general dilute case fol-
lowing the historical order [DG16; DG20c|. We finish with the geometric dilation
model as it does not entirely fit in the cluster expansion framework.

The toy-model should retain the key features of the homogenized conductivity
: @ is an averaged quantity and its dependence on the point process P is both
nonlinear and nonlocal (we will also say long-range in the sequel) because of the
corrector (1.14), see also (1.15). We borrow this toy-model from [DG20c, Section
1.3.3] : we define the function ®# : I C P+ ®F € R by

% = E [U#] (1.43)

where, for a countable F' C R¢, U# is given by

o= g(Z h(m)) eR (1.44)

for some h: R? — R and ¢ : R — R such that

(a) h is short-range (a.k.a. local) in the sense that [p,supp,,

some [ > 1,

y || dz < 1 for

b) gis smooth, in the sense that g € C°(R) (the space of infinitely differentiable
(b) g , g€y p y
bounded functions)

and recalling the convention ) _, = 0.
This model keeps the average nature as well as the nonlinearity (in a very
explicit form) of @ but localizes the dependence on the point process. Although

cluster coefficients <5(k)>k (see (1.35)) are defined by infinite series, these series
>0
are always summable in this setting thanks to the short-range assumption.

The simple form (1.44) of ¥ yields explicit expressions for the cluster coefficients
and for the cluster expansion remainder.
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Lemma 1.2 ([DG20c, Lemma 1.2 p.10]|) Let P € Q be a random point pro-
cess with £(P) <1 and let U# be a set function of the form (1.44) satisfying both
the short-range and smoothness assumptions (a) and (b). Then, for all k > 1, we
have explicit formulas for the difference operators

(1.45)
as well as for the cluster expansion remainder at order k (see (1.34))

P ok n) Momea)
\I/—C()\IJ#: Z / / g(+) t1+...+tk+1—|—2h(l’n)
0 0

n1<..<ngy1 n<ni

dty ... dtger . (1.46)

Note that, we have chosen in (1.46) to label the points of P (see Remark 1.1 (ii))
so that m D rpaep Can be rewritten Y ni<. <ngy; - o
N yeeny nk+1€N
In the spirit of Taylor formulas, (1.45) and (1.46) are obtained by induction (both
on the order k and the cardinality of P for the remainder).
Thanks to this lemma, we are now able to measure the size of the cluster

coeflicients <5(k)> and that of the cluster expansion remainder ®” —C*) ®#(P).
k>0

In the Bernoulli random deletion case, considering P® (see (1.31)), Lemma 1.2
yields for all K > 1 and forall 0 <p <1

—(k
T (PP Shgn p* (1.47)
and
0P — cB# (P <y pFHL (1.48)
For the cluster coefficients, one can be even more precise :

k)

3 (pw)y = 3" (p) | (1.49)
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Indeed, from the definition (1.35), we get

a(k) (,P(p)) ) —ﬁ(k)(fp(p)ﬂ ) % Z slet e} g#

I #
“E|L Y [[nater

proceeding as in (1.32).
The remainder estimate (1.48) is obtained noting that (1.46) yields

k+1

#
(») 1
h% _cuc)\p#,gHg<k+1>HLw(R)m > )] (1.50)

T1,., T EPP) =1
and proceeding similarly.

Remark 1.4 Here, we could actually track the dependence on k in the constants
appearing in (1.47) and (1.48). This would yield the analyticity of the map p
P at p = 0 under the additional assumption that ¢ itself is analytic (so that
we control the growth of k — [|g®|| Lo (m))- o

Formula (1.49) illustrates how nicely Bernoulli deletion and the cluster ex-
tension blend. With similar arguments, we would obtain a similar link for the
multi-point densities and intensities. For all £ > 1,

fo(PP)) = p* £i(P) (1.51)

so that
Ae(PP)) = pPA(P) . (1.52)

From this observation, we realise that the estimates (1.47) and (1.48) are controlled
in fact in terms of multi-point intensities.

For a general (stationary ergodic) point process P € €, the intrinsic dilute
setting is characterized by the smallness not only of the intensity A(P) but of the
family (X\;(P));>1 of multi-point intensities. For the toy model, Lemma 1.2 yields,
for all £ > 1,

B (P)| Spgn M(P) (1.53)
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and
@7 — CWO*| Spgn Ak (P) - (1.54)
We recall that in general A\, (P) # A(P)* which contradicts the naive bound one

could have expected for ' (P).
Indeed, from (1.45), we have

# k
(k) 1
| (P)!_EE > g™ e [ 17xn)]
’ T1,...,LLEP i=1
_ g )||L°<>(R>/ B[ f
< u
: (R)k

so that estimate (1.53) follows by definition (1.39) of the multi-point intensities
and our short-range assumption on h. Estimate (1.54) is obtained similarly.
Finally, in the geometric dilation case, considering LP (see (1.29)), we have for
all k> 1andall L >1,
—(k _
S (LP)| Sgn L (1.55)

and
07 —cWo#| <, LD (1.56)

These estimates are corollaries of (1.53) and (1.54) noting that for all j > 1

f1(LP) = L7 £5(P) (2) (1.57)

so that, by definition (1.39) of the multi-point intensities,
Nj(LP) = L™9)\;(P) . (1.58)

The claim (1.57) on the j point intensity is obtained by a change of variables.
Indeed, for a test function Y,

+
/(Rd)j xfi(LP)=E Z x(z1,. .., ;)
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While the cluster expansion approach still provides good estimates in the geo-
metric dilation case, it is not fully satisfactory if one aims for an expansion in the
dilation parameter L (in the dilute regime L > 1). This is the main motivation
for the alternative approach that we introduce in Chapter 2. Indeed, as opposed
to the Bernoulli deletion case, the cluster coefficients E(k)(LP) still depends on
L. Combining their definition (1.35) with the expression (1.45) of the difference
operators and the definition (1.38) of the j-point density, for all £ > 1, we obtain

# h(Lx1) h(Lxzy,)
Z / / gt + . ty) dty ... dy
0 0

T1,...CLEP

1 h(Lw1) h(Lwy)
:_/ / / gW (4. ) dty .. dty,
k' (Rd)k 0 0

fk(iﬁ,...,l‘k) dry ... dzy .

=) _ 1
¢(LP) = E

A dependence on L still remains in the integration domain [[t_, [0, h(Lz;)]. To
expand further, one would need additional assumptions on h and ¢ for instance
taking h = <x>_(d+7), short-range for any v > 0 (where we have used the Japanese
bracket notation (z)” := 1 + |z[2). In any case, one should look for an expansion
of the map L — ®L7 as L > 1 instead of L% — ®7 (as one could have naively
hoped from \(LP) ~ L~9).

We expect similar estimates for the effective conductivity @ (1.4), the effective
viscosity 7 (1.5) or the mean sedimentation speed V (1.6).

1.4 Long-range interactions and renormalization

In this section, we illustrate how the decay of correlations allows us to handle
the nonlocal (we also say long-range) dependence of the effective quantities on the
point process P (see (1.15) in Section 1.2). We start by introducing a suitable
notion of multi-points correlations for point processes. Thanks to this notion,
we then study two long-range models based on linear PDEs using a so-called
renormalization approach. Finally, we see that these computations can be by-
passed when a convergence rate for the finite volume approximations of effective
quantities is available.

1.4.1 Multi-point correlation functions

Following [DG20c, Section 4.3.1 p.74| (see also Mayer’s expansion in the liter-
ature or joint cumulants), we define a notion of multi-point correlations for point
processes.
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Definition 1.6 Let P € () be a stationary point process. For all 7 > 1, we
introduce its j-point correlation function h; from the following decomposition of
its j-point density f; (see (1.38)),

filan, . ap) =Y T m(en) (1.59)

T Hem
where 7 runs over all the partitions of the index set {1,...,j}, H runs over all
cells of the partition 7 and we have set xg = (x;, ... ,%H‘) for H = {i1,...0u}.
For 7 = 1,2, 3, this reads
filz) = hi(z) = A(P) , (1.60)
falw,y) = ha(, > FAP), (1.61)
ol 9,2) = B, ,2) + APY (bl ) + haly,2) + P, 2)) + APY . (162

Inverting recursively these relations, h; is a polynomial in (f;),<; and, like f;, h
is a symmetric function. In particular, this yields the following bound

sup f Il %5 %, (P) (163
Qe(21) %+ xQe(25)

21,52 ERY

(see Definition 1.3). -

Algebraic a-mixing (Definition 1.1) implies the decay of correlation functions
in the following form.

Lemma 1.3 (|[DG20c, Lemma 4.2 p.74|) Assume that P is algebraically o-
mixing with rate v > 0. Then, the correlation functions satisfy for all 7 > 1
and for all zy,...,z; € R?

/ By <, min (2 — 207 . (1.64)
B(z1)xxB(z) k#l

O

1.4.2 Linear models

Our goal here is to illustrate how the decay of correlations compensates the
long-range nature of the interactions. For that purpose, we focus on the well-
posedness of two linear long-range random PDEs and forget momentarily about di-
lute expansions. For P € ) stationary ergodic point process, we set Z := U,cp B(7)
and for e € R, we consider u : R? — R and v : R? — R suitable solutions of the
whole space equations

~Au(P) =V -1ze inR? (1.65)
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and

—Av(P) =17 —E[l7] inR% (1.66)

The well-posedness of these equations shares similar difficulties with the equation
of the corrector (1.14) but here, both u and v depend linearly on the point process
P. To construct solutions, we make use of the approximation strategy described
in Section 1.2.2. In fact, we focus on the first step : obtaining uniform bounds.

Remark 1.5 To motivate further these equations, note that (1.65) can be ob-
tained by linearizing the equation (1.14) of the corrector setting a = Id +d171d
and Taylor expanding in the parameter § < 1.

Regarding equation (1.66), it can be seen as the (scalar) linear analogue of
the sedimentation problem, see [Glo21, Section 1.3] as well as Definition 3.6 and
Remark 3.9 in Chapter 3. Besides, it is natural to (try to) replace a source term
in divergence form by a zero average one. Indeed, in a bounded domain §2, if ¢
has zero average i.e. fQ q = 0, Bogovskii’s theorem implies that there exists u s.t.
V-u = g, see for instance |[BF13, Theorem IV.3.1 p. 245]. This result does not hold
anymore in our probabilistic framework : we shall see that the well-posedness of
(1.66) requires a stronger mixing than the one of (1.65). See also [DG22b, Section
2.7|] for a more detailed comparison between these models. o

In the sequel, we assume that £(P) > 4, so that the inclusions are well separated
and ILI = Zwe'P ]lB(a:)

We start with equation (1.65) and consider, for 7" > 1, its massive approxima-
tion )

TUT('P) — Aup(P) =V -1ze in R% (1.67)

In the probability space (see Section 1.2.1), this equation can be rewritten in the
weak form

1
E {?uTx} + E [Dur - Dx] = —E [Dx - 17€]

for all x € H(£2). The energy estimate then yields
E [|[Dur’] <E[|1ze[*] S 1. (1.68)

In the above, we have essentially shown the boundedness of the Helmholtz
projection f + V(=A)"!V. f in L?(Q) by energy estimate. This boundedness can
also be obtained by different approaches, for instance Calderon-Zygmund theory.
We rather present what we call a renormalization approach assuming quantitative
ergodicity (in the form of algebraic a-mixing with rate v >0). This is obviously
much less general and pedestrian but instructive : in particular, it points out where
the decay of correlations can be used. For that purpose, we recall G, the Green
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function of the massive Laplace operator, as well its decay, see Definition 2.4 in
Chapter 2 for more details.

Definition 1.7 For T" > 0, the massive Green function G is defined as the unique
decaying (weak) solution of

1
TGT - AGT = (50 in ]Rd.

For d > 1 and for all £ > 1, we have the exponentially decaying point-wise bounds

VEG()] S | - |02 PevE (1.69)

[m]
For convenience, and in order to avoid any regularity issue, we mollify the equation
(1.65) replacing 1 ge by J := 1 gexp (where p is the standard mollifier). Therefore,

J € C(RY), is supported in By, J is an even function and [, J = e|B|. Still
calling up the corresponding mollified solution, we have

Vur =VGr*V-Y J(—2)=VGr» J(-—x). (1.70)

zeP zeP

By stationarity, E [|[Dur|?] = E [|[Vur(0)|?]. Before computing this L?(2)-norm,
let us see what happens in L'(€). By the triangle inequality,

E[[Vur(0)] E |} [V?Gr(z — ) x T(0)

zeP

Setting Fr(z) == V2Gr * J(- — x)(0) = V2Gr x J(x) (by parity) for all z € R?,
we have ol
|[Fr(a)| S (x) “evr (1.71)

from (1.69). Thus, by definition of the one-point density (1.38), we obtain

E[[Vur(0)] < /Rd |Fr ()| A(P) dz S A(P) In(T)

as
/ Py <In(T) . (1.72)
Rd
Indeed, using the bound (1.71) and polar coordinates, we have

|z | &0 dr

| Fr| f,/ <x)_deﬁ)\(77) dx,ﬁ/ rdil(r>_d6_ TA(P)dr < 1+/ e — .
R4 Rd 0

S
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where we have split the integral between [0, 1] and [1, co] and changed variables in
the second part. This last integral converges at infinity thanks to the exponential
decay but logarithmically blows up as VT ' .5 0 because of % yielding (1.72).

We have obtained E [|Vur(0)|] < In(T") whereas combining the energy estimate
(1.68) and Cauchy-Schwarz’ inequality, we have

N

E[|[Vur(0)]] <E[[Vur(0)]?]2 S1.

This is due to taking absolute values, therefore preventing the use of stochastic
cancellations such as E [Dug| = 0 (by construction). We can recover this property
in the physical space here :

E [Vur(0)] = E ZFT([L') = / Fr(z)A(P)dz =0
reP R
/d Fr(z) = ) V(VGr+« J)(z)dz =0 (1.73)

since the integral of a gradient vanishes.
For the norm in L?(f2), plugging in the representation formula (1.70), we get

> Fr()?

zeP

E [|[Vur(0)’] =E =E +E

#
S Frla)Frly)

z,yeP

S Fe(a)Fr(y)

z,yeP

= [rmme s | rwrpe a0

from the definition (1.38) of the two-point density. The first integral on the RHS
is bounded uniformly in 7' from the decay (1.71) of Fr in the form |Fr(z)|* <
<ZC>_2d. The second integral needs to be renormalized i.e. requires a rewriting to
be absolutely convergent independently of 7. Indeed, we have

/(Rd)2 |Fr(2)|| Fr(y)| f2(z, y) do dy < Ao (P) (/Rd |FT|) < X\o(P) In(T)

using (1.72). However, decomposing the two-point density into fo = hy + A?(P)
(see (1.61)), we have

//(W Fr(2)Fr(y) fa(z,y) de dy = // Fr(z)Fr(y)hy(z,y) dz dy

(R4)?
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by the cancellation property (1.73) of Fpr. Assuming that P is algebraically -
mixing with rate 7 > 0 (see Definition 1.1), we combine the decay (1.71) of Fr
with the decay (1.64) of hy so that

[, Feme s [ @i e-n s

for any v > 0. Indeed, informally (-}~ ()™ < (Y707 for arbitrarily small
€ > 0, see Lemma 3.14 from Chapter 3.

Here, the renormalization approach is suboptimal compared to working directly
in the probability space : we have recovered the energy estimate (1.68) at the
expense of assuming an algebraic a-mixing rate v > 0 for P. However, this rate
can be chosen arbitrarily small, in line with the fact that establishing (1.68) only
requires qualitative ergodicity.

The renormalization approach demonstrates its relevance on v solution of
(1.66). For T' > 1, we consider vy, the massive approximation of v, solution of

1
TUT — AUT = ]11' —E []II] in Rd . (175)

Note that, as ¢(P) > 4, E[lz] = ¢(P) = A(P)|B|. Here, the approach in the
probability space is not as fruitful : in the weak form, this equation rewrites

1
E | pory] +E[Dor - Dx] = E[(Lz - E[ta])]
for all x € H(£2) so that the energy estimates only yields
1
—E [v7] + E [|[Dvr]’] ST Var[l7] ST .

T

using Young’s inequality. Indeed, there is no analogue of Poincaré’s inequality in

the probability space : for x € H(Q), E[|x — E[x] |?] £ E[|Dx|?] generically !
The diverging bound on E [|[Vor(0)[?] from (1.4.2) can actually be improved.

Representing the solution of (1.75) with the Green function G, we have

Vor = VGr x (17 — MN(P)|B]) = Z/ VGr(-—y)dy . (1.76)
zep Y B(2)
As previously, we set Hy(x) := fB(x) VGr for all z € RY. From the decay (1.69), we

lz|
have |Hp(z)| < (z)"“"Yevr. Note that G and its gradient VG (hence also Hy)
are integrable near the origin (and at infinity thanks to the exponential decay),
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unlike the second gradient V2G7. Like Fr (see (1.73)), Hr has zero average

Hr(x)de= | VGr=0 (1.77)

R4 R4

justifying that we can remove the constant in (1.76). With these notations and
proceeding as in (1.74) for ur, we have

E [|[Vor(0)!] = /Rd | Hr(x)PA(P) dz + /(Rd)2 Hy(x)Hr(y) fo(2, y) de dy

As above, the first term of the RHS is bounded uniformly in 7" but only for
d > 3 this time since |Hp(z)|? < (z) 2D The second integral also needs to
be renormalized. We proceed as before, replacing fs by hy from the cancellation
property (1.77) of Hy and assuming that P is algebraically a-mixing with rate
~v > 0 so that

/ . Hrp(x)Hr(y) f2(x,y) dzdy = / - Hop(z)Hy(y)ho(z,y) de dy
5 / <$>*(d—1)</y>*(d—1)<x . y>77 dzdy .
(R)2

This time, we need to assume 7 > 2 to obtain a finite integral as (informally)
()7 ()T < ()79 for arbitrarily small € > 0, see Lemma 3.14 from
Chapter 3.

We have obtained that for P algebraically o mixing with rate v > 2,

E [|[Vor(0)]*] S1.
From our renormalizations, we could even estimate the size of each integral in
terms of multi-point intensities, see (3.86) in Chapter 3 (performed there using
the finite volume approximation instead of the massive one).

Here, our renormalizations only amount to noting that second moments are in
fact variances as the mean vanishes i.e. E|[|Vur|?] = Var[Vug| as E[Vur| = 0
(and likewise for vy). We have chosen to present them through cancellation and
decomposition of the multi-point densities in multi-point correlations as this ap-
proach is more suited to handle higher moments as in Chapter 3, see Section 3.3.3.

1.4.3 Implicit renormalization

We have seen that the long-range interactions can be handled by a renormaliza-
tion approach assuming that the point process P is a-mixing. We have also seen
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that if P is a-mixing, the variational approach of Armstrong and Smart (further
developed with Kuusi and Mourrat) yields a quantitative rate of convergence of
the approximated effective quantities. Following [DG20c, Theorem 5 p.70], one
can obtain dilute expansions for one-parameters models from this quantitative
convergence, bypassing the above renormalizations.

We shall illustrate this strategy on the toy-model from Section 1.3.4. Let P
be a stationary ergodic point process. For T' > 1, we consider ®7 of the form
(1.43) associated to hr defined for all z € R? by hy(x) = Fr(z) = V2Gr x J ()
(see (1.70)). From (1.72), hp is short-range. Its limit h, defined by h(x) =
limy_ o hp(z) = V2G % J(z) = F(x), is long-range : |h(z)| ~ (z)"% so that
Jga |h| = 0o. However, we assume that

— 7 =E [g(>,cp h(z))] is well-defined thanks to stochastic cancellations,

— there exists v > 0 s.t.

sup |¢§(P) . (I>77(m| 5 T
pe[0,1]

recalling that P® is the Bernoulli random deletion of P (see (1.31)).

These two last hypotheses would be satisfied for ®7 = @r(P). The first one is
a consequence of qualitative homogenization theory. The second one holds if we
assume P to be algebraically a-mixing which yields the quantitative convergence
(1.24) (adapted to the massive approximation).

Under these assumptions, we claim that the map p — ®7® can be Taylor
expanded at any order at p = 0 and that the cluster coefficients (CD(’“)) >0 e
well-defined quantities so that, for alln >0 and 0 < p < 1, a

PP = Zpk@(k)(P) +o(p"th) . (1.78)
k=0

This claim is a corollary of the following lemma which can be seen as an in-
terpolation between a quantitative uniform convergence and a high order Taylor
expansion with (logarithmically) diverging remainder.

Lemma 1.4 Given a Banach space V', let the function f : [0,1] — V and the
sequence (fr)rso with fr :[0,1] =V for all T > 0 be such that

— fr converges to f with a quantitative rate :
there exists 3> 0 such that || fr — f|l o) ST 7.

— for some n >0 and for all T > 0, fr admits a Taylor expansion up to order
n with a controlled remainder :
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there exists (bg))ogign e V" and Rg”l) : [0,1] — V' such that for all x €
[0, 1],

fr(@) =" 0Pa" + RE (@) (1.79)
1=0

and |R¥L+1)(x)] <, In(T)" g tt,

Then, f admits a Taylor expansion at the same order n. More precisely, there
exists (bD)o<icn € V™ such that

by — b0 < T (1.80)
and for all z € [0, 1],
fl@)=> " bvD2" + R () (1.81)
=0
with |[R™D ()| <, (1 + | In(z)|)HLan . 0

Indeed, from Section 1.3.4, for all n > 0, we have

n

er(PP) = 3 /e (P) + Ry ()

k=0

where for all £ > 0,
[P (P)| S In™(T)

and for all n > 0 and for all 0 < p <1,

RE ()] S (D) (1.82)
using Lemma 1.2 and tracking the dependence on [, |hr| < In(T). We can thus
apply Lemma 1.4 and obtain (1.78).

The proof of Lemma 1.4 relies on the fact that the approximate coefficients bg)
are independents of z in the Taylor expansion (1.79). Hence, we have the freedom
to optimize either in x or in T, see Section 1.A for details. We have voluntarily
stated Lemma 1.4 in a general form to underline its versatility, in particular in
the context of Clausius-Mossotti formulas. The standard approach to get a Taylor
expansion would be to get a bound on the remainder which is uniform in the
approximating parameter. Yet, such a uniform bound is not always accessible.
The power of the method is that, even if the bound (slowly) explodes here, we can
still obtain the desired Taylor expansion. This was our first strategy for the results
presented in Chapter 2 before finding the approach presented in Section 2.3.2 (note
that Lemma 1.4 can not yield analyticity).
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Note also that in [DG20c, Theorem 5 p.70|, the authors refine this analysis
keeping track of the dependencies on the multi-point intensities. Indeed, they are
aiming at estimates in the general dilute setting and use the Bernoulli random
deletion as a form of approximation of P to obtain them.

1.5 The Clausius-Mossotti formula for geometric
dilation models

This section introduces the first main result of this manuscript : an expansion
of the effective conductivity in the specific setting of geometric dilation. Its proof
is the object of Chapter 2. After introducing the setting, we provide an overview
of the previous related results. We then present our main contribution as well as
some perspectives.

1.5.1 Setting

In the framework of stochastic homogenization, we consider the geometric di-
lation setting. More precisely, given a dilation parameter L > 1, we consider a
stationary ergodic point process P € €2 that we suppose hard-core with ¢(P) > 2
(see Remark 1.1) to which we associate the random conductivity

a(LP,) :=1d+ ) (B —1d)lpu(-) - (1.83)

z€eP

Homogenization theory then yields the homogenized coefficient a”. We want to

establish an expansion of L — @ in the dilute regime, fully characterized here by
L > 1, or equivalently of L=! ~ a”.

Compared to Section 1.2.1, we have assumed that the background conductivity
is symmetric so that it can be taken equal to Id (without loss of generality by a
suitable change of variables). We have also added a hard-core assumption on P
which is natural for the geometric dilation setting as we want the minimal distance
((LP) = LL(P) to increase.

This is the most natural setting if we assume P to be periodic : increasing L
increases the period. In that case, note that it is equivalent to vary the size of the
cell or the size of the inclusion i.e. considering the periodic conductivity

CL() =1d —|—<5 — Id)]lBl(O) in QL
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(identifying the box @ with the periodic torus R?/LZ?) or
a() = Id —I—(ﬁ — Id)ILBL_l(O) in Q .

This second formulation, which corresponds to varying the radius of a spherical
inclusion in a fixed periodic cell, is the most common one in the periodic homog-
enization literature.

1.5.2 Previous results

The Clausius-Mossotti formula (1.4) was first justified in the periodic case :
[JKO94, Section 1.7 p.45, see (1.79)] gives an expansion of @* in L=¢ up to order 2d
with a quantitative control of the remainder O(L~(%2)). In the constant isotropic
case with spherical inclusions, this expansion recovers the explicit formula (1.3)
and Berdichevskii proposes in [Ber83| a general algorithm to obtain arbitrarily
high accuracy based on explicit calculation using spherical harmonics.

The key idea in [JKO94] is to compare the corrector ¢ to the so-called single
inclusion solution ¢°. This idea, which can be seen as a basic form of cluster
expansion, was the main inspiration for the approach developed in Chapter 2. We
define the shorthand notation a® := Id+(5 — Id)1p so that, given a direction
e € R?, ¢2 is defined as the unique decaying solution of the single particle problem

~V-a®(V¢o+e)=0 inR?. (1.84)

Existence and uniqueness are elementary (and fully deterministic). In the constant
radial isotropic case i.e. a® =1d(1+ (8 — 1)1p) (with a slight abuse of notation),
Ve is explicitly given in dimension d by

_ Ce lz| < 1 L85
=1 c (e — de'f%x> lz| > 1 (1.85)

||

where C' = B—s—llx;(fl—l)‘

The first justification of the first order Clausius-Mossotti formula in the ran-
dom setting is due Almog in dimension d = 3, whose results in [Alm13; Alm14|
combined with elementary homogenization theory, precisely yield (1.3). The proof
is based on (scalar) potential theory and crucially relies on the fact that d = 3,
that a is everywhere a multiple of the identity and that the inclusions are spherical
and disjoint.

The Bernoulli random deletion case was then considered by Anantharaman
and Le Bris [AL11], see also [AL12; Anal0| for an underlying periodic P and by

Mourrat [Moul5| for a discrete scalar equation. In both cases, they obtained a
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first order expansion in the Bernoulli parameter p. Extending these works, [DG16]
have proved the real analyticity of the map p — @® at p = 0 (which implies the
analyticity on the full interval [0, 1] by a change of reference medium, observation
due to [Moul5]) for general underlying random point processes.

Theorem 1.1 ([DG16, Theorem 2.1 p.307]) Let P € Q be random stationary
ergodic hardcore point process. Then, there exists a family of matrices (E(j))jzo
such that for all 0 < p < 1, the homogenized coefficient a'®) associated to a(P®)
(see (1.7) and (1.31)) is given by the summable series

a(ﬁ) — ija(j) )
=0

In particular, @) is given by the jth term of the cluster expansion of . 0

The proof of this result relies on the cluster expansion together with a family of new
discrete ' —¢? estimates (some refined energy estimates), which yields the existence
of a universal constant C' > 0 s.t. for all j > 0, @) < 7 (i.e. analyticity). In
particular, the proof does not make use of elliptic regularity (unlike our approach
in Chapter 2). The ¢! — ¢? estimates are based on PDE analysis, and essentially
avoid taking the modulus of the mixed second gradient of the Green function of
the operator —V - aV, which is not absolutely integrable on the whole space (i.e.
long-range).

In the random case, the expansion of L' + @” has not yet been treated
in the literature. However, in the past years, Einstein’s formula (1.5), which is
closely related to the Clausius-Mossotti formula, has received a lot of attention,
see [HM12; HW20; GH20; NS20; GH21; GM22; DG20c|, and some of these works
provide some partial answers.

In [Gér22, Theorem 3|, Gérard-Varet considered the Clausius-Mossotti for-
mula with stiff inclusions (the scalar version of Einstein’s formula). He proposed
an alternative approach, independent of homogenization, where he quantifies the
distance between the solution of a problem with small inclusions, and the solution
of an effective problem (with conductivity given by the Clausius-Mossotti formula
(1.4)) in terms of the volume fraction ¢ of inclusions. Using this approach, [GH20;
GM22] obtained Einstein’s formula (1.5) at second order in the volume fraction in
a setting that covers geometric dilation.

In parallel, Gloria and Duerinckx approached Einstein’s formula through a
stochastic homogenization perspective [DG21a; DG21b; Due22; DG20c|. Instead
of directly looking for an effective dilute model, they decomposed the approach,
first defining an effective model (with a notion of effective viscosity valid even
in a non-dilute setting) then expending the effective viscosity in a dilute regime
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(or more precisely under various notions of dilution) using the cluster expansion
formalism. Inter alia, these authors studied in [DG20c, Theorem 11 p.123] the
validity of the cluster expansion of the effective viscosity B(LP) under geometric
dilation. Combining this time elliptic regularity in a crucial way with the ¢* — ¢2

estimates, they obtained the summability of the cluster coefficients (E(j)(LP)>
Jj=0
in the form

B(LP) = i B9 (LP) (1.86)

with the existence of a constant C' s.t. for all 7 > 0, E(])(LP) < (CL_d)].
However, similarly to the toy model (see Section 1.3.4), this does not provide a
summable series in L. The cluster coefficients depend themselves on L and would
require an additional multi-pole expansion (see [DG20c, Remark 5.1 p.123]).

In [Gér21], Gérard-Varet used a similar cluster expansion approach (with sim-
ilar drawbacks regarding the expansion in L~1) at second order. However, he does
not rely on ¢* — ¢? estimates to tackle the long-range interactions but rather ap-
peals to Calderon-Zygmund theory (which also avoids taking the modulus of the
mixed second gradient of the Green function).

1.5.3 Contribution

Our main result in Chapter 2 is the full asymptotic expansion of the homoge-
nized coefficient @” in the geometric dilation setting for the dilute regime L > 1.

Theorem 1.2 Let P € ) be a hard-core stationary ergodic random point process.
For L > 1, let a be the homogenized matriz associated to a(LP,-) (given by
(1.83)). Then, the map L~* s a” is real analytic at 0.

In particular, there exists a family of matrices (A®W);>q € (RdXd)N such that

a is given by the summable series

at=> AL (1.87)

=0 O

Analyticity is not obtained through abstract arguments. Our result is constructive
and we have a formula for @ with an explicit dependence on L. Our approach relies
on an operator K(L) which relates the corrector V@(LP) to the single inclusion
solution V¢° (see (1.84)) through a fixed-point formulation (which can be explicitly
solved using Neumann series). The well-posedness of this operator is the main
difficulty of our approach. It uses elliptic regularity (in the form of Green function
estimates), stationarity, ergodicity and Palm theory. In particular, our approach
is quite different from the arguments used in [DG16; DG20c|.
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Using this operator K(L), we obtain, for e € R,
adle=e+ L™ / (B —Id)E° [(Id —LBK(L)) T (Ve + e)] AMP)  (1.88)
By

where A(P) is the intensity of the point process, B° some deterministic opera-
tor (related to the solution operator of a°) and E° is the expectation under the
so-called Palm measure (a suitable notion of conditioning for stationary point pro-
cesses). Here, KC(L) fully encompasses the dependence on the randomness and on
the dilation parameter.

In (1.83), for convenience, we have chosen the inclusions spherical with constant
conductivity  but this can be relaxed to any bounded shape and non-constant
value (as long as the conductivity a stays strongly elliptic and bounded). However,
we require the background conductivity to be constant and symmetric : this is our
main assumption.

Our approach also includes the periodic case. As (1.88) yields computable
formulas for the (A®);>o, we recover (and extend) the result from [JKO94]|.

The expansion (1.87) is a series in L™, not in A\(LP) ~ L~ nor in the higher-
order intensities (Agx(P))r>2. This L™! scaling is due to a multi-pole expansion
effect (in the form of a Taylor expansion of the standard Green function for the
Laplace operator —A).

Theorem 1.2 should be compared to Theorem 1.1 (for Bernoulli random dele-
tion) as, in both cases, we obtain analyticity in the dilution parameter.

1.5.4 Perspectives

Question 1.1 Can our fixed-point approach extend to the effective viscosity set-
ting 7

We believe that the answer is yes : our approach mostly relies on L? theory
and elliptic regularity and should therefore be robust. This would provide an
alternative proof of Einstein’s formula (1.5) under dilution by geometric dilation.
In this setting, we would also like to clarify the links between the cluster expansion
(1.86) (see [DG20c|) and the expansion obtained by our fixed-point approach.

Question 1.2 How much can the assumptions on the background be relaxed ?

Our approach requires a constant symmetric background. We believe that the
symmetry assumption is only technical. Regarding the constant assumption, re-
cent results [BGO20; Clo+22| provide tools to cover (to some extent) general
stationarity ergodic conductivity. We refer to Section 2.1.4 for more details in
both cases.
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Question 1.3 Is our approach numerically relevant 7

This last question is more speculative. We have already seen that our result is
already of numerical interest as it clarifies the expected scaling of the expansion.
However, it is unclear to the author if the coefficients (A®);>; are, in general,
easier to compute numerically that @”. One could also wonder if the fixed-point
operator yields an interesting numerical structure. In further work, we would like
to investigate these numerical aspects.

1.6 Toward Batchelor’s formula

This section introduces the second main result of this manuscript : a first order
expansion of the effective sedimentation speed in the intrinsic dilute regime. Its
proof is the object of Chapter 3. These results originate from an ongoing work with
Mitia Duerinckx and Antoine Gloria. We start by introducing the setting along
with the relevant literature. We then present our main contribution. It should be
seen as a prototype to tackle Batchelor’s formula (1.6).

1.6.1 Setting and previous works

Neglecting inertia, sedimentation can be mathematically modelled by rigid par-
ticles sinking in a Stokes flow : given the centers (x),cp of the particles, their speed
(V)zep are then obtained solving a Stokes system. Most previous works focused
on a dynamical approach : in [JO04], Jabin and Otto identified the non-interacting
regime and in [H6f18; HS21; Mec19] Hofer, Mecherbet and Schubert studied the
mean-field limit.

Here, following the physical contributions by Smoluchowski [Smo27|, Burg-
ers [Burd4l; Bur42| and Batchelor [Bat72|, we place ourselves in an equilibrium
perspective. We assume that particle positions are distributed according to a sta-
tionary ergodic point process P and we analyze the statistics of the corresponding
velocities (V,(P))zep. In particular, we would like to define V, the mean set-
tling speed. If we had #P < oo, it would be defined as the expectation of the

arithmetic mean i.e. E [# Y owep V;} . This definition does not make sense in our

setting, first because #P = oo but mainly because of the long-range nature of the
hydrodynamical interactions : the (V,).ep are not summable (a priori).

Let us now give the system of equations under consideration. We represent the
particles by the set Z := U,cpB(x) where P is a random hardcore stationary point
process (with ¢(P) > 2 + 6 for a given § > 0, so that the particles are disjoints).
Setting the direction of gravity e € RY, the velocity of the fluid ¢ : R — R? and
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its associated pressure II : R¢ — R solve the following equation

( —V-o(¢, 1) = —ae in R\ Z
V. = 0 in R4\ 7
D) = 0 inZ
m =0 in T (1.89)
e|Bl+ [yp@ oo, My = 0 Ve e P
\ faB(w) Ov-o(o, v 0 VO € R4 vy € P

where o(u,p) == 2D(u) —pld = (Vu+ Vul) — pId is the Newtonian stress tensor.
The boundary conditions on 0Z correspond to the static equilibrium of the (rigid)
particles under the action of the fluid and the effective gravity (difference between
weight and buoyancy). In Z, the velocity of the fluid ¢ coincides with the rigid
motion of the particles (using the standard no-slip boundary condition). For a
particle x € P, the speed V, is therefore given by V, := fB(w) o(P).

1i(§7)3) recalling that, here, the volume

fraction ¢(P) is related to the intensity A\(P) of the point process via ¢(P) =
|BIA(P), see (1.27). The back-flow is an averaged multiparticle effect. As it is
constant, it could formally be absorbed in the pressure but we keep this formulation
as a will turn out to be crucial for solvability. We refer to Chapter 3 for more
details on the back-flow as well as this physical content of (1.89).

The velocity ¢ is reminiscent of the corrector (1.14) in stochastic homogeniza-
tion. Borrowing ideas and tools from this field, Gloria [Glo21| (on a scalar version
of this problem) and Gloria and Duerinckx [DG22b| succeeded in defining the mean
settling speed and in quantifying its variance, the latter being the main focus of
their work. In particular, they established the well-posedness of (1.89).

The back-flow term « is given by « =

Lemma 1.5 ([DG22b, extracted from Theorem 1]) Let e € R? s.t. |e| =1,
d > 3 and P be a stationary ergodic point process which is algebraically c-mizing
with rate v > 2 (see Definition 1.1).

There exists a unique solution (¢,11) € L*(Q, (H},
(1.89) s.t.

— the gradient field V¢ and the pressure 11 are stationary,
— they have finite second moments E[|V¢|? +11°] < 1,

— ¢ satisfies the anchoring condition fB ¢ =0 a.s.

(RH)) x L2(Q, L3, (RY) of

loc

One can then define the mean settling speed V' (in the direction e) by
V=a'E[|Ve|] (1.90)

and this definition coincides with the intuitive notion of arithmetic mean. o
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Compared to the homogenized conductivity @ or the effective viscosity B, which
exists using qualitative ergodicity only, the definition of V' requires (weak) quan-
titative assumptions (conveniently expressed by a-mixing). Note that Duerinckx
and Gloria construct ¢ by approximation and thus require the additional assump-
tion that the law of P can be periodically approximated (this localization procedure
is indeed convenient to deal with the incompressibility constraint).

In this setting, our goal is to provide an expansion of V in the general dilute
regime and to recover Batchelor’s formula (1.6). To the knowledge of the author,
no mathematical result is known on this specific topic. However, the literature
is much more extensive regarding the dilute expansion of the effective viscosity
B (i.e. Einstein’s formula (1.5)), see Section 1.5.2. In particular, Duerinckx and
Gloria in [DG20c, Section 1.4.3] justified Einstein’s formula up to any order in
the general dilute regime. Their approach relies on the cluster expansion. For all
k > 1, these authors established that

B (P)] < Al log A(P) |+ (1.91)
and i
B-3 B < Ml log APt . (1.92)
§j=0

Compared to the estimates (1.53) and (1.54) for the toy model (see Section 1.3.4),
a logarithmic correction is needed. It is the manifestation of the long-range hydro-
dynamic interactions in this problem. To tackle them, these author used various
strategies (energy method, ¢* — ¢?) estimates, implicit or explicit renormalization),

see [DG20c¢].

1.6.2 Contribution

Our main result here is a quantitative first-order dilute expansion of the mean
sedimentation speed V in the general dilute setting (involving the multi-point
intensities (\;(P));>1). Before stating it, we introduce the single particle solution
¢°, analogue in this context of the single inclusion solution (1.84). For e € R?, ¢°
and its associated pressure II° are the unique (deterministic) decaying solution of

( ~V-o(¢°,11°) = 0 inRI\B
V-¢° = 0 mRI\B
D(¢°) = 0 in B
CI0 s (193
e|Bl + [,po(¢°,II°) v = 0
| [,zOv-o(¢° )y = 0 VO eRYY
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Note that this equation is only well-posed for d > 3. Having ¢°, we may define

V(l) = fB ¢° - e which corresponds to the sedimentation speed of a single isolated
particle (in the direction e).

Theorem 1.3 Let ¢ € R s.t. |e|] = 1, d > 3 and P be a stationary ergodic
point process which is algebraically c-mizing with rate v > 2. Let (\;)1<i<s be its
multi-point intensities (see Definition 1.3). The mean settling speed V given by
Lemma 1.5 admats the following quantitative approximation

1—2 1—2
o P
Vv a8 (1.94)
) )
O

Theorem 1.3 shows that, to leading order, particles fall as if they were isolated.

Our strategy of proof relies on the cluster expansion and explicit renormal-
ization. It can be seen as an adaptation of [DG20c, Theorem 6 p.72| (where B
is treated similarly) on the effective sedimentation problem. This adaptation is
not straightforward though : the hydrodynamical interaction are stronger in the
sedimentation case (see Section 1.4.2 and Remark 1.5) and one has to deal with
the back-flow term.

The expansion (1.94) is not sufficient to show Batchelor’s formula (1.6) as it
only provides a (quantitative) upper bound on the 2" order correction of V. In
particular, it does not settle the physical debate between Batchelor’s and Hasi-
moto’s predictions. However, as we believe our bound to be sharp, we guess that
the difference lies in the mode of dilution. Particularizing (1.94) to the hard-core
Poisson case (see Example 1.4), it reduces to

V-7V <A (1.95)

This is in line with Batchelor’s prediction (1.6) from |[Bat72], who considered a
Poisson-like model. Hasimoto’s periodically arranged particles fits into the geo-
metric dilation setting. Its correction in ¢3 (for d = 3) should then be understood
as a correction in L~!, the dilation parameter. We have seen that such a scaling
appears further expanding the cluster coefficients in that setting.

1.6.3 Perspectives

Question 1.4 Can we extend Theorem 1.3 to cover Batchelor’s formula ?

Our result should be seen as a prototype : we believe that the strategy presented
here can be extended to any order. This extension is however technically much
more involved : in the spirit of [DG20c, Section 4.4 p.80|, one should decompose
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further the cluster expansion in elementary contributions to unravel additional
cancellations, see Section 3.4 for details. It is the object of an ongoing work with
Duerinckx and Gloria.

Question 1.5 Is it really necessary to assume that the law of the point process
can be periodically approximated ?

Theorem 1.3 is built on Lemma 1.5 and therefore requires this additional assump-
tion on the point process. We believe it to be purely technical and hope to relax
it combining the massive approximation with the standard approach for incom-
pressibility by penalization of the pressure, see [BF13, Section 5.4]

Question 1.6 Can the fixed-point approach from Theorem 1.2 be applied here ?

From formal computations (in the spirit of Section 2.1.2), we would be tempted to
give a positive answer. However, the necessity of quantitative ergodicity assump-
tions in the definition of V' foreshadows bigger difficulties in the rigorous treatment
of the fixed-point operator. Applying this method here would be a good test of its
robustness. It would yield an asymptotic expansion of the map L~! + V(LP) as
L — oo. In particular, this would settle the periodic case.

1.A Proof of the optimization Lemma 1.4

Lemma 1.4 is a reformulation of an argument used by Duerinckx and Gloria
in [DG20c, Proof of Theorem 5 p. 73]. The proof relies on the fact that, in the

Taylor expansion (1.79), the approximate coefficients bgf) are independents of .
Hence, we have the freedom to optimize either in x or in 7.

Step 1 : For i > 0, define b by

[e.e]

= g Z 2k+1_b

k=0

This quantity is well defined and satisfies for all T' > 1,
D — | < T (1.96)
Both of these claims are implied summing the following bound : for all 7' > 1,
b5 — b < T In(T) (1.97)

We prove it by induction.
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For i = 0, this is a direct consequence of the rate of convergence of f for z = 0.
Assume (1.97) for ¢ > 0. Subtracting the expansion of for and fr for n = i,
one has for all = € [0, 1],

7—1
by — 0P| < [(for — fr)(@)] + Y aF |5 — o8|+ [RG ()] + | RS (2))
k=0

Using |(for — fr)(@)| < |l for — f+ f = frlloe ST, (1.97) for all 0 < k < and
dividing by z, one gets

i—1
by — b | i TPy AT (TR + e In(T)
k=0

for all x € [0, 1].
To minimize the RHS, we chose

z=T"""In(T)"". (1.98)

Although not optimal, this choice ensures that all the terms of the RHS have
roughly the same size. Indeed, with this x we get
68 — 60| <, In(T)? S TP ==k B2 (T < T2 In (T
k=0
since 27F — (i — k)27% > 27 (it is equivalent to 2% > (i — k) + 1 which is true for
i—k>0).
Step 2 : Using Step 1, we can define Y. bz’ suitable candidate for the

i=0
expansion of f. We write their difference, for all x € [0,1] as

n

Flo) =3 00" = f(2) = fr(x) = 300 = b))t + RY ()
i=0 =0
Using (1.96), the uniform rate for fr and the bound on Rgflﬂ)(:c), one has
|f<£li') B Z b(i)xi| Sn T*ﬁ + Z T*,BQ_ixi + 1n<T)n+1xn+l
i=0 i=0

Sn T—EQ*" 4 ln(T)”H:L‘”H

forall T > 1.
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We chose
T = o~ (D257 (1.99)

to nearly optimally balance the two terms of the RHS and get
@)=Y 02| S [In(a)["Hamt!
i=0

which is the desired estimate.

Remark 1.6 Even if we have been sharper and kept track of the growth in n of
the constant in <,,, this type of technique does not yield analyticity (which would

~T)

require this bound to grow like C™ for some C' > 0). To obtain such a result, one
would need bounds on the béf) which are uniform in 7T o



Chapter 2

A fixed-point approach to
Clausius-Mossotti formulas

We consider the homogenized coefficient a” associated to a random two-phase
media diluted by dilation (with dilation parameter L). We show that @’ depends
analytically on L in the regime L > 1. This result gives a rigorous justification
of the Clausius-Mossotti formula (and its extensions to any order). Our approach
relies on a new fixed-point formulation for the homogenization corrector involving
the so-called single inclusion problem. It holds without the need of any quanti-
tative homogenization theory. The result should be compared to [DG16] where
analyticity of the homogenized coefficient was obtained in the case of dilution by
random Bernoulli deletion.
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2.1 Introduction

2.1.1 Setting and main result

Setting

In this chapter, we study the effective behavior of random two-phase media in
a dilute regime obtained via dilation.

We start by constructing a family of random two-phase media in the following
way. First, we set a constant homogeneous reference medium (or background
phase) associated to the constant conductivity matrix o € R??, Then, we change
the conductivity of this reference medium in so-called inclusions that we scatter
along a hard-core random point process P = (z),ep. Given a measurable set
J C B and a (variable) conductivity matrix 8 : R? — R4 the conductivity
matrix of our two phase medium can be written

a(P,-) = alpa\y,cp(s+2) + B LU, cp(i4a) - (2.1)

Both o and (3 are assumed uniformly elliptic and bounded (so that a is too), i.e.
there exists A > 0 s.t. for and Vo € R? V¢ € RY NE|? < €-a(x)€ and |a(z)€] < €]

For the clarity of exposition, in the sequel we assume that the inclusions are
disjoint (see Remark 2.2), that a = Id and set C°(-) == (8(-) — «)1; so that the
conductivity matrix of our two phase medium rewrites

a(P,) =1d+» C°(- - =) (2.2)

zeP

with C° : R? — R%? bounded and supported in B;. Typically, one should think
of C° as 1p, Id.

Remark 2.1 Passing from formula (2.1) to (2.2), we have implicitly assumed that
the background conductivity « is symmetric.

Indeed, in this case, o can be diagonalized in an orthonormal basis and a change
of variables (in the conductivity problem associated to the operator —V-a'V) brings
us back to a = Id by change of variable. This is the most common physical case,
(by Onsager reciprocal relations, the conductivity matrix has to be symmetric if
the medium is time reversible. It holds for instance for isotropic medium).
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However, if « is not symmetric the definition (2.1) and (2.2) are not equivalent
anymore (the change of variable can not be performed as o can not be diagonalized
in an orthonormal basis). Although less common, non-symmetric background
conductivities also exist in the physical literature. They appear, for instance, in
presence of an external magnetic field (by the so-called Hall effect). 0

To draw our random point processes, we define the space
Q={Pec RN, Ve,y e P,z #y, lx —y| >3} (2.3)

of hard-core point processes P. Note that we have chosen a minimal distance of
3 so that the inclusions are well separated (see Remark 2.2). Following [Chi+ 13,
Section 4.1.1 p.108], we equip €2 with the o-algebra

F =0(P+ #(PNB),B C R? bounded Borel set)

(which is countably generated since we can limit ourselves to rational rectangles)
and a probability measure P that we assume :

— stationary (i.e. without origin) : for all z € R%, 7,P ~y.,, P where the shift
7, are defined by 7,P = (z + 2).ep,

— ergodic (i.e. decorrelated at large scale) : for any F' € F, (F = F + z for
all z € RY) = P[F] € {0,1}. By Birkhoff theorem, this property implies
that E[f(P)] = limp_,0o fBR f(P+z2)dz for any f € L*Y(Q,P) (i.e. we can

recover expectations from spatial averages over large domain).

Under these assumptions, the standard theory of stochastic homogenization
([JKO94], [PV81]) yields that the heterogeneous random medium has an effective
homogeneous behavior at large scales characterized by its effective conductivity
(a.k.a.homogenized coefficient) a.

The standard notion of a dilute medium is to assume the volume fraction
(a.k.a. concentration) c of the inclusion phase to be small. As we have assumed the
inclusions to be disjoint, the volume fraction is proportional to the intensity 6 of the
point process P (average amount of point per unit of volume, see Definition 2.5).
In the dilute regime 6 < 1, Clausius-Mossotti formulas then give an approximation
of @ in the form a power series in 6.

In this work, we consider a specific dilution procedure : through dilation. For
a dilation parameter L > 1, we define the space

L= {LP | Peq} (2.4)

of dilated random point processes. Note that L C € for all L > 1. If P had
intensity 6 ~ 1, its dilation LP has intensity L=90 < 1 for L > 1.
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Remark 2.2 Our main assumption on the point process P is to be hard-core, i.e.
inf, yep |z —y| > 0.

Zf%er dilatation, this minimal distance is multiplied by a factor L. As we are
interested in the regime L > 1, we can actually make it as big as needed taking
L > Ly with Ly suitably chosen. Hence, in the definition (2.3) of €2, the choice of
a minimal distance of 3 is not essential. 0

We define a dilated random medium through its conductivity a(LP,-) for L >
1, P € Q. As stationarity and ergodicity are preserved by dilation, we can still
define the dilated homogenized matrix @” associated to a(LP, ).

Main result

The goal of this work is to show that a* admits an asymptotic expansion in

the dilute regime L > 1. Our main result reads as follows.

Theorem 2.1 Let P € ) be a hard-core stationary ergodic random point process
(see (2.3)). For L > 1, let a® be the homogenized matriz associated to a(LP,-)
(given by (2.2)). Then, the map L™" — a* is analytic at 0.

In particular, there exists a family of matrices (A%W);>q € (RdXd)N such that
al is given by the summable series

at =Y AOL. (2.5)
=0 O

Before commenting on the assumption, we point out that analyticity is not ob-
tained through abstract arguments. Our result is constructive : (2.118) gives a
formula for @* with an explicit dependence on L involving a fixed-point opera-
tor (to be defined later, see Section 2.3). It yields computable formulas for the
(A®);50, in particular we have that A = Id the background conductivity, that
A® =0 for 0 < i < d, that A is the standard Clausius-Mossotti correction, that
A% =0 for d < i < 2d and that generically higher order terms do not vanish.

Our stochastic assumptions (stationarity and ergodicity) are essentially min-
imal for homogenization to hold. In particular, we do not require any form of
quantification of ergodicity. Our result also covers the periodic case seeing a peri-
odic lattice as a deterministic hard-core process (replacing the expectation by an
average over the periodic cell).

Note that we do not make any assumption regarding the smoothness of the
shape of the inclusions supp(C®). Even if stated using the scalar notations, our
proof of Theorem 2.1 holds in the case of uniformly elliptic systems and of lin-
ear elasticity (provided that the elasticity tensor is uniformly strongly elliptic, as
standard in homogenization).
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Our proof uses the symmetry of the constant background conductivity (that we
have implicitly assumed using formula (2.2), see Remark 2.1). However, we believe
that our strategy can be adapted to the non-symmetric case, see Section 2.1.4.

2.1.2 General strategy

We start by studying how the homogenized coefficient @ behaves at first order
under dilation before refining this analysis to higher orders.

Dilation and first-order expansion

By standard stochastic homogenization theory [JKO94; PV81|, the homoge-
nized coefficient is given for e € R? by the formula

ate =REa(LP, ) (Ve(LP,-)+e)] (0) (2.6)

where ¢(LP,-) € HL_(R?) is the unique weak solution (up to additive constant)
of
~V - a(LP, ) (Ve(LP,:) +¢e) =0 inR? (2.7)

such that Vo(LP) is stationary, E[Vp(LP)] = 0 and E[|[Vo(LP)]!] < 1 (see
Remark 2.11 for details).

By stationarity, one could evaluate (2.6) at any point z € R? instead of 0.
The function p(LP,-) (defined up to a constant) which depends both on the point
process and on the space variable is called the corrector because it corrects the
affine function e -z into the a(LP)-harmonic function z — e-x+¢(LP, x). Better
than stationarity, shifts on the point process and the physical space are intertwined
by the so-called contravariance property : for all z € R¢,

Vo(LP, -+ 2)=Veo(LP —=z,-) . (2.8)

Rewriting (2.7) as =V - a(LP)Vp(LP) = V - a(LP)e, one can formally write
the corrector as Vo(LP) = V(=V - a(LP)V) ™'V -a(LP)e. Because of the inverse
operator (=V - a(LP)V)™", Vo(LP) (and consequently @” from (2.6)) depends
non-locally and non-linearly on the point process P and it is a priori unclear how
to extract its scaling in L.

When dilating the point process P by a factor L, the volume fraction of inclu-
sions is reduced by a factor L=%. Since a’ is a (weighted) average of a(LP, ), we

expect that a” L—> Id, the (constant) conductivity of the background. We can
—00
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even make explicit a” — Id via

ate=e+E|) C°(-— Lx)(Vo(LP,-) +e) | (0) (2.9)

xeP

which directly follows from the definitions (2.6) of @ and (2.2) of a(LP) after
expanding the product and using that E [Vy] = 0. Based on this formula, we will
show that the remainder term is O(L™9).

As one can see on (2.9), we only need to describe the corrector around each
inclusion since C° is supported in By. By the hard-core hypothesis, for x € P,
a(LP,-) = Id+C°(- — Lz) on Bp(z). Hence, for L > 1, we can almost treat
each inclusion as if it were isolated. Similarly to the corrector associated with
a(LP), we define the (deterministic) single inclusion problem and its solution ¢°
associated with the conductivity

a® = 1d+C° (2.10)
of a medium with one single inclusion at the origin via
~V-a®(Vp®+e)=0 inR? . (2.11)

The existence and uniqueness (up to constant) for (2.11) are elementary, see Re-
mark 2.4 for details. In the sequel, we will consider solely the gradient V¢° which
we will (abusively) call the single inclusion solution.

We claim that Vo(LP, ) ~ V°(- — Lz) on By(x) when L > 1. Let us argue
how this gives a first order description of a*. Replacing Vo(LP, ) by Vi° in (2.9)
yields

L

a‘e~e+E

> C (Ve +€))(0 - La)

zeP

ey L /R [V e)l()ode

where 6 is the intensity of the point process P (see Definition 2.5) and we have used
the Campbell formula (see (2.56) below) to pass from the first line to the second.
This is the so-called Clausius-Mossotti formula (2.21) (as ¢° is explicit in spherical
coordinate for constant background with spherical constant inclusion). Here, we
aim at a complete description of @” and therefore we now need to generalize this
formula to arbitrarily high orders.
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Fixed-point approach for the corrector

We want to quantify the vague statement
Vo(LP, ) Bi(z) X1 V°©(- — Lx)|p, () which amounts to understanding :

How well can one approximate Vp(LP,-) using V¢°, the single inclusion
solution, only ¢

The fixed-point approach that we (informally) present here answers this ques-
tion in a way that allows to make explicit the dependence in L and reach accuracy
to arbitrarily high order. This constitutes one of the main contributions of this
chapter.

From now on, we assume that 0 € P and we will characterize V¢(LP) on
By as the solution of a fixed-point problem involving V¢°. This could be seen as
taking x = 0 in the previous approximation and will be justified by conditioning
the point process using Palm theory, see Section 2.2.2.

The first step is to derive an equation for ¢(LP)— °. To this effect, we rewrite
(2.7), the equation of the corrector, using that a(LP) = a°+ 3, cp\ 0y C°(- — Lz)
by the definition (2.10) of a°.

—V-a’(Vo(LP)+e)=V- > C°(-— Lz)(Vo(LP) +¢)
zeP\{0}

Subtracting the equation (2.11) for ¢°, this yields

~V-a’(Vo(LP) = V) =V - Y C°(-— La)(Ve(LP) +¢) .
zeP\{0}

Since we have taken out the origin from the sum in the RHS, by the support
condition on C°, p(LP) — ¢° solves an elliptic equation with source terms located
at distance L from B;. This should yield smallness in appropriate norms.

To go quantitative, we need to rely on precise asymptotics of the Green function
associated with a°. Our claim is that they can be deduced from the asymptotics of
the standard Green function G associated with —A by a simple argument. More
precisely, defining 1 as the (formal) solution of

—AY=V- Y C°(-— Lx)(Vp(LP) +e) (2.12)
zeP\{0}

we have

V(p(LP) — ¢°) = B°Vy (2.13)
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with B°Vvy := Vi + Vp where Vp is associated to Vi via
—V-a°Vp=V- -C°Vy .

Note that B° is a (deterministic), bounded, local, linear operator on L?*(R?) (cf
Lemmas 2.3 and 2.4 for details and Remark 2.5 regarding the notion of locality).
Using the Green representation formula, we have

Vi =V2Gx Y C°(-— Lz)(Vp+e)(LP,)
zeP\{0}
Z V3G (- — L) x« C°(Vy + e)(LP,- + Lx) .
zeP\{0}

By the contravariance property (2.8) of the corrector, we have (Vi + ¢)(LP, -+ Lx)
= (Vo +e)(L(P — z),). Combining this with the homogeneity of the Green
function in the form of V2G(- — Lz) = L~*V2G(; — ), we obtain

V=L Y VG(; —x)«C°(Vo+e)(L(P—x),-) . (2.14)
zeP\{0}

We then define the (formal) operator K acting on functions f : (LP,x)
f(LP,z) depending both on L-dilated point process and on the space variable
as

K"f(LP,-)= )  V’G(; —2)xC°f(L(P —x),") (2.15)
zeP\{0}

so that (2.14) takes the form V¢ = L™?[K*(Vy +¢e)](LP,-). Combining this
with (2.13), we obtain the identity

(Vo +e)(LP,:) =V +e+ LB KL (Vo +e)(LP,-) (2.16)

which we interpret as a fixed-point equation.
If K* were bounded, we could then write for L large enough

Vo(LP, ) + ¢ — [(Id —LBEY) T (Ve + e)] (LP,") . (2.17)

Since (V¢° + e) is deterministic, the dependence of V¢ on the point process
is completely encompassed in the operator K. Last, Taylor expanding the sum

> VG = ) VG@)+ > VG : (2.18)

zeP\{0} xzeP\{0} xzeP\{0}
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we can express Vo as a power series in L~! from which the desired the expansion
for a” follows.

Toward a rigorous proof

Our main issue in the previous computation is the definition of the operator K*
. even after defining proper spaces, our formula does not make sense a priori. The
limiting object here is the (formal) sum -, 5\ (g V2G(x) which is not well-defined
for a given P. Indeed, |V2G(z)| ~ |z|~® and this decay at infinity is (borderline)
not summable. For k& > 3 however, the decay of V*G is strong enough to define
all the other terms in the expansion (2.18).

To circumvent this issue and work with finite quantities, we introduce a massive
approximation adding % to the operator —V - aV in order to screen the medium
at scale > /T (see Lemma 2.1). We could also have chosen other approximation
strategies, for instance restricting ourselves to a finite part of the medium by
periodization on a big torus (as in [DG22b]).

Our goal is to obtain estimates which are uniform with respect to this screening
parameter so that we can pass to the limit 7' — oo and recover our fixed point
formulation which yields analyticity of the homogenized coefficient. The screening
allows us to properly define an approximate version of the operator KX but, using
only deterministic arguments, we only obtain |HK§J|H < In(TL™?%) (see (2.65))
which diverges as T — oc.

This is where stationarity and ergodicity come into play : thanks to these
assumptions, we can rewrite our operator K (2.15) as the difference of two PDE
solution. Indeed, still assuming 0 € P and reverting our previous computation,
we obtain the identity L~K” f = Vu — Vu° for f(LP,-) (see Lemma 2.13) where
u® solves

—Au® =V -C°f(LP) (2.19)
(which is well posed as the source term is localized) and where u solves
~Au=V-Y C°(-— La)f(L(P - x)) , (2.20)
zeP

(which is now well posed by stationarity and ergodicity of the source term similarly
to the corrector equation, see Remark 2.11). Combining the energy estimates on
(2.20) and (2.19), we obtain L~4||| K ||| < 1.

It remains to extract the smallness. This is done through elliptic regularity (in
the form of mean value property and Green function decay) using a variational
strategy introduced by Duerinckx and Gloria in [DG20c| (this is the only place
where we use the symmetry of the background conductivity). We note that, as P is
hard-core, (2.19) and (2.20) have the same source terms in By. Our claim is that to
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compare them, it is enough to compare the Dirichlet and Neumann problems with
the same source term on By, (see Lemma 2.15). Indeed, as the PDEs (2.19) and
(2.20) admit a variational formulation, comparing their solutions (or minimizers)
amounts to comparing their energies for which we know that the Dirichlet and
Neumann boundary condition are extremal. We then conclude estimating the
difference between the Dirichlet (resp. Neumann) problem and the full space
problem (2.19) for which we have an explicit decay (see Lemma 2.16). This finally
yields the uniform bound ||| K%||| < 1, see Proposition 2.1.

2.1.3 Previous works

In the late 19" century, way before the mathematical theory of homogeniza-
tion was established, the physics community was already studying two-phase media
and looking for expansions of their properties in a dilute regime. For various prob-
lems (dielectric constant, refractive index, conductivity) Clausius [Cla79], Mossotti
[Mos36|, Maxwell [Max98|, Garnett [Gar04|, Lorenz [Lor80|, Lorentz [Lor09] (see
[Mar00, Section 1.1.3 p.7] for an historical account) proved, in modern language
and in the terminology of our problem, that given a constant background Id per-
turbed by spherical inclusions of constant conductivity S1Id, 8 > 0, the effective
conductivity can be expended at first order

al = Id4cAY + o(c) (2.21)

where we recall that ¢ is the volume fraction of the inclusion phase and where, in
this case, A = ﬁcﬂ%:i) Id (explicit thanks to spherical shape of the inclusions).
In the literature, such expansions are called under various combinations of those
names but we will always refer to them as Clausius-Mossotti formula in the sequel.

The development of the theory of homogenization in the 1970s allowed for a
rigorous treatment of these results in the periodic case. In [JKO94, Section 1.7
p.45, see (1.79)] Jikov, Kozlov and Oleinik give an expansion similar to (2.5) up
to order 2d with a quantitative control of the remainder O(L~(24+2)). This result,
which was the main inspiration for this work, relies on a far field expansion of the
corrector using the explicit Green function as well as a periodization procedure
(where the summability issue is treated through a suitable renormalization). Our
work confirms that the scaling of the remainder is indeed sharp (A1 the term
of order 2d + 1, vanishes by the symmetries of the cubic lattice). In [Ber83|,
Berdichevskii proposes a general algorithm to obtain arbitrarily high accuracy in
the constant isotropic case with spherical inclusions based on explicit calculation
(using spherical harmonics).

Before turning to the more recent contributions, let us point out why such
approximations remain relevant today. Indeed, if homogenization theory yields a
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formula for the homogenized coefficient, it is only abstract (except for a few exam-
ples : 1D, spherical symmetry, ...) and one has to resort to numerical simulation
to approximate it. These simulations could be quite costly, in particular in the
stochastic case, hence the need for simpler approximations. In our approach, the
matrices (A®");>o are not necessarily easier to compute than the original homog-
enized coefficient @” but our main point is that we know the correct exponents in
the power series expansion (which were unclear at high orders, see discussion below
between dilation and deletion). This could be used for scarce data interpolation
in practice. This approximation can also be used for variance reduction purposes
(see [AL11; AL12|). We also mention application to inverse problems, see [AKO04].

The first rigorous proof of the first order formula (2.21) to hold in the random
case is due to Almog in [Alm13; Alm14].

To go to higher orders, the idea in the literature was to rely on one param-
eter models : the parameter characterizes the dilution level and proving (2.21)
now amounts to obtaining an expansion of the associated homogenized matrix. A
first order expansion was obtained in [AL11; AL12; Moul5| for random Bernoulli
deletion models : for p € [0,1] and for each x € P, define a family of i.i.d
random Bernoulli variables b, Sy pd1 + (1 — p)dy, independent of P and set
PP .= {x € P b, =1}. Then, define @ as the homogenized coefficient associ-
ated to a(P®,-) (which is still stationary and ergodic thanks to the independence
of the (b;).ep). Extending these works, [DG16| (we refer to its introduction for
a detailed comparison between those works) have obtained the analyticity of the
map p + a@® near zero (which implies the analyticity on the full interval [0, 1]
by a change of reference medium, observation due to [Moul5|). Their method is
constructive and rely on the so-called cluster expansion as well as ¢! — (% esti-
mates (some refined energy estimates) to control the terms in the expansion. Like
us, they do not need any quantitative ergodicity assumption and assume some
non-clustering assumption on the inclusions (which are more general than dis-
jointedness but still not cover the Poisson case, see Section 2.1.4). But, contrary
to our result, they cover the case of any stationary ergodic (uniformly elliptic)
background conductivity. This Bernoulli deletion is indeed a dilution : for P with
intensity § ~ 1, P® has intensity pd < 1 when p < 1. Among one parameter
models, the deletion one is at the other end of the spectrum compared to our
dilation one. In particular, it let the minimal distance between points unchanged
(hence potentially arbitrarily small) when our dilation increase it. This difference
reflects in the expansion. Reformulated in terms of the volume fraction ¢, the
results do not scale similarly : in the deletion case, @® can be written as a power
series in p o< ¢ whereas in the dilation case, a@” is a power series in L™ o ci (as
c o< L™%). This L scaling in our result is due to a multi-pole expansion effect (in
the form of a Taylor expansion of the standard Laplace Green function). Nonethe-
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less, we have the same conclusion in both cases : we recover analyticity for one
parameter dilution models constructed on a (stationary ergodic) reference point
process.

Another instantiation of formula (2.21) is the so-called Einstein formula
(|[Ein05]) which provides a dilute expansion of the effective viscosity of mixture
fluid + buoyant rigid particles. It is described by a similar model considering
that a is the linear elasticity tensor and formally sending the stiffness of the
inclusion to infinity (making them rigid). In the past years, the rigorous proof of
this relation has received a lot of attention from the mathematical fluid
community, see [HM12; HW20; GH20; NS20; GH21; GM22; DG20c|. In parallel,
Duerinckx and Gloria, building up on their Bernoulli deletion results, noticed
that the cluster expansion coefficients appearing in their Bernoulli deletion
expansion still yields a good approximation (at finite order) of the effective
viscosity in the dilute regime. They used several approaches to justify this dilute
expansion (energy method, ¢! — % estimates, implicit or explicit renormalization)
which are summarized in the memoir [DG20c|. The size of the coefficients and of
the remainder term are well measured using the so-called multi-point intensities
which reflect the local correlation structure of the point process and which define
an intrinsic notion of dilution. In general, this expansion requires some mild
quantification of ergodicity (in the spirit of a-mixing) and only yields a finite
order approximation but in the one parameter cases (deletion or dilation), these
authors recovered a full expansion (see [DG20c, Theorem 11 p.123]). However, in
the dilation case, their coefficients obtained by cluster expansions still depend on
the dilation parameter L and would require an additional multi-pole expansion
(see [DG20c, Remark 5.1 p.123]). Our approach, despite being way less general,
is tailored for the dilation case and therefore yields a more straightforward
expansion in this case.

In a different setting, we also mention the recent work [Clo+22] on the pe-
riodization error for the approximation of (stochastic) homogenized coefficients.
In this work, they consider an approximation ag of the homogenized coefficient @
obtained by periodization on a big box Qg (through a suitable periodization in
law) and give a first order (quantitative) expansion in terms of the size of the box
Gr ~ a+ R~?A. Formal sums of Green functions over the periodic lattice, reminis-
cent of our fixed-point operator (2.15), appears in their work and their treatment
was in inspiration for this work.

2.1.4 Extensions

Our approach still holds in the case of polydispersed inclusions : instead of
assuming that each inclusion is the translation of the same deterministic shape,
we can give ourselves a set of i.i.d. random shapes (still without any regularity
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assumption). We will essentially see the average shape.

Our hard-core assumption (see Remark 2.2 for a discussion on the value of the
minimal distance) can not be relaxed. If the definition (2.1) of the conductivity
which involves a union of set still makes sense in the intersecting case (contrary to
the definition (2.2) for which we have summability issue if an unbounded number of
inclusions intersect) and if the standard theory of homogenization still yields a ho-
mogenized matrix a” (see [JKO94, Section 9]), our estimates (see Proposition 2.1)
on the fixed point operator requires that By, C Vo(LP°) i.e. that our particles
are well separated. This is not surprising : our goal is to describe the corrector
using the single inclusion solution only. If points are too close (for instance in the
extreme case where points always appear in pair), the single inclusion solution is
not a good approximation anymore. Nonetheless, using the tools developed by
Duerinckx and Gloria in [DG20c, Theorem 1 p.18] (see also [DG21a]), one could
maybe keep our strategy under some non-clustering assumptions.

As our approach mainly relies on energy estimates as well as a good description
of the Green function G for the Laplacian, one can hope that the approach will
extend to the Stokes case (using the Stokeslet G instead of G) both for the problem
of effective viscosity [DG20c| and mean settling speed [DG22b]. As mentioned,
one can recover this problem formally sending the conductivity (or stiffness in
that case) of the inclusion to infinity. Although, this strategy does not work
straightforwardly : all of our estimates implicitly depend on the bounds on the
total conductivity matrix a.

Our other main assumption is the constant background conductivity.

First, we expect to be able to relax the symmetry assumption (see Remark 2.1).
Indeed, this property is only used in Lemma 2.15, a variational step in the proof
of Proposition 2.1, the improved bound on the fixed point operator. Recalling the
strategy described in Section 2.1.2, the variable argument can be replaced in favor
of a PDE argument (which should hold without symmetry) comparing directly u
(solution of (2.20)) and the Dirichlet approximation of u° (solution of (2.19)). This
is left for future work.

Second, we can hope to cover the case of any stationary ergodic and uniformly
elliptic (non-constant) background conductivity. Indeed, our approach only re-
quires a good far field description of the background Helmholtz projector (in the
form of Green function estimates in the constant case) which can be provided by
the recent works [BGO20] (for the Helmholtz projector) and [Clo+22, Proposition
4 p.24| (directly at the level of the Green function). However, these approach
will only yield finite order approximation : they require higher order correctors
which only exist up to order f%} in the stochastic case (but up to any order in the
periodic one), see [DGL19; Due21] for some leads on how to (partially) overcome
this problem (and [AKS23| for the periodic case). Note that in the non-constant
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background case, we will need to subtract the associated background corrector ©?
everywhere (it was null in the constant background case) : for instance we need
to replace ©° by 6°¢ = ¢©° — ©°.

As we need our random point process to be hard-core, our result does not
cover the Poisson case. This process was covered by Duerinckx in his PhD [Duel?,
Theorem 5.7.1 p.271| (see also [Giu+21]| with similar tools) who proved in that
case that p — @® is O at on [0, 1] but not analytic (from this proof, one can
actually obtain a Gevrey regularity of order 2, see [DG22a]). In particular the
expansion obtained via cluster is still valid up to any order. This also covers the
dilation case. Indeed, the Poisson process is fully characterized by its intensity
0. As already mentioned its intensity becomes pf under deletion or L~%) under
dilation : in this case, for p = L™ P® =, LP. The analyticity of § — a’
remains an open question.

2.2 Preliminaries

In line with the informal approach (see Section 2.1.2), it is enough to consider
point processes with a point at the origin. We introduce the space

Q°=n{P° e RHYY, 0€ P},

as well as its rescaled versions LQ° for all L > 1 (see (2.3) for Q).

In this section, we start by providing some properties of the massive approxi-
mation, this part is fully deterministic. Then we give some elements of the theory
of random point processes which are needed for our approach. In particular, we
will see that 2° may be equipped with a probability measure, the Palm measure.

2.2.1 Massive approximation

Massive corrector

We start by introducing appropriate functional spaces.

Definition 2.1 We start with the space of uniformly locally square-integrable
function

L2 (RY = {g € L2, (RY) | sup /B 7<) (2.22)
1(z

2z€Rd4

which we equip with the norm || - ||z defined for g € L, (R?) by

loc

lolis, = s [ g
woe 2€R4 J By (2)
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Likewise, we define

d
Hioe(R?) = {u € Hipo(RY) Ju, Vu € (L. (RY))}, (2.23)
equipped with the norm [| - ||z =+ Iz, + V2. O

In particular, L=(RY) C L% .(R%).

uloc

Remark 2.3 Note that for a vector-valued function g € (LQ(]Rd))d, we will abu-
sively write its norm ||g||;2(rey omitting the exponent to lighten the notation. g

The following lemma quantifies the screening introduced by the massive term.

Lemma 2.1 LetT > 0, A: R — R be a bounded uniformly elliptic tensor field

and f € (LﬁlOC(Rd))d. Then, there exists a unique weak solution ¥y in HY (R?)
of
1
TW V- -AVYpr =V - f. (2.24)
Moreover, there exists ¢ > 0 (depending only on the bounds on A) such that,
—c|-—2z]
defining n,r = e vT , we have the following weighted energy estimate for all
z € R4 .
o 2 R\ (2.25)
R4 R4 R4

where the constant in < is uniform in T and we can bound the RHS in the following
way

d
[l s 0V, (2.26)

O

PROOF Existence is obtained by compactness working on By instead of R?
uniqueness is a consequence of (2.25) which is itself is a variation of Caccioppoli’s
inequality. We refer to |[GO17, Appendix A.1 p.3530] for a detailed proof
although written there for a specific RHS f € L>°(R?) (but the adaptation to the
general case is straightforward).

We only justify (2.26). Fix T > 0. Since L% _(R?) is invariant by translation,
w.l.o.g we only treat the case z = 0 and use the short-hand notation ny(|-|) == 1o 7.
We decompose the RHS of (2.26) over the By, \ By for k > 0 and use that np is

a radially decreasing function to write

2 2 - 2
[oter<dmw [ (2.27)

k+1\ Bk
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Covering By \ By with balls of radius unity for all k£ > 0, we have
[ P SIBa\ Bl o S E AR o
By 1+1\Bk

Plugging this bound in (2.27), we have

[ et < (1+de : )\erLz

This concludes the proof of (2.26) noting that

o0

S 1
Z kT np(k) < / ri-temer T 2 dr < VT*

k=1 0

comparing the sum to an integral then taking out the scaling by change of vari-
ables. .

Lemma 2.1 allows us to properly define the massive approximation of the cor-
rector ¢ (see (2.7)).

Lemma 2.2 Let T > 0, L > 1, LP € LQ and e € RY. Then, we can define
the massive corrector pp(LP,-) associated with a(LP,-) as the unique solution in

H&locGRd) Of 1
For =V a(LP,)(Vor+e)=0 inRe. (2.28)

It satisfies the following contravariance property. For all z € RY,
Vor(-+ Lz, LP) = Vor(, LP — Lz) . (2.29)

Moreover, for T > 1,

d
sup IVor(LP, M2my S VT +1. (2.30)
c

O

PROOF Fix P € Q. Lemma 2.1 yields existence and uniqueness of @r(LP). In-
deed, (2.28) can be rewritten as

1
TSDT -V G(LP Vor =

VYo Co - La) ] (2.31)

xeP
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using that V- [a(LP,-)e] = V- [>,p C°(- — Lz)e| and since

1> (= LaJel sz, = 1C°l sy S 1 (2.32)
z€eP

This last bound is a consequence of the equality
2

)erPCo(' — Lx)e‘ = > ,ep|C°(- — Lx)e|* noting that the support of

C°(- — Lz) for x € P is included in B;(Lz) and that these balls are disjoint by
the hard-core assumption on P.

The contravariance property follows from uniqueness.

For (2.30), the weighted energy estimates (2.25) and (2.26) applied to (2.31)
with z = 0 combined with the estimate of the norm (2.32) yields

d (o]
[ HITALPIE S (14 VT 1€ e -
This yields (2.30) remarking that infg, % > 1 for T > 1. n

Single inclusion medium

We recall the short-hand notation a® = Id +C° (see (2.10)) for the medium
with a single inclusion at the origin. Since we work with equations in divergence
form, it is convenient to introduce the space

L2

pot

(RY) == {Vu e L*(RN* / ue L (R} .
We now define the Helmholtz projector associated with a° which encompasses the
properties of the single inclusion medium.

(2R = (L2(R%)
f = Vy°
tor associated with a°®, where V1)° is the unique Lax-Milgram solution in Lfmt(Rd)

of

Definition 2.2 Let H° : { be the Helmholtz projec-

VeV =V f .

It satisfies the bound

I St (2.33)

L?(Rd))do ~
m}

This allows us to properly define the single inclusion solution. Let e € R? and
define V° € L2, (R%) as Vy° = H°[C°].

pot

Remark 2.4



2.2. Preliminaries 67

— Noting that V-a°e = V-C°e, V¢° indeed solves the single inclusion problem
(2.11) which is similar to the corrector equation (2.7).

— This problem is deterministic and can be explicitly solved for (constant)
spherical (or ellipsoidal) inclusions [JKO94, (1.92) p.48] which is used to
give the explicit Clausius-Mossotti formula (2.21). O

Similarly, for e € R, we define the massive single inclusion solution ¢5. using
Lemma 2.1 which solves

1
Fr =V a®(Vpy+e)=0 inR?. (2.34)

Note that since the source term C°e has compact support, the weighted energy
estimate (2.25) upgrades to the plain energy estimate

1
Lot [ varst. (2.35)
R4 R4

In Definition 2.2, the Helmholtz projector is defined on L?(R?). Using
Lemma 2.1, we define its screened version acting on the larger space L?__(R?)
(see Definition 2.1).

Definition 2.3 Let 7 > 0 and A : R — R4 be as in Lemma 2.1. We define
H# the (massive) Helmholtz projector associated with A by

(L2 ®Y) = (L2 (RY)"
i { (BB (i (R)

where 9 is the unique solution of (2.24) given by Lemma 2.1.
In what follows, we shall use the shorthand notation HS = H% and Hyp =
Hi o

In Section 2.1.2 on the informal approach, we have claimed that we could reduce
the study of the single inclusion medium to the one of the background (without
inclusions). Indeed, we can rewrite H5. as a local (see Remark 2.5 below), bounded,
linear transformation of Hr.

Lemma 2.3 Let T > 0. We have

Hy = BrHr (2.36)
2 ay)4 2 dy)4
where BF { (LUIOC}R ) : ;iﬂl(ﬁéﬂf C)") 1 s a bounded linear operator.



2.2. Preliminaries 68

Moreover, the family of operators {B5}r>1 is bounded uniformly with respect
toT :

112 gy S 1 (2.3

[m]

PROOF Fix f € (L%, (R%)".

unique weak solution of

By Definition 2.3, H7f = V4° where ¢° is the

1
Tz/}" —V.a’VyY*=V. f. (2.38)
Likewise, Hr f = V1) where 9 is the unique weak solution of
1
Tz/z—V-Ideﬁ:V-f. (2.39)

Since a® = Id 4+C°, (2.39) can be rewritten %1/} —V-a°VYy=V.f-V.CVi.
Subtracting it from (2.38), we get

(%—V-aov>(¢°—¢):V-C°V¢)

which yields (2.36) once reformulated in terms of Helmholtz projectors.

Regarding the uniform bound on B3 = Id +H3(C°-), by the triangle inequality,
it is sufficient to bound H5(C°-). By Definition 2.3, H5.(C°-) = Vpr where pr is
the unique solution of

1
pr—V-aOVpT:VI?Of.

Since C° is supported in B; and C° € L*(R?), by the plain energy estimate
(taking only the gradient part), one has

IHT(C° ) 2eey S 1 ll22sy)

uniformly in 7. This concludes the proof since the L?(R%)-norm controls the

L%, (R%)-norm. ]

Remark 2.5 The operator B, is local in the sense that (B7.f),p, only depends on
fig, (where By is the support of C°). O

Remark 2.6 The locality of B (see Remark 2.5) allows us to extend it to L*(B;)
: using the same formula (which still make sense for functions in L?(By)), we define
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the operator
o { ) o )
g f = [+ HR(COS)
to the effect that for f € L?(By), ng = By(1s,f)B-
In the sequel, we identify these two operators and keep the same notation B7.

With this identification, the uniform bound (2.37) on the family {B5%}r>; also
yields

Bzl 25y S 1 (2.40)

O

A similar computation yields an analogous relation between H° and
H o L*(RY) — L2(RY), the Helmholtz projector associated with Id, the constant
background (defined as H° in Definition 2.2 with a° replaced by Id).

Lemma 2.4 We have
1 = BH (2.41)

(2R = (L2(RY)"
/ = f+H(Cf)

s a linear operator satisfying

where B° : {

|||BO|||L2(Rd)o St (2.42)
Proceeding as for B, the operator B° can be extended to L*(By) such that

BN 25,y ST - (2.43)

O

Remark 2.7 With these operators, for e € R?, we have :
— V¢° +e= B,
— Vi +e = Ble. O
Working with H instead of H° allows to precisely describe the far-field behavior.

Indeed, H can be represented as the convolution operator H = V2G * - using the
standard Green function G associated with —A, the solution of

—AG =Y .

Similarly, Hr can be represented using the massive Green function Gr. For the
convenience of the reader, we recall some well-known properties of Gy which are
similar to those of G with an additional exponential decay (at scale v/T).
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Definition 2.4 Let 7' > 0. Defining the massive Green function G'r as the unique
distributional solution in W11 (R?) of

1
TGT - AGT - 50 ; (244)
one can represent Hp as the convolution operator
Hy = V2Grp* - . (2.45)

Moreover, we have the following properties of the massive Green function :
— Gr is a C* function on R\ {0}.

1 _
T

— By scaling,

— Since A is invariant by rotation, G is a radial function.

Gr = \/Tld_QGl(\/'T) . (2.46)

In particular, this yields the following homogeneity property. For pu > 0,

Gr(p) = p~ G, . (2.47)

— There exists ¢ > 0 s.t. for all z € R?\ {0} and for all k > 1,
sl
e VT
| Sk e

IV*Gr(x) (2.48)

O

A proof of these results in the scalar case can be found in [GO17, Definition 2.4
p-3501 and Appendix A.3 p.3532| (note also that G is the modified Bessel function
of the second kind, see [Olv+20, Eq. 10.25.3]). These results extend to the case
of system as, here, G5¥*"™ = diag(G5).

Convergence

As expected, when the massive parameter T" — 0o, we recover the limit objects.

Remark 2.8 @7 is indeed an approximation of ¢ : for almost all P € Q,
Vor(LP) - Vo(LP) in L} _(R?) since limy o E[|[Vipr — Vo|?] = 0 (see
—00

[GH16, Theorem 1]). This convergence requires some stochastic averaging
(thanks to ergodicity). This is in line with the deterministic bound (2.30) which
diverges as T" — o0.
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Lemma 2.5 For the Helmholtz projectors H3 and H° acting in (LQ(Rd))d (see
Definition 2.8 and Definition 2.2), we have the pointwise convergence H. P

— 00
He.
Consequently, for the operators B3 and B° acting in (LQ(BI))d, we have the
pointwise convergence By T—> Be. o
—00

The proof of Lemma 2.5 relies on arguments similar to [GH16, Theorem 1].

PROOF By definition, B3 = Id +#5(C°-). Thus, we only need to prove the point-
wise convergence of H7.

Fix f € (LQ(]Rd))d. The convergence H5.f — H°f rewrites Vir — Vi) where
r is the unique Lax-Milgram solution in H*(R%) of

1
Flr =V -aVyr =V - f (2.49)
and V1 is the unique Lax-Milgram solution in Lf)ot(Rd) of

—V-a’Vy=V_f.

Note that we do not have to appeal to Lemma 2.1 to define 17 since f € (L2(Rd))d.
The standard energy estimate for ¢ yields

1
7L [ verps [ (2.50)
T Rd Rd Rd
We claim first that
Vibr = Vi in (L2(RY)" (2.51)
and then that
/ Vir - GOV¢T —_— Vi - CLOV@/) . (252)
R4 T—o0 R4

Since (2.52) is the conservation of the norm |g||2. = [,. g - a°g on (LQ(Rd))d
(which is equivalent to the canonical one), combined with the weak convergence
(2.51), it implies the strong convergence Vir — V) in (Lz(Rd))d.

For (2.51), we first note that Vi is uniformly bounded in (L?(R?)) using
(2.50). Hence, there exists Vip € L2, (R?) s.t. Vior — V) (up to extraction). The

pot

limit is indeed a gradient since, by the Helmholtz decomposition in R, L2, (R?) =

{v € (LQ(]Rd))d | curlg = 0 (weakly)} which shows that this space is closed for
the weak topology.
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Then, we pass to the limit 77— oo in the weak formulation of (2.49) and we
obtain for all smooth compactly supported x

Vy - a°Vi) = — f-Vx
R R
noting that |7 [ ¥rx| S Tz x| r2ray (from Cauchy-Schwarz inequality and the
bound (2.49) in the form \/LTHwTHLz(Rd) Sl pzway)- ~This means that Vi solves
the same problem as V1 and, by uniqueness, that Vi) = V.

For (2.52), we notice that the quadratic form g — fRd g-a’g is strongly contin-
uous and convex hence weakly l.s.c. Combined with the weak convergence (2.51),
this gives

Vi -a°Vp <liminf [ Vip-a°Viir
Rd T—o00 Rd

< lim sup/ Vir - a°Vihp
R4

T—o00

1
< lim sup/ Vir - a°Vpp + = [ 2.
R4 T Rd

T—o00

This concludes the proof noting that

édv¢T.aov¢T+%Ad¢§:_/Rdf.wT_T_oj_/Rdf,w:/ww,aow‘

Here, we have used again the weak convergence (2.51) and have tested 17 and Vi
is their respective equations to establish the two identities above. =

This proof holds for any field A bounded and uniformly elliptic and then also
yields the pointwise convergence

Hr —— H (2.53)
T—o0

(one could also obtain this convergence directly in Fourier by the convergence of
the symbols). By standard duality arguments (and elliptic regularity), this last
convergences upgrades to the Green functions in the following form.

Lemma 2.6 Let w C R? be a compact set such that dist(w,0) > 0. Then, for all
k> 2,
||VkGT — VkGHLoo(w) —0.

T—o00 O
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2.2.2 Some theory of Point Processes

We start by defining the intensity of the point process P, so far informally
defined as the average number of point per unit of volume.

Definition 2.5 Let P € (Q, F,P) be a random point process. We define its
intensity by
0 =E[#(PNQ) . (2.54)

As P is ergodic, we can also recover § by taking averages over large domain
(see [DV08, Corolary 12.2.V p.201]) and

6= im TPNGCR)

Jim O (2.55)

O

2°, the space of point processes with a point at the origin, can be equipped
with a probability measure P° obtained from the original probability measure P
on  (using the same og-algebra F as 2° C ).

Informally, P° € Q° can be thought of as a point process P € () conditioned to
have a point at the origin. In the theory of random point processes, P° is referred
to as the Palm measure (for stationary processes). See [Chi+13, Section 4.4| for a
first approach to the theory or [DV08, Section 13| for completeness.

Rigorously, P and P° are linked through the Campbell-Mecke theorem (see
[DV08, Theorem 13.2.111 p.288|).

Theorem 2.2 (Campbell-Mecke) Let f: Q x R? — R be a non-negative mea-
surable function. For a stationary random point process P with intensity 0, we
have

E > f(z,P-x)

xzeP

= /RdEO [f(z,P°)]Odx .

O

For a deterministic non-negative measurable function g : R? — R, it reduces to
the Campbell formula

E

ZQ(ZU)] = /Rdg(x)edx : (2.56)

zeP

This formula is consistent with the definition of the intensity (2.54) choosing g =
1o.

This theorem can be seen as a definition for E°. For any ¢ > 0, taking f(P,z) =
h(P)1p.(x), (2.2) yields the following lemma.
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Lemma 2.7 Let h : Q — R be a non-negative measurable function and P be as
in Theorem 2.2. Then, for all € > 0, we have

Z h(P — x)

r€EPNB:

E° [1(P)] = g rE

(2.57)

O

As our point processes are hard-core, we have a deterministic upper bound on
the local number of points.

Lemma 2.8 Let R > 0 and define the annulus Cr = Bgry1 \ Br (noting that
By = @). For any P € 2, we have

#(PNCg) < max{l, R} . (2.58)

O

PROOF Fix P € Q. By the hardcore hypothesis, there is at most one point x € P
in a cube of size 1. Using the partition {Q1(z)}.ez¢, we can cover Cg with a finite
number N of such cubes with N < max{%, 1}. This implies that there is at
most N points in P N Cg and yields (2.58). -

Note that combining (2.58) with the definition (2.54) of the intensity yields the
upper bound 6 < 1.

For our PDE approach on the operator, analogously to the notion of periodiza-
tion, we provide a way to render stationary functions associated to a point process
P € Q. We start by recalling the standard notion of Voronoi tessellation (see
[Chi+13, Section 9.2 p.346] for instance).

Definition 2.6 Let P € Q. For a point x € P, we define V,(P) the associated
Voronoi cell by

VoP)={yeR: |y —a| < |y — 2| Vo' € Pst. 2’ #a} . (2.59)

The sets (V,(P))zep form a partition of R? adapted to the point process with
exactly one point per cell.
Moreover, the associated indicator functions satisfy the contravariance property
and in particular
Ly,p) () = Lyypoy (- — ) .

For any L > 1 and P € (), from the hard-core property, we have for all z € P

B3L(l’) C V;(LP) . O
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Note that if P is a periodic lattice, the Voronoi cells are nothing but translation
of the periodic cell.
Thanks to the Voronoi tessellation, we define our stationarization procedure.

Lemma 2.9 For f : LQ x R — R measurable and non-negative, we define f :
L x RY = R its associated stationary function by

FLP.) = yyrp—ay(- — La)f(L(P - x),- — Lz) (2.60)

zeP

By construction [ is contravariant (see (2.29)) and if f is already contravariant
itself, we have f = f.
Moreover, we have the following equality

E [f(LP,0)] = L™E° UVO( f(LPO)} : (2.61)

LPe)

(2.61) is a direct corollary of Theorem 2.2 (and Fubini’s theorem) plugging in the
definition (2.60).

2.3 Operator

We now turn to the precise definition of the operator for the fixed-point ap-
proach (formally given by (2.15)). We start by introducing an appropriate func-
tional setting to handle the dilation of the point process.

Definition 2.7 Let L > 1. We define the functional space
E" = LX(L°, (L*(By))) (2.62)

that we equip with the norm || - || gz defined for f € E* as
1130 = B2 (P, )| - (2.63)

The space (L2(B;))” continuously embeds in E* via the following identification :
for g € (L%(B,))", we define its extension §(LP,-) € EX by setting §(LP,) =g
for all LP € L)°. O

In the sequel, we do not distinguish between g € (L2(By))” and its extension
g € EY. We also use the short-hand notation f(LP) instead of f(LP,-) for
f e Ex
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Remark 2.9 We have chosen (L2(By))” because of the support condition on C°
and because L? is the energy space.

Note that for L > 1, E* C E' as LQ° C Q°. By definition of the norm, f € EX
implies P°-a.s, f(LP°) € L*(By). o

For L > 1, we introduce the operator norm ||-||| ;, associated with ||-|| gz defined
for M : E¥ — ET as

Ml = sup [[Mflg- .
feEL
Ifll gL <1

Operators on (L2(B;))? can also be seen as operators acting on EX using, as above,
the same extension technique ; this procedure preserves their norm. In particular,
we may consider B° and BS as operators on EX which are bounded uniformly in
L (trivially since they do not involve point processes).

2.3.1 The key operator

We start with the definition of the massive approximation of the operator K’
informally introduced in (2.15).

Lemma 2.10 Let T > 0 and L > 1. The linear operator K% : EL — EL given
for all f € E¥ and LP° € LO° by

Kpf(LP°) = > VG ;—x) [C°F(L(P° — z))] (2.64)
zePo\{0}

1s well-defined and satisfies the bound
T
sl < m (2 ) (265)
[m]

We note that re-centering P° at x € P° still yields a hard-core point process that
contains the origin so that P°—x € Q° and we may evaluate f(L(P°—x)). Because
of the structure of the operator K% and in order to estimate its norm, we need the
following lemma.

Lemma 2.11 Let w : R — R, be a non negative weight. For all measurable
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g:Q° =R, and for all 0 < € < 3, we have

2

E° Z w(x)g(P° —x)

2€P°\{0}
< | su w(z) l|lwl| oo dz |E° [g(P°)*] . (2.66)
~S 1% L (B:(x)) g

Poee L) RA\Bj_. .

PROOF Fix € > 0 and a measurable non negative g. We claim that

2

> w@)g(P—z)| < | sup > w(x) > w(z)g(P° - )’
2P\ {0} PeeQ® L epor(0} 2P\ {0}
(2.67)
and

2| 3 st ap| £ ([, Wl ao)E PV @08

zeP°\{0}

from which (2.66) follows.
(2.67) is a direct consequence of Cauchy-Schwarz’ inequality for the scalar

product (g1, g2) — erpo\{o}w(ac)gl(a:)gQ(x).
For (2.68), we go back to the definition of E° and apply Lemma 2.7 to P —

> wep Luzow(2)g(P — x)? to the effect that

E°| ) w(x)g(P°—2)’| SE

zeP°\{0}

Z Z L. 4ow(2)g(P —y — 2)2] .

YyEPNB: z€P—y
(2.69)
Using Fubini theorem and the change of variables z = x — y, we rewrite the RHS

S Y L@ P oy =P =3 Y Lepele —y)g(P -2 (2.70)
YyEPNB: z€P—y z€P yePNB:

Then, we note that for all x € P,

> sl —y) S Lpss—ellwlle(s.@) - (2.71)
yEPNB:

Indeed, by Lemma 2.8 #(P N B.) < 1 and for all y € PN B, w(z —y)) <
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|wl| oo (B.(z)). Moreover, since P is hard-core, the condition x # y turns into
|z —y| > 3 and implies that |z| > 3 — ¢ (since |y| < ¢). Plugging (2.70) and (2.71)
n (2.69), we have

E | Y w@)g(P—2)?| SE|D Lpss—ellwlixm@eP —2)?*| . (272)
zeP°\{0} xeP

Applying Theorem 2.2 to the RHS then yields (2.68) and concludes the proof.

PROOF (LEMMA 2.10) Fix T >0, L > 1, P° € Q° and f € E*.

In (2.64), we have taken out the origin from the sum avoiding the singularity of
the massive Green function. Its exponential decay at scale v/T yields summability
and the bound (2.65).

Indeed, fix z € B;. Using the triangle inequality on the convolution and since
C° is supported in B;, we have

KEFLP2) < >0 [ VG (o= S DICFILIPT — 2),y) dy . (2.73)

zepo\{0} ! B

Since |£=2| < 2 for all y, z € By, we obtain
L

|EEFLP)imoy < Y V2G5 [l / CFI(L(P° — 2), ) dy .
zeP°\{0}

We estimate the RHS using Lemma 2.11 with w = [|V2G 1 || 1(5,()) and g(P°) =
L
5, ]C’O (LP°)| for all P° € Q° for a small € > 0 such that 3—e > 2+¢ (for instance

€= ) Noting that g(P°)* < [, f B f(L'P°)? by Cauchy-Schwarz’ inequality, (2.65)
then follovvs after proving that

T
sip | S0 VGt llemey | Sin (2 + —2> (2.74)
Poeqe L L
z€P°\{0}
and that .
/ VG - | o0 (Base(a)) dz S In (2 + —2> , (2.75)
Rd\3375 L

For that purpose, we claim that there exists ¢ > 0 such that for all |z| > 3 —¢,

—elel L
VG 1, |l ey S ] e ™17 (2.76)

Indeed, using the bound (2.48) on the massive Green function, there exists ¢ > 0
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such that [V2Gg| S |- [~ V. For y € Byulo), Iyl = |o — (@ — )| =

L

2| = (24 ¢) > (1 — 2%)|z|. This yields (2.76) (up to modification of ¢) remarking
L

that | - \_de_cHﬁ is a radially decreasing function.

For (2.75), we integrate (2.76) over R?\ Bs_. and, using polar coordinates, we

have -
/ \w!_defcm% de < / e*”%g . (2.77)
R\ Bs_, ~ ) r

By change of variables, [ e VE dr — [% e~er<d. This last integral is bounded in
T
the regime L > +/T thanks to the exponential decay and logarithmically explodes
in the regime \/LT — 0 because of 4= which yields (2.75).
For (2.74), by the hard-core condition, x € P°\ {0} implies that |z| > 3 and
we can use the radial bound on the Green function (2.76) to the effect that

_elel Lo
Yo IV ey S Y ol e T
zeP°\{0} zeP°\{0}

We then decompose the sum over the annuli Cy, = By \ By for k£ > 0 (note that
k = 0 is left out because we have taken out the origin) and we use again the radial

oL _
monotony of | - |[~de VT to write
L o L
S ppth S S et
zeP°\{0} k=1 zeP°\{0}NC%

<3 HP N Ok e T
k=1

Lemma 2.8 gives #(P° N Cy) < k%1, We compare the sum over k > 1 with an

integral so that
o0
> et g [T
’

2€P\{0} ! n

As for (2.77), we obtain a logarithmically diverging bound which concludes the
proof of (2.74).

Remark 2.10 Kk is a linear operator on EZ but depends (a priori) nonlinearly
on the point process. Even if summing the massive Green function over the point
process is a linear operation, the evaluation f(L(P — x)) for a given f € EL (for
instance f = Vr) can introduce a nonlinearity. It is not the case when f itself is
linear (for instance, for deterministic f € (L%(B;))%). o
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The dependence of the operator K% in L is twofold : it is partly explicit by its
formula (2.64) but it is also partly implicit due to the space E* (which depends
itself on L). In order to distinguish both dependencies, we introduce a new operator
acting on the original point process P° (without dilation).

Lemma 2.12 Let 7 > 0 and L > 1. The linear operator K,(L) : E* — E' given
for all f € E* and P° € Q° by

KADf(P?) = Y VCrle—2) x[C°f(P° )] (2.78)
zeP°\{0}

1s well-defined and satisfies the bound

I (D)l S o (2 +7) (2.79)

O

The proof is a direct rephrasing of the one of Lemma 2.10.
By construction, for a deterministic function g € (LQ(Bl))d, the operators Kk

and K z_are related via
L

Kkg(LP*) = K 1, (L)g(P°) . (280
where the equality holds in (Lz(Bl))d for all P° € Q° and L > 1.

2.3.2 Improved bound
Main propositions

The naive logarithmically diverging bound (2.65) on the operator K% can be
avoided.

Proposition 2.1 Let L > 1 and T > 0. The operator Kk (defined in
Lemma 2.10) satisfies
Izl <1 (2:81)

O

Thanks to this uniform bound, we can pass to the limit 7" — oo and give a
rigorous definition of the operator K% (see (2.15) in the informal approach).

Proposition 2.2 Let L > 1. There exists a linear operator K* : EX — ET such
that Kk T—> KT pointwise in E*. Moreover, it satisfies the bound
—00

([P (2.82)

[}
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Proof of Proposition 2.1 : improved bound

Fix T >0, L >1and f € EF st. ||f|lzgr < 1. The first step in the proof
of the improved bound (2.81) is to notice that the operator K* originally defined
through the sum (2.64) can be rewritten as the difference of the solutions of two
PDEs.

Lemma 2.13 Let T >0 and L > 1. For all f € E*, we have
L K:f = Vur — Vus, (2.83)

where, P°-a.s, we define ur(LP°) € HL . (RY) as the unique solution (given by
Lemma 2.1) of

%UT(LPO) — Augp(LP°) =V - C°f(LP°) (2.84)

and u$-(LP°) € HY(R?) as the unique Laz-Milgram solution of

%u;(mr) _ AG(LPY) = V- [C°F(LP)] . (2.85)

Proving (2.81) then amounts to establishing
E° { / [Vur(LP°) — Vug.(LP°)?| < L~ (2.86)
B

where Vur and Vug are given by Lemma 2.13.
We make a first factor L= appear using the (massive) mean-value property.
Subtracting, P°-a.s, the equation for wup(LP°) and ul(LP°), we have

(7 — A)(ur(LP°) — u3(LP°)) = 0 in By, by the hardcore property.

Lemma 2.14 There exists C(d) > 0 such that for all0 < p < R, T > 0 and all
massive harmonic u € H'(Bg) (i.e. weakly solving %u —Au = 0) in Bg, we have

][ u? < C'][ u? . (2.87)
B, Br .

Lemma 2.14 implies that P°-a.s,

|Vur(LP°) — Vus.(LP°)|* < Ld/ \Vurp(LP°) — Vus.(LP°)|* .

B1 BL

Taking the expectation of this inequality and since By, C V(LP°) (by the hardcore
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property), we obtain

E° { |Vup(LP°) — Vu%(LPO)P} < L7R° { / |Vur(LP°) — Vus.(LP°)?| .
B1 Vo

(LP°)

To conclude the proof of (2.86), it remains to show that
E° [ / |Vur(LP°) — VuOT(LPO)F] <L, (2.88)
Vo(LP°)

For that purpose, we use a strategy introduced by Duerinckx and Gloria, see
[DG20c, Theorem 1 p.18]. We start by introducing the Dirichlet and Neumann
approximations of ug. on V4.

Definition 2.8 Let T > 0, L > 1 and f € E¥. P°-a.s, we define Vu3”(LP°) €
H} (Vo(L'P°)) as the unique solution of the Dirichlet problem

{ FupP(LP?) = AugP(LP?) =V -[C°f(LP?)]  in Vo(LP) (2.89)

us” (LP°) =0 on OVy(LP°)

Similarly, we define Vus™ (LP°) € H'(Vo(LP°) P°-a.s as the unique solution of
the corresponding Neumann problem.

It is well known that (2.89) is equivalent to an energy minimization problem on
Vo and that, in terms of boundary conditions, the Dirichlet and Neumann problems
are extremal. Using that ur also admits a variational formulation, this allows to
control the difference between uy and u5” by the one between u” and u”.
Lemma 2.15 Let T >0, L > 1, f € EL and, associated to f, Vur (see (2.84)),
Vu” and Vul™ (see Definition 2.8). We have

1 [¢] o
R A
Vo(LP°)

1
<E [ [ R R 9 ) (200
Vo (LP°)

The last step is to control the difference between these Dirichlet and Neumann
approximations of u$. To do so, we quantitatively compare uJ” and u3™ to us.
This becomes a fully deterministic question : we are comparing the solution to a
Laplace equation on R? with a compactly supported source term to its approxi-
mations on the representative volume V4 (the border of which is at distance ~ L
from the source term).
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Lemma 2.16 Let T >0, L> 1, f € EX, Vul and Vul® (see Definition 2.8).
P°-a.s, we have

1
/ —(ug” —up)(LP°) + [V (uy” —ug)P(LP°) S L™ [ F(LP°)? (2.91)
Vo(Lpo)y 1 B

and

1
/ F " =g (LP) + V(g™ —up)(LP?) S L7 [ F(LPO) . (2.92)
Vo(LP°) By

With these results at hand, we conclude the proof of (2.88). Combining (2.90)
with the expectation E° of (2.91) and (2.92) (using the triangle inequality), we get

E° { / |Vur(LP°) — vugD(LP")F] <L, (2.93)
Vo(LP°)

Lemma 2.16 directly gives
E° { / IVug” (LP°) — Vui}(LPO)F] SLY. (2.94)
Vo(LP?)

Combined with (2.93), this yields (2.88) by the triangle inequality and concludes
the proof of Proposition 2.1.

We now turn to the proofs of the previous lemmas, starting with the PDE
rewriting of the operator K.

PROOF (LEMMA 2.13) Fix T'> 0, L > 1 and f € EL. By definition of K% (see
Lemma 2.10), we have

LeKEf(LP?) = L™ xe;{o} vQGL%(z — ) % [C°f(L(P° — z))] .

Using the scaling property (2.46), L‘dVZG%(j —x) = V2Gr(- — Lx), we write
L

LUKEF(LPY) = Y V2Grx[C°f(L(P° —x))|(- — Lx)
zeP°\{0}

=Y VEGr#[C°f(L(P° - a))](- - Lx)

zePe

= V2Gr = [C°f(L(P?))] -

This concludes the proof recognizing uy and ug from the Definition 2.4 of Gr. u
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The (massive) mean value result of Lemma 2.14 is standard. We refer for
instance to [GM12a, (5.13) Prop 5.8 p.80| (though written without the massive
term, their approach is robust to its addition).

Before moving to the proof Lemma 2.15, we first argue how we can equivalently
define ur in the spirit of the corrector.

Remark 2.11 Following [JKO94, Chapter 7| and [PV81, Section 2 p.840|, we
define the space H'(LQ)) that we identify to the subspace of functions of
L*(LQ, HL (RY)) which satisfy the contravariance property (2.29).  The
stationarity of P allows to transfer a notion of gradient from H._(R?) to H'(LS)
and to equip this space with the norm E [v? + ]Vv|2]% for v € H'(LQ).

Consequently, we can define uz as the unique Lax-Milgram solution in H*(LS?)
of the problem

E [%UTU + Vur - Vv} =-FE [C'_Ofv}

for all v € H'(LQ). See for instance [GH16, Section 2.1] for details on the func-
tional setting.
This formulation yields the following bound

1
E° [ [ qupy |VuT<LP°>|2} < IFI2e (2.95)
Vo(LPO)

O

PROOF By the Lax-Milgram theorem, we have the following energy estimate

1 —
E {fu?p + ]VuT|2] <E[|C°f|]

which turns into (2.95) using Lemma 2.9 noting that |C°f|? = |C°f|?> (by con-
struction of the extension since the Voronoi cells form a partition) and that C° is
supported in Bj. =

PROOF (LEMMA 2.15) Fix f € EL. P°-as, f(LP°) € L*(B;) and for v €
H'(Vo(LP°)), we define the energy ES(v) == fvo(mjo) HF?+ Vo)) + C°f(LP°) -
V.

We claim that

E° | i (uz")| < B [Bp(ur)] < B° | B3(uz”)] | (296)

(o] ] o o o o 1 o o
By (uz”) — Ep(up™) = 5 /V - Vuz” = Vg™ P+ o (uz” —uz™)? o (2.97)
0 o
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and

o o 1 o o 1 o
E° | B3 (i5”) — B3 (ur)| = SE UV( Vur = Vg + (ur - uT’D)Q}
0

LP°)
(2.98)
from which we get (2.90). Indeed, (2.96) implies that

E° [B3(up”) — By(ur)] < B° [Bp(us”) — Bg(uz™)] -

The identities (2.97) and (2.98) then convert these differences of energies into
norms differences.

It is well-known that w9 (LP°) minimizes ES over H'(Vo(LP°)). Since
P°-a.s, ur(LP°) € H'(Vo(LP°)) (using the bound (2.95)), we conclude that
E2(up°(LP°)) < E2(up(LP°)) which proves the left inequality in (2.96).

The optimality of wu}" (LP°) also justifies (2.97). Indeed, for
wo € HY(V(LP?)), we define b(u,v) = [ 1pe fuv 4+ Vu - Vv and
(v) fVO(LPO)Cof(LPO) - Vu, so that Ef(v) = 1b(v,v) + {(v). We compute
Ep(v) = By(uz") :

o~

(e} 1 (e} (e} o]
E2(v) — E%(uT’N) = §b(v + uT’N, v — uT’N) +1l(v— uT’N) )

Noting that b(u3™, v—u3") = —l(v—u3") (testing v—u3" in the weak formulation
of the equation defining u;lN), we obtain

1
B3 (0) - Bylug™) = 5blo — a0 = ug)

This yields (2.97) taking v = u3” (LP°) € H} (LP°).

Using the Lax-Milgram definition of uy from Remark 2.11, uy minimizes Er(v)
=E [2(F0* + |Vv[*) + C°f - Vu| over H'(LS). We claim that ul’ € HY(LQ).
Hence, Er(ur) < Ep(uy”) which yields the right inequality in (2.96) (using
Lemma 2.9 to pass from E to E°). This also proves (2.98) proceeding as for
(2.97) with E7 instead of ES. and using again Lemma 2.9.

To show that u$:” is admissible, the key point is to notice that Vuy” = Vud:”
since uy” (LP°) € H{(LP°) which allows to glue the functions together (without

jump) in the definition of u%”. We also check that it has a finite H'(L£2)-norm.
By the energy estimate for u3” (LP°), we have

1
JIR S e S T
Vo(LP°)

B1
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Taking the expectation E° and using Lemma 2.9 then yields

1—=2
B | i + ViR | Su 1 fle < o0

which concludes the proof. =

PROOF (LEMMA 2.16) Let f € EX. P°-a.s, f(LP°) € L*(B;) and we fix such a
LP°. For the rest of the proof and to lighten the notation, we omit the dependence
upon LP° of V; and of the functions u$, w3 and ug” and f.

We start with the Neumann problem and the proof of (2.92). Introducing the
short-hand notation 6Vu == u$ — ug™, 6Vu solves

(2.99)

%5NU—A5NU = 0 inl
0, 0N u = Oy ondVy °

Note that 0,,u7 is well-defined since u7. is massive-harmonic outside B; thus smooth
on 9Vp. Testing (2.99) with 6V u, we have

1

/ T((SNU)Q + Vo ul* = / uFOpug —/ us™N 0, us (2.100)
Vo % Vo

We claim that

/ ugOpuy < 0 (2.101)
Vo
and
o ° _d
/ uT’NanuT 5 L2 HfHLQ(Bl)HV(SNUHLQ(VO) . (2102)
[2A%

Combining (2.100) with (2.101) and (2.102), we obtain (2.92) absorbing
V0™ ul|12(v;) into the LHS by Young’s inequality.

For (2.101), we test the equation of u$. (2.85) with u}. itself on V4 and integrate
by parts to the effect that

1
/ UFOpuy = / —uy’ + |Vug|? +/ C°f-Vuy .
A% Vo T By
Integrating this time on R?, it yields

1
Cof - Vus = C°f~Vu°T:—/ T Vg
B1 Rd

Vo
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Combining both, we obtain

1
/ ugpOpug = —/ ?uif +|Vus|* <0 .
8V0 Rd\VO

For (2.102), we claim that

/ usN O, uf = — / Cof-VoNu . (2.103)
aV() VO

Using then the support of C° and Cauchy-Schwarz’ inequality, (2.103) implies that

N
/ uy Opus
Vo

We obtain (2.101) noting that | VoNul|2(s,y < L2 || V6N ul| z2v5). Indeed, 6Vu is
massive-harmonic in V) and we apply Lemma 2.14 between B; and By C V.

To prove (2.103), we first test the equation (2.85) for u$ with u3™ on V; and
integrate by parts so that

< | fllz2m VN ull 2,y -

o,N o __ 1 o,N o o,N o o o,N
/ Uy Opup = / T Ur +Vur” -Vup+ [ C°f-Vuy" .
Vo Vo Vo

Then, we test the equation for u%N with u3. and obtain

1 e] o (o] [¢] o
/ ?UT’NU% +vuah Vus =— | C°f-Vus .
Vo Vo

Combining both yields (2.103).
For (2.91), the proof is similar considering 6”u = u$. — u$” which solves

1<D, _ D — : )
{ Pu—AéPu =0 in Vo(LP°) (2.104)

T
6Pu =uj on OVy(LP°)

Testing (2.104) with 6”u, we have

1
/ T(é%)?ﬂv(s%\?: / U Opus, — / usO,u” .
Vo PA%) MV

Note that d,us:” is well-defined. Indeed, u5:” is massive-harmonic outside By, zero
on 0V and Vj is a Lipschitz domain thus U%D is smooth up to the boundary.
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Proceeding as for (2.92), we only need to prove that

/ w0’ = / C°f -V u
8Vo VO u

from which we conclude as before. Like (2.103), this identity is obtained sub-
tracting the equation (2.85) of u$: tested with u;” and the equation (2.89) of u3"
tested with uJ. (each time on Vj and integrating by part).

Proof of Proposition 2.2 : limit operator

We first note that the bound (2.82) on K* is inherited from the pointwise
convergence K% — K% and the bound (2.81) on K% (uniform in 7T') using the
Banach-Steinhaus theorem (a.k.a.the uniform boundedness principle).

Then, following Lemma 2.13, we use the PDE rewriting of the operator K% to
rigorously define the operator K*.

Definition 2.9 Let L > 1. We define the operator K* : EX — EF for f € EL by

LK f = Vu — Vu° (2.105)
where P°-a.s, we define Vu°(LP°) as the unique Lax-Milgram solution in L2  (R?)
of

—Au®(LP°) =V - [C°f(LP°)] inR? (2.106)

and Vu is defined similarly to the corrector as the unique weak solution in H _(R%)

loc
(up to additive constant) of

~Au=V-C°f(LP) inR? (2.107)
such that Vu is stationary, E [Vu(LP)] = 0 and E [|[Vu(LP)|*] < oc. o

Remark 2.12 With these definitions, Vu € E* and Vu® € E' so that the oper-
ator K is well-defined.

Indeed, for Vu, as in Remark 2.11, we can define a space L2 (L) and (with
a slight abuse of notation) Vu can be defined as the unique Lax-Milgram solution

in this space of the problem
E[Vu-Vu] = —E[C°f - V]

for all Vv € L2

pot

(LS.
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Similarly to the bound (2.95), we have

B ([ v s i
Vo(LP°)

which justifies that Vu € EL.
For Vu°, we just need to take the expectation E° of the energy estimate ob-
tained from (2.106) for fixed LP° € LQ°. O

Lastly, given f € EL, the pointwise convergence of KXf — K f is a direct
consequence of the convergences Vur — Vu and Vug — Vu® in BE.

Lemma 2.17 Let L > 1, f € E¥ and T > 0. For u$ and Vu$ associated to f
(see Definition 2.9), we have

|V = V|| e —— 0. (2.108)
—00

For up and Vu associated to f (see (2.84) and (2.107)), we have

|Vur — Vullpr —— 0. (2.109)
—00

O

PRrROOF Fix L > 1 and f € E*.

For (2.108), we appeal to the dominated convergence theorem. Noticing that
Pe-a.s, Vuj(LP°) = Hr[C°f(LP°)] and Vu®(LP°) = H[C°f(LP°)], the
pointwise convergence Hr — H (see Lemma 2.5 and (2.53)) implies that P°-a.s,
Vuy(LP°) — Vu®(LP°) in (L2(Rd))d as T — oo. The energy estimates on
ul(LP°) and Vu(LP°) provides the P°-a.s bounds

[ 1w @pp v wpp s [ ek
R4 B1

Since f € E*, this allows to conclude that E° [ [, [Vu3(LP°) — Vu® (LP°)|*] — 0.
For (2.109), we claim that

E [|[Vur — Vuf’] —— 0. (2.110)

T—o0

Using Lemma 2.9 and since Vur and Vu are contravariant by construction, this
convergence upgrades to E° [fVO(LPO) |\Vur — Vul*(LP°)| — 0 which implies

(2.109).
Using the spaces introduced in Remark 2.11 and Remark 2.12, the proof of
(2.110) is similar to the one of Lemma 2.5 (see [GH16, Theorem 1]). n
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2.4 Proof of Theorem 2.1 : analyticity of the ho-
mogenized coefficient

Proceeding as in the informal approach and using the theory of point processes,
we can rewrite @”, the homogenized coefficient associated with a(LP,-) (see (2.2))
in the following form (see (2.9)).

Lemma 2.18 Lete € R? and L > 1. We can rewrite a” in the following form :

Glre=e+ L7 | C°(2)E°[Vo(LP°, x)+elfdx , (2.111)

By
where 0 is the intensity of the point process P (see Definition 2.5). =

This lemma allows us to take out a first L=¢ factor in the expansion of @ and
rigorously shows that it is enough to describe the corrector on B; for a point
process with an inclusion at the origin.

PROOF Let L > 1 and e € R?. Similarly to the informal approach, we start from
(2.9) that we rewrite

ale=e+E Z C°(—Lx)(Veor(L(P —z),—Lx) + e)

zeP

using that Vp(LP, ) = Vo(L(P — x),- — L) for all € P by contravariance of
the corrector (see (2.8)).

By the hard-core assumption and the support condition of C*°, there is only one
x € P such that C°(—Lx) # 0. By stationarity, we recenter the process around
this point and average over its typical position. Theorem 2.2 makes this statement
precise and yields

dle=e+ | C°(—Lx)E° [(Vo(LP°, —Lz)+e)]0dx .
Rd

A change of variables in the space variable then gives (2.111).
We conclude the proof checking that E° |:fBl |V@(LP°)|Q] < 1 so that the RHS

of (2.111) is well-defined. Using again that a(LP) = Id +C°e, the equation (2.7)
of the corrector can be rewritten

—V - a(LP)Vo(LP) =V - Co .

The  energy  estimate in  the  probability space  then  writes
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E[[Vo(LP)] < E[|C°¢|*]. We upgrade it to E° [fVo IVo(LP)|?| < HC°HL2 R4)

by Lemma 2.9 noting that |C°c|> = |C°¢|? by the hard-core assumption
(proceeding as in (2.32)). -

2.4.1 Main propositions

Proposition 2.3 The family of operators (K.(L))r=or>1 satisfies the uniform
bound
sup (|- (L), S 1. (2.112)
7>0,L>1

Moreover, for all L > 1, the sequence (K.(L)).~o of operator E* — E' converges
pointwise as T — oo and we define the operator KC(L) = lim,_,o, K, (L).

Defined in this way, the map L=' — K(L) is analytic at O : there exist a family
(K®)i>o of bounded operators E* — E' and a constant C > 0 such that, for all
L' <O,

=> KWL~ (2.113)
=0
and for all 1 >0 . '
IO, < (2.114)
In addition, for alli >0, K% is given for f € E* by
O f = P VG- [ T Cw) P -y,
! zePo\{0}

(2.115)

which are well-defined formulas) an 18 given for f € Y
(which ll-defined f las) d K© for fe EY b

KOf = lim Z V3G, (1) - / C°(y)f(P° —z,y)dy| (2.116)
T—00 B
zeP°\{0} 1

where the limit is taken in E' and exists. O

We are now in position to give the fixed-point formulation of the corrector
using the single inclusion solution.

Proposition 2.4 Let L > 1. Then, using the operator k(L) defined in Proposi-
tion 2.2, we have P°-a.s

Vo(LP®) +e= (Id—L7B°K(L)) " (Ve® +e)(P°) . (2.117)

O
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Even if the corrector is defined on the whole space, (2.117) is an equality between

function in L2(°, (L2(B;))") and therefore only holds on B;.

Since B° and V° + e are deterministic, the dependence of the corrector on the
point process and on the dilation parameter L is fully encompassed in the operator
K(L).

Combining these two propositions, we directly obtain Theorem 2.1. Indeed, for
e € R? and L > 1, plugging the fixed-point formulation of the corrector (2.117) in
the preliminary expansion (2.111) of a”, we have

adte=e+ L / C°(x)E° [(Id —LBK(L)) (Vg +€)(P°, )| Odx . (2.118)

The analyticity of the map L= + @’ then results from the one of L= +— k(L)
given by Proposition 2.3 noting that the inverse is also analytic.

2.4.2 Proof of Proposition 2.4

Structure of proof

Recalling the informal computation of Section 2.1.2 and the need for a massive
term, we start by establishing the massive counterpart of Proposition 2.4.

Lemma 2.19 Let T > 0, L > 1, e € R? and the associated massive corrector
Vr (see Lemma 2.2). Using the operator Kz (L) (defined in Lemma 2.12), P°-
L

a.s, we have

Vor(LP°) +e = (Id —L‘dB%IC%(L))‘l(Vgo% +e)(P°) . (2.119)
O
Fix L > 1 and e € R?. We have
EL
Vor — Vo (2.120)
T—o0

and

(Id —L™B3K = (L))" (V5 +e) TE—> (Id—LB°K(L)) (Ve +e) (2.121)
L2 —00
which yield (2.117) taking the limit 7" — oo in (2.119).
(2.120) is a consequence of the convergence E [|Vor — Vo|?] — 0 (see Re-
mark 2.8) which we upgrade to E* proceeding as for (2.109).
For (2.121), as T — oo, we have that (Id—L7B3K« (L)™' —
2

(Id —=L7%B°K(L))~! pointwise in E' combining that By — B° pointwise in
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L*(B;) (hence in E') by Lemma 2.5 and that K r (L) — K(L) pointwise in E!
L2

by Proposition 2.3. Besides V7. 4+ e — V¢° + e since Vi, 4 e = Bje. Although
only pointwise, the convergence of the operators implies the (pointwise)
convergence of the inverse thanks to the uniform bounds (2.40) and (2.112)
recalling the following standard result.

Lemma 2.20 Let H be a Hilbert space and (Lr)rso be a sequence of bounded
operator H — H converging pointwise to an operator T : H — H and let (x7)r>0
be a sequence in H converging to x € H. If there exists p > 0 s.t. for all'T > 0,
IILr|| < p, then Lrxy — Lz.

—00
Moreover, if p < 1, (Id —Ly)~! P (Id—L)~! pointwise. O
—00
Proor Fix T > 0.
|Lrer — La|| < [|Lr(zr — @)+ |[Lrx — La|| < pllor — zf| + | Lre — La|| ——— 0

The condition p < 1 guarantees that the inverses exists and that

I(Id—Ly)7Y| < (1 = p) L The pointwise convergence is then
a consequence of the previous result and the resolvent identity
(Id—Lp)™ ' —(Id—L)' =(Id—Ly)"Y(L — Ly)(Id —L)~*. n

Proof of Lemma 2.19

The proof is essentially a rigorous rewriting of the informal fixed-point approach
using the well-defined operator K. In the last step, we post-process the operator
to eliminate the artificial dependencies on L.

Step 1 : Equation for or(LP°) — ¢5

Fix T > 0, L > 1 and P° € Q°. The difference between the massive corrector
and the massive single inclusion solution @7 (LP°) — 5 satisfies the following
equation in R¢

(% -V a‘”V) (pr(LP?) = ¢7) = V- | >, C°( = La)(Ver(LP%) +¢)
xzeP°\{0}
(2.122)

Indeed, since a(LP°) = a®+3_, cpo\ ) C°(- — L), the (2.28) for 7 (LP°) can be
rewritten as

%goT(LPO)—V-a"(VgoT(LPO)+e):V- S (= La)(Ver(LP°) + )

zeP°\{0}
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This  equation is  well-posed by  Lemma 2.1  noticing  that
> weporioy C°(+ = La)(Vr(LP°) +e) € L, (R?) since Vr(LP°) € L2 (RY).

uloc uloc

We obtain (2.122) by subtracting the (2.34) defining ¢S5 from the previous
equation.

Step 2 : Operator reformulation
Using the operator B and K% introduced in Lemmas 2.3 and 2.10, we claim
that (2.122) can be rewritten

(Id—L™B3K7})(Veor +e)(LP°) = Vi +e . (2.123)

We start by solving (2.122) using the massive single inclusion Helmholtz pro-
jector (see Definition 2.3) and get

V(er(LP®) = ¢7) =Hz| > C°( = La)(Ver(LP®) +e¢)
zeP°\{0}

Then, we combine the rewriting H3. = B}Hr from Lemma 2.3 with the Green
representation of Hr from Definition 2.4 to obtain

V(er(LP?) —¢3) =By | > V’Gr*C°(-— La)(Ver(LP°) + ¢)
zeP\{0}

By the contravariance property (2.29) of the massive corrector,
(Vor+e)(LP°,-) = (Vor +e)(L(P° —x),- — Lx), so that

Vier(LP°) —¢3) =By | Y. V2Gr(- — La) « C°(Vipr + e)(L(P° — )
zeP°\{0}

By the homogeneity property (2.47) of Gp, V2Gr(- — Lz) = L_dVQGl2 (+ — )
L
and we get

V(pr(LP?) = ¢7) = LBy | ), VG(5 —2)*C°(Veor +e)(L(P° 1)) |.
zeP°\{0} -
(2.124)
Recognizing the operator K% of Lemma 2.10, we rewrite this identity as

Vi(pr(LP) = ¢7) = L™'BRK7(Ver + ¢)(LP°)
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which yields (2.123).

Step 3 : Banach fized-point theorem

We start by noticing that Vir + e € EF using the crude bound (2.30) and the
triangle inequality.

Choosing L > 1, we claim that L™¢B3K% is a contraction in the Banach space
EL. This allows us to invert the operator in (2.123) and yields P°-a.s

Ver(LP°) = (1d—L B3 KE) ™ (Vs + €) (LP°) . (2.125)

We now prove that we indeed have a contraction, i.e. |HL_dBi}KﬂHL < 1.

Using our extension from (L%(B;))* to E¥, the uniform bound (2.40) on B3 can
(trivially) be rewritten in the form

sup [|1B2l, <1
L>1

We combine it with the improved bound (2.81) on Kk from (2.1) to the effect that
L™ BrE|]], 5 L7 <1

by the assumption L > 1.

Step 4 : Post-processing
We claim that we can replace the operator K% by the operator Kz (L) (see
L

Lemma 2.12) in (2.125) which yields (2.117). The key here is that KX acts on
V7. + e which is a deterministic function.
Indeed, fix L > 1, g € (L%(By))" and P° € Q°. We claim that

_ —1
[(Id —LIBLKE) 19] (LP°) = [(Id —L‘dB%IC%(L)> g} (P°) (2.126)
which yields (2.117) taking g = V5 + e € (L2(By))".

-1
First, (Id —LBSK = (L)) is well-defined in E' thanks to the uniform bound
L2

(2.112) proceeding as in Step 3.
Then, similarly to the (2.80) relating K% to K , we notice that the operators
L

are constructed in such a way that for all £ > 0,
k
(KR g(LP°) = (K5, (L)) 9(P*) .

We even have

(B3 ) g(LP°) = (Bok 5 (1) 9(P°) (2127)
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since the operator B7 does not act on the point processes. Note that in this
equality, B3 is seen as an operator acting on E” in the LHS and acting on E' in
the RHS.

Finally, (2.127) implies (2.126) using Neumann series (respectively in F* and
E') in the form of

([d-LByKp) =) (L ~iBs Kk
k=0

As in Step 3, these expansions are justified by the assumption L > 1 which
guarantees smallness of the operators in the appropriate norms.

2.4.3 Proof of Proposition 2.3 : analyticity of the fixed-point
operator

Structure of proof

Informally, the expansion (2.113) of (L) is obtained by first Taylor expanding
the massive Green function in L™' in the definition (2.78) of K,(L) and then
passing to the limit 7 — oo. The key point here is the analyticity statement which
is captured in the bounds (2.114) controlling the growth of i +— K@

Remark 2.13 To keep track of this growth, in the sequel (when it is necessary),
we drop the notation A < B in favor of A < C x B. In the proofs, the constant
C' is generic and may change from one line to another but remains independent
of the parameters of interest (notably 7, L and its exponent, specific dependence
will be mentioned). O

We start by establishing a Taylor expansion of the map L~! — K.(L) up to
any order with controlled growth of the coefficients and the remainder term.

Lemma 2.21 Let 7 > 0. For alln > 0 and for all L > 1, we have

KA(L) =Y KYL™ + Ry (L)L (2.128)

=0

where, for all f € E', the family <1Cg)> of bounded operators E' — E' are
>0
given by

KOSP) =5 > VHG) [ (= )P C WP - ndy, (2129

Y aepono) B
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and the remainder operator R*1(L) : E' — E' is given by

RNL) f(P°) = vHQ, x+t— Sy — )
a2 [ vee(eet )
(1—-t)"C°(y)f(P° —x,y)dtdy . (2.130)

In addition, there exists a constant C' > 0 (independent of T and L) such that for
alli >1

<2, < ¢ (2.131)
and for alln >0 and L > 1,
IR L), < C™ . (2.132)

O

Fix n > 0, L > 1. We want to pass to the limit 7 — oo in the expansion
(2.128). For the RHS, we start with the higher order terms.

Lemma 2.22 For all i > 1, the operator KY) : E' — E! (defined in (2.129))
converges in the operator norm ||-||, toward the operator K9 : E' — E' (see
(2.115)).

For alln > 0 and for all L > 1, the operator R*(L) : B — E' (defined in
(2.130)) converges in the operator norm ||-||, toward the operator R"*(L) : E* —
E' defined for f € E* by

R™HL)f(P°) = VG (et ) - (=)
mePO\{O} /Bl/ ( )
—t)"C°(y) f(P° — z,y)dtdy . (2.133)

O

The 0''-order terms needs a special treatment. A priori, combining the bound
(2.79) on K,(L) with the bounds (2.131) and (2.132) from Lemma 2.21, we only

have H)IC&O)

improved bound on K% from Proposition 2.1.

‘ < In(2 + 7). This logarithmic divergence can be avoided using the

Lemma 2.23 The operator K\ : EY — E' satisfies the bound
I <1 (2.134)

Moreover, it converges pointwise as T — oo and we define the linear operator
KO EBY — B as its limit. O



2.4. Proof of Theorem 2.1 : analyticity of the homogenized coefficient 98

Note that Kﬁo) only converges pointwise contrary to the <IC9) which converge
i>0

in norm. In both cases, the bounds (2.114) are inherited from the bounds (2.131)
and (2.134) (using Banach-Steinhaus theorem in the pointwise convergence case).
For the convergence of the operator IC, itself, we use Lemma 2.21 with n =0

to write for all 7 > 0
K.(L) =K +RYL) .

This formula implies the uniform bound (2.112) combining the bounds (2.134) and
(2.132) on K and RL(L). Tt also yields the pointwise convergence K, (L) —

T—00
K(L) = K©® 4+ R'(L) combining Lemma 2.22 with Lemma 2.23.
Sending 7 — oo in (2.128), we have obtained that
K(L)=> KWL™ + R L)L~ (2.135)

1=0

Using Lemma 2.22, R™™! inherits the bound (2.132) and there exists C' > 0 s.t.
[|R™H(L)|| £ C™™'. We then chose L s.t. L7'C' < 1 and send n — oo in (2.135)
so that [|[R™ (L)L~ — 0. This yields the series expansion (2.113) and
concludes the proof of Proposition 2.3.

We now turn to the proofs of the auxiliary results Lemmas 2.22 and 2.23. The
proof Lemma 2.21 is postponed as it requires another technical ingredient.

PROOF (LEMMA 2.22) We only provide the details for the convergence of the
<IC9> . The proof of the convergence of the remainder operators (R**1(L)), <,
i>1 >

is similar.
Fix i > 0. We claim that

169 — KO, <, / V(G — @)y oy dt (2.136)
R4\ B,

Indeed, we fix f € E' and P° € Q°. From the definitions (2.129) of K and
(2.115) of K@ and since |(z —y)®'| <; 1 for all 2,y € By, we have for all P° € Q°

I = KN F P my S D V(G = G)@)| | |C°f (P~ w)] .
z€P°\{0} B
(2.137)
(2.136) then follows from applying Lemma 2.11 to the RHS with w = |V*™(G, —
G)(), g(P°) = [, 1C°f(P° — )| (so that E° [¢°] < || f[|Z:) and € = 1 and from
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noticing that
sup Yy V(G - G) ()| Sil (2.138)

POER L epor {0}

For (2.138), we note that for all  # 0
VG ()] + [VHTG(2)] S5 |4 (2.139)

from the bound (2.48) on the massive Green function and its counterpart for the
standard Green function. Summing (2.139), we obtain for all P° € Q°

Y VG -G S Y e

xePo\{0} z€P°\{0}

which concludes the proof of (2.138) since, for all P° € Q°, we have

Z ’x| (d+1) Sil-

zeP°\{0}

To show this inequality, we proceed as we did for (2.74). We decompose the sum
over the annuli Cj, = By1\ By and use that ||+ is a radially decaying function
to write

S TS HPO N (2.140)
zeP°\{0} k=1
Recalling that #(P° N Cy,) < k%1 by Lemma 2.8, we get

(e.9)
’ | (d+1) 5 /{3 (144)
> e 2

zeP°\{0}

since ¢ > 0.

We conclude the proof of this lemma applying Lebesgue’s dominated conver-
gence theorem to the RHS of (2.136). To do so, we check that we have, for all
z € R\ By, the convergence |V*Y{(G, — G)| 5, ) —= 0 by Lemma 2.6 and

the integrable bound ||V*"(G, — G) |5 @) Si |2/~ which is an upgrade of the
pointwise bound (2.139) proceeding as we did for (2.76). =

PROOF (LEMMA 2.23) On the one hand, the Taylor expansion (2.128) implies
that for all L > 1 K = K,(L) — RY(L). On the other hand, we note that
K.(1) = K!. Combining both, we obtain

K® =K!—RY1) . (2.141)
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This identity implies the bound (2.134) combining the improved bound (2.81)
on K! and the bound (2.132) on the remainder.

It also implies the pointwise convergence of K9 as 1 — oo combining the
pointwise convergence of K! from Proposition 2.2 with the convergence in operator
norm of R! from Lemma 2.22. =

Growth of the derivatives

In Lemma 2.21, to establish the bounds (2.131) and (2.132) on the (lC@)

i>1
and (RI(L)),s, it is necessary to control the growth of function of the form
Z’ — Supfpoeﬂo ZQEEPO\{O} |v2+lGT|($> '

If the well known bound of Lemma 2.24 on V*"G . ensures summability, it
does not keep track of the growth of the constants in 2. We make it explicit in
the following lemma which controls the growth of the derivatives of the massive
Green function while ensuring summability (far from the origin) uniformly in the
massive parameter.

Lemma 2.24 Let T > 0 and Gt be the massive Green function defined in Defi-
nition 2.4. Let A > 0. There exists C(d, \) > 0 (depending only on the dimension
and the margin parameter \) such that for all i > 1, for all > 0 and for all
z€R? st |z| > (14 N)r, we have

' 1 i—1
192 Gl < O )y (2,12

, i1

For i > 2, the RHS of (2.142) reduces to (@) ||~ (up to increasing
C).

Note that the sole purpose of the margin parameter X is to quantify the condition

|z| > r (which guaranties that 0 ¢ B,(z)). O

The proof relies on the following iterated version of the Caccioppoli inequality
where we have kept track of the growth of the constant.

Lemma 2.25 There exists C(d) > 0 such that for all0 < p < R, T >0, u €
H'(Bg) massive harmonic (i.e. weakly solving zu — Au = 0) in Bg and n > 0,

we have c "
" n
||V U”L?(B,,) S (R—p) ||u||L2(BR) . (2143)
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PROOF Fix p, R,T and u as above. There exists C'(d) > 0 (independent of T')
such that o

”VUHLQ(Bp) S R — p||u||L2(BR) . (2.144)

Indeed, take n a smooth cut-off from B, to By such that |Vn| < RL_p. Testing
n?u in the equation for u and using Young inequality, we get

5 [ [ v s [ vape
which yields (2.144).

We obtain (2.143) by iterating (2.144) : for n > 0, define rp =p <1 < ... <
r, = R. For each k € [0,n], we recursively apply (2.144) to V" *u (which still
1

verifies (T — A) V" %y =0 in Bgr) between 1, and 7., and obtain

IV ull 25,y < C™ [ [ (rrsr = ) " el z2say -
k=0

Maximizing [ [} _o(rk+1 — 7%) under the constraint ), _(rx+1 —ri) = R — p yields
the optimal choice ry 1 —1r, = ? for all k. Injecting this in the previous inequality
yields (2.143) and concludes the proof. n

PrROOF (LEMMA 2.24) Fix r and z as above.
For 7 = 1, we claim that

IVl , o, e < elE (2.145)

which is a strengthening of (2.142). To prove (2.145), we use that |V3Gr| <
C| - |7*D yniformly in 7' from the bound (2.48) on the massive Green function.
Then, we remark that for z € By, (z) and |z| > (1 + N, |z =2 — (2 —2)| >
2| = (1+3)r > (IQJ)F‘/\ z|. Since |- |74+ is a radially decaying function, this yields
(2.145).

Fix now ¢ > 2. The Sobolev embedding allows us to use L?-based norms con-
trolling the L**-norm by the H*-norm for some ko > [4]. By scaling (considering
Gr(r(-—z)) on By) we can make explicit the dependence of the Sobolev constant
on r and write

ko
] —d n i+n
‘|V2+1GT’|LOO(BT(Z)) S C?“ 2 ZT’ HV2+ + GT”L2(BT(Z)) . (2.146)

n=0

To estimate this norm, we remark that r and 2z are chosen such that V*+Gyp



2.4. Proof of Theorem 2.1 : analyticity of the homogenized coeflicient 102

is massive harmonic in B(H%r)(z). Applying Lemma 2.25 between r and (1 + 3)r
forn=1,...,ky gives

itn Cn\" i
IV Gl 2y < (—) IV Gl o
T (1+‘6)T

— 241
< Cr ”||V + GT||L2(B<1+%)T(Z)) .

Plugging these bounds in (2.146) yields

IV Gl (s, < Cr 2|V G| 2s

(1+%)r(z)) ’

Using again Lemma 2.25 on V3Gr between (1+ 2)r and (1 + 3)r gives

i cli— 1))
|V Grllxs,, y e < (T) IIV?’GTIIL2<B<H%)T<Z>> :
We conclude the proof of (2.142) noting that

_d _
r QHVSGT”LQ(B(H% (2)) < C||V3GTHL°°(B<1+%)T(,Z)) < C|Z| (d+1)

)r
by the triangle inequality and the estimate (2.145) on V3Gr. -

With Lemma 2.24 at hand, we now have all the ingredients to prove
Lemma 2.21.

PROOF (LEMMA 2.21) Recalling the definition (2.78) of K, (L) and using that C°
is supported in By, for all P° € Q°, L > 1 and f € E', we have

ke - [ V6, (o= ) CWIP - eady. (20

) L

zeP°\{0}
From Definition 2.4, G, is C'*° outside the origin and for all n > 0, the expansion
(2.128) ensue from Taylor formula (with integral remainder).

The proof of the bounds (2.131) and (2.132) follows the same structure as the
proof of the bound (2.65) from Lemma 2.10 where % played the role of 7 here.
These bounds also justify that the operators are well-defined. We provide the
details for the bound (2.132) on the remainder operator only. The bounds (2.131)

on (K@) follow similarly (with 2+, i > 1 instead of 3 +n, n > 0).
i>0
Fixn>0,L>1,7>0 P°cQ°and f € E'.
From the definition (2.130) of R"™™(L)f, we apply the triangular inequality
then note that t@ < 2 for all z,y € By and t € [0,1] and finally use that
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Jy (L =)™ dt = 15 to the effect that

n+1 o C’(nJrl) 3+n o o
||RT (L)f<7) )HLOO(Bl) < | Z HV GTHL""(BQ(J;) ‘C f(P —x)’
(n+1)! B,
zePo\{0}

Then, we claim that
sup > VTG Baty | < (Cln+ 1) (2.148)
Peee \ L oovio)

and that

V3G || oo (Bay (o) Az < (O + 1)) (2.149)
Rd\337€

Using Lemma 2.11 with w = || V3" G, || 1 (B,(), g(Po) = [, |C°f(LP)] (s0 that
E°[¢°] S |IflI3:) and e > 08.t. 3—e > 2+4¢ (e = § for instance), (2.148) and
(2.149) implies that ||R"+1f||E < (Cn’r;l Il fllzr. This ylelds (2.132) using Stirling
formula in the form 2+ < C™.

Lemma 2.24 Wlth r=2+cand A > 0s.t. (14+))(2+¢)=3—e¢, implies that
for all |z| >3 — ¢,

IV G| oo (B () < (C'(n 4 1)) 2|74 (2.150)

For (2.148), we sum (2.150) for x € P°\ {0} (implying |z| > 3 by the hard-core
property) and obtain

IV G @)ooy < (Cln+ )" > a7
zeP°\{0} zeP°\{0}

As we did for (2.74), we decompose this last sum over the annuli Cy, = By, \ By

and use that | - [7@*1) is a radially decaying function to write
S [T SN PN Gk (2.151)
zeP°\{0} k=1

Recalling that #(P° N Cy) < k4! by Lemma 2.8, we get

P R P |

zeP°\{0} k=1
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which concludes the proof of (2.148).
(2.149) directly follows from (2.150) integrating over RY \ Bs_ . since

f]Rd\B1 |x|_(d+1) S =



Chapter 3

Mean sedimentation speed of a
random suspension : First order
dilute expansion

The results in this chapter come from an ongoing work with Mitia DUERINCKX
and Antoine GLORIA. In [DG22b]|, these author showed that one can define a
notion of mean sedimentation speed V for particles in a viscous fluid, in the spirit
of stochastic homogenization theory. Using the cluster expansion, we provide a
first order dilute expansion of this sedimentation speed V ~ V(l) (where V(l)
corresponds to the settling speed of a single isolated particle) with a quantitative
control of the error in terms of so-called multi-points intensities, an intrinsic notion
of dilution introduced in [DG20c|. This first order expansion is not sufficient to

justify the (second order) Batchelor formula V' ~ V(l)(l — 6.55¢) (where ¢ is the
volume fraction of particles) but we believe that our strategy can be extended to
higher orders.
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3.1 Introduction

3.1.1 Model and averaged settling speed

Consider a large number of identical spherical rigid particles in a tank filled
with a viscous fluid at rest. If the particles are denser than the fluid, they will
start to sink under their effective weight (gravity force minus buoyancy). We
refer to this phenomenon as sedimentation. In this paper, we are interested in
the bulk behavior of sedimentation. We hence take an infinite tank filled with a
homogeneous, viscous and incompressible fluid. Assuming that the particles are
small enough, we can neglect their inertia and the motion of the fluid can be
modeled by the Stokes equation. Moreover, we postulate that the particles reach a
stationary state so that we can statistically describe their positions. Following the
physical intuition, this statistic should be without origin (we will say stationary
in the sequel) and there should be disorder in the form of large scale decorrelation
(which rigorously corresponds to ergodicity).

Mathematically, we then represent the particles by the set Z = U,epB(x)
where P is a random point process. For that purpose, we define the space

Q={Pe®R)", Vo,y € P,z #y, |v—y| >3} (3.1)

of hard-core point processes P that we equip, following [Chi+13, Section 4.1.1
p.108], with the o-algebra

F =0(P — #(PNB),B C R’ bounded Borel set)

(which is countably generated since we can limit ourselves to rational rectangles)
and a probability measure P that we assume
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— stationary : for all z € RY, 7,P ~j. P where the shift 7, are defined by
7. P = (T + 2)sep,

— ergodic : for any F € F, (F = F + z for all z € RY) = P[F] € {0,1}. By
Birkhoff theorem, this property implies that E [f(P)] = limg o0 fBR f(P+
z)dz for any f € L'(Q,P) (i.e. we can recover expectations from spatial
averages over large domain).

Note that we have chosen a minimal distance of 3 between the points so that
there is a minimal distance of 1 between the particles (but any positive number

would do).
We assume that P has intensity A\ (i.e. average amount of points per unit of
volume) so that the volume fraction of particles writes ¢ := A|B|. Setting the

direction of gravity e € R?, the velocity of the fluid ¢ : R¢ — R and its associated
pressure II : R¢ — R solve the following equation

( —V-o(p, 1) = —ae in RY\ Z
Vg = 0 in R4\ Z
D(¢) = 0 inZ
m =0 in T (3.2)
e|B| + faB( yo(o. v = 0 Vo eP
L de(m) Ov - oo, v 0 VO € ]ngxefv, Vo e P

where, setting the symmetric gradient D(u) == $(Vu + Vu®), o(u,p) == 2D(u) —
pld is the Newtonian stress tensor and we have set the back-flow term « = &.
We have extended the pressure II by zero inside the particles. For the velocity
¢, we assume that it coincides with the rigid motion of the particles on their
boundaries (from the standard no-slip boundary condition). Hence, for all x € P,
we impose D(¢) = 0 in B(x) or equivalently that there exist V, € R?, ©, € Ry
st. ¢ = Vo + 0,(- —x) in B(x). The boundary conditions on each particle
correspond to the equilibrium of forces (effective weight and stress exerted by the
fluid) and moments (written in a form which is valid in any dimension ; in the
case d = 3, for any © € R¥3  there exists w € R® s.t. Oy = w Ay, Yy € R® and
we recover the standard definition of the torque exerted by the fluid).

The back-flow term «, which could be surprising at first glance, can be seen as
an averaged multiparticle effect. As it is constant, it could formally be absorbed
in the pressure but it is crucial for solvability (see Remark 3.7 for a motivation

when considering a finite volume).

Remark 3.1 Our model (3.2) could also be interpreted as the snapshot of a dy-
namical one (or its time discretization).

Here, the data of the positions = of the particles’ centers fully determines
the velocity field ¢ and in particular the instantaneous speeds of the particle V.
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Given an initial particles’ configuration, we thus could define a (deterministic)
dynamic setting # = V, for each particle . A natural choice for P would then
be the invariant (or equilibrium) measure for this dynamic should it exist or some
suitable transient statistic. o

In our statistical setting, one could naturally want to define a notion of aver-
aged settling speed V. This has been a challenge in the physics literature of the
previous century ([Smo27; Bur4l; Bur42|). Indeed, a single particle in a Stokes
fluid generates a flow which decays as O(r2~%) at distance r. This long-range effect
is not integrable over the whole space and therefore, any naive summation of the
particles’ contributions would diverge. In [Bat72|, Batchelor first found how to
deal with this divergence through a suitable renormalization (using the back-flow
and random cancellations) allowing him to define a mean settling speed. These
ideas (and much more) have been mathematically formalized by Duerinckx and
Gloria in [DG22b, Theorem 1] from which we extract the following result.

Proposition 3.1 ([DG22b]) Lete € R? s.t. |e| =1, d > 3 and P be a stationary
ergodic point process which is y-algebraically mizing to order 2 (see Definition 3./

below) with v > 2 and which could be periodically approximated to order 2 (see
Definition 3.5 below).

There exists a unique solution (¢, 11) € L*(4, (H}oc(Rd))d) x L*(Q, L2 (RY)) of
(3.2) s.t. the gradient field V¢ and the pressure I1 are stationary, they have vanish-
ing expectation E [(V,I1)] = 0, they have finite second moments E [|[Vo|* + 11%] <
1 and ¢ satisfies the anchoring condition fB ¢ =0 a.s.

Noting A the intensity of P and recalling that the back-flow term is given by

_ _AB
o= T—NB|’ (3.3)
one can then define the mean settling speed V (in the direction e) by
V=a'E[|Ve|] (3.4)

and this definition coincides with the intuitive notion of arithmetic mean (see Re-
mark 3.10 below). O

Note that here, V is in fact the projection on the direction of the gravity e of the
mean settling speed, thus a scalar. This fully determines the sedimentation speed
as it needs to be aligned with the gravity. In the sequel, we will omit this slight
distinction.

The assumptions on P essentially amount to a slight quantification of the
ergodicity and to a good finite volume approximation of P which keeps the same
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properties, in particular stationarity. The quantification is a weakened version of
a-mixing (with explicit algebraic rate of decay ), see Section 3.2.2 for details. The
decay of the two-point correlation only is needed to define V, hence the condition
at order 2.

The decorrelation at large scale (in the form of the stationarity and quantitative
mixing) is key for the well-posedness of (3.2). Indeed, Stokes equation is elliptic
and the boundary conditions essentially impose a source-term at each z € P, hence
non decaying : a standard deterministic approach through energy estimate (via
Lax-Milgram for instance) would thus fail, see Remark 3.16 below.

Remark 3.2 For d > 3, [DG22b, Theorem 1] states that the two-point correlation
should be integrable i.e. v > d but the condition v > 2 is actually sufficient
inspecting the proof (see the key estimate (3.86)).

The main focus of these authors was the notion of hyperuniformity (see [Tor18|)
a type of long range order on the disordered point set P. Assuming in addition
that P is hyperuniform (see [DG22b, Appendix Al), the results of Proposition 3.1
can be extended to d = 2. This is very surprising and only possible thanks to
the hyperuniformity assumption. Indeed, this threshold at d = 3 is linked to the
well-known Stokes paradox in physics : the Stokes flow around an obstacle d = 2
is not uniquely defined and we have the same issue for the flow generated by a
single sedimenting particle.

We will always assume d > 3 in the sequel to avoid this issue. o

Note that V can also be defined as the mean of Vj, the speed of the typical particle,
under the Palm distribution (well-defined since P is stationary), see Section 2.2.2
in Chapter 2.

3.1.2 Main result

In this chapter, we rigorously establish a 15 order expansion of the mean sed-
imentation speed V in a dilute regime. Our long term goal (not reached in this
thesis) would be to provide a rigorous higher-order dilute expansion of V' and in
particular to settle the correct scaling for the 2°¢ order term.

A priori, a dilute regime is characterized by the smallness of the volume frac-
tion of particles i.e. ¢ < 1. In this regime, the particles are scarce and should
essentially behave as if they were isolated. Hence, one expects that V ~ V(l)
where V(l) is the settling speed of a single isolated particle in the whole space
(solving a single particle problem analogous to (3.2)). The physical debate lies in
the next order in this approximation. In [Bat72|, Batchelor derived (for d = 3)
the expansion

V ~ V(1 - 6.550) (3.5)
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with a correction o< ¢ for a Poisson-like model. This was in contradiction with
[Has59] who found a correction o ap% (again for d = 3) for a model of periodically
arranged particles.

In [DG20c|, Duerinckx and Gloria have established a rigorous expansion for the
effective viscosity of a related Stokes problem. In particular, they have highlighted
that, at higher-order, the volume fraction ¢ is not sufficient to characterize dilution
: one need to appeal to the so-called multi-point intensities ()\;);>1 of the point
process. They reflect, inter alia, the local correlation structure of the process, see
Definition 3.2 for details.

Using tools and ideas developed in [DG20c|, we shall establish the following
quantitative 1% order expansion of V.

Theorem 3.1 Lete € R? s.t. |e| =1, d > 3 and P be a stationary ergodic point
process which is y-algebraically mizing to order 4 (see Definition 3.4 below) with
v > 2 and that can be periodically approximated to order 4 (see Definition 3.5
below). Let (A\;)1<i<s be its associated multi-point intensities (see Definition 3.2
below). The mean settling speed V' given by (3.4) (see Proposition 3.1) admits the
following quantitative approzimation

1—2 1—-2
L . .
V-7 <A+ 2+ (3.6)

where V(l) = fB ¢° - e (see Lemma 3.4 below) corresponds to the settling speed of
a single isolated particle. o

Before commenting on the assumptions, let us just particularize the result of The-
orem 3.1 to the hard-core Poisson case. It satisfies our mixing and approximation
assumptions up to any order, we have v = oo (formally) and \; ~ M\ for all
i > 1 so that the RHS of (3.6) reduces to < A (which is coherent with Batchelor’s
prediction (3.5)).

As we are aiming at a dilute expansion, it is surprising that there is no explicit
assumption on the smallness of the multi-point intensities (A1<;<3). It is actually
already implicitly encapsulated in the hard-core assumption (3.1) on € which
implies \; < 1, for ¢ = 1,2,3 (see (3.16)). Of course, (3.6) only yields a good
approximation if \; < 1, for ¢ = 1,2,3 and one can find models so that these
quantities scales independently of one another (see Remark 3.3).

As our result build up on the definition of V, we require at least the same
mixing (7 > 2) and approximation assumptions as in Proposition 3.1. We also
limit ourselves to the case d > 3, see Remark 3.2. We expect the approximation
assumption to be purely technical and hope to relax it once we will have designed
a good finite volume approximation procedure for any mixing point process (in
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particular, it should not break stationarity). Our additional assumption on the
mixing (order 4 instead of 2) is necessary for the control of the remainder. As
V depends non-linearly on P, it is actually unexpected that a truncated mixing
assumption suffices : this is specific to our problem thanks to the rigidity con-
straint on the particles, as observed in [Gér21, Proposition 3.16| (see also [DG20c,
Theorem 3 p.38|).

The expansion (3.6) only provides a (quantitative) upper bound on the
order correction of V and thus does not settle the physical debate. Nonetheless,
we see this result as a prototype : we believe that the strategy presented here can
be extended to any order, see Section 3.4. This is left for future work.

2nd

3.1.3 General strategy
Cluster expansion formalism

Because of the dilute regime, we expect the mean settling speed P +— V(P)

(that we now see as a function of the particles’ positions P) to behave like v
the settling speed of a single isolated particle. Doing so, we have neglected all the
multi-particles interactions. It could then be fruitful to decompose P + V(P)
in finite subset contributions (pairs, triples, ...) in order to account for these
interactions thus obtaining a better approximation. This can efficiently be done
using the so-called cluster expansion which is well-known in statistical mechanics
(see [Tor02, Chapter 19]) and has already been successfully used in stochastic
homogenization (see [DG16]). We recall this formalism in our context.

Given a discrete finite set £ = {z1,...,25} C R% we consider functions
acting on the power set of F

O =07 FCEr dF .

For all # € E, we introduce the difference operator 61*} acting on this space
defined by
sl = slatefut = oFVie _oF vFC E .

§1*} provides a notion of discrete derivative (or sensitivity) of ® at x.
For F' C E, we recursively define higher-order difference operator

o = st
zeF

with the natural convention ¢ = Id.
With these definitions, one can check the following identity using some combi-
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natorics
(=} L gt 1 - { bt
E _ 9 T} HH - T1,T o T, T B
P =97+ ) 5 <I>+2!Z(512<I> RRRTET >4 515
zeE r1,22€F :cl,...,x|E|EE
(3.7)
where we have set 7 =3 .0, . (3.7) can be rewritten in the more
Ly z £z for k£l
compact form
|E|
oY =Y Y e
FCE i=0 FCE

|F|=i

For all n, we also introduce C™ the truncation of this series to order n given by

CMo# = Zn: > o

i=0 FCE
|[F|=i

When |E| = oo, as it is the case for P, this series does not converge in general
but we expect its finite truncations to provide a good ansatz. If ® is an averaged
quantity (like V), the j-point intensities (););>1 of the point process P (see Def-
inition 3.2) should provide an accurate measure for the size of the coefficients in
the decomposition and for the error term (see [DG20c, Lemma 1.2 p.10] for the
complete treatment of a toy model) : for all n > 1,

D P (3.8)
FCP
|F|C:n

as it involves a sum over n-tuples and

@7 — CMOH| S Ay (3.9)

Heuristic of the proof

Using the cluster formalism, we are now in position to explain (informally)
our strategy of proof. Note that we will stay rather hazy regarding the estimates
involving the multi-point intensities (\;);>1 at this stage (note that we always have
A1 = X and one can keep in mind the hard-core Poisson case where \; ~ \! for all
i > 1 to follow the scalings).

If we had a finite number of particles, i.e. |P| < oo, one would naturally define
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the averaged settling speed V' as an arithmetic mean via

1
P <E | s ][ ] (3.10)
).

zeP
recalling that the velocity fields ¢ is given by the system (3.2
reformulate this expression using an energy identity (see (3.5
rigorous definition (3.4) from Proposition 3.1 where V o« E
formula still holds even when |P| = oc.

We do not apply the cluster expansion directly to V but to ¢ instead and
plug it in the definition (3.10). This could be surprising since ¢, unlike V, is not
an averaged quantity and we thus do not expect its cluster expansion to be fully
accurate. However, using ¢ allows us to rely efficiently on PDE estimates which
will be crucial for the reformulation and control of the cluster error.

For a finite set E of particles, we define ¢” solving a system similar to (3.2)
(replacing P by E, see Lemma 3.2). Noting that ¢ = 0, we have §7¢# = ¢{*} =
¢* for all z € P so that the first order cluster expansion writes C(V¢# = Y oep O°
Plugging this expansion in the expression (3.10) of V, we obtain

veE |P|Z][ 2,00

One can actually
2)) and obtain the
[[Vo|?]. This last

(1) 1 #
e |7>|Zf (6= CT97) e

I

=
I
™
s
@g

iR []i (6 — CWGH) . e}

separating, for x € P, the rigid part on B(z) in the first order cluster expansion,
>, ="+ >, ¢Y. Noting that the one particle problems only differs by

a translation, i.e. ¢* = ¢°(- — x) with ¢° = ¢{% which is deterministic (see

Lemma 3.4), this yields
~f o ernlr]
B

[P

Z ][B(m) e

z,yeP

with

|7>|1Z][ o e+f¢ COGH) e

z,yeP

=R+ R} . (3.11)
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We expect that
E [R'] £ A1 + lower order terms (3.12)

and this would conclude the proof of Theorem 3.1.

We have separated the remainder term in two part in (3.11). For the first one
R1, the dependence on P is fully explicit. We will then be able to estimate it using
multi-point intensities so that E [R}] < 42 ~ A (as we are dividing a sum over pairs
by the total number of points).

For the second one R, the dependence on P remains implicit because of ¢.
Using the PDE solved by ¢ — C(W¢# and the rigidity on the particles, one can
establish the following energy estimate

E[|V(¢ — CP¢#) ] < A2+ lower order terms (3.13)

to control the cluster error, see Lemma 3.9 and (3.82) for a rigorous version. Yet,
RZ involves the function not its gradient. Using again the equations, we can refor-
mulate R in a form better suited to use the energy estimate, cf Remark 3.13. This
reformulation is obtained testing the equation of CV¢# (for which 1ze appears as
a source term) with ¢ — CM¢# and vice versa, see (3.81).

The main difficulty to establish the remainder estimate (3.12) (and (3.13)) is
summability, that will be dealt with through a so-called renormalization procedure
(which amounts to reformulating a non absolutely converging integral into an
absolutely converging one using suitable cancellations). Treating for instance R}
and using again that ¢* = ¢°(- — x), we have

# #
1 Z ][ 1 Z _ Z
|P’ z,yeP B(z) ’P‘ z,yeP B z B

where we have cancelled out one sum with |P|™! and we are now summing over
(2 =@ — y)yyep. As previously discussed, the contribution of a single particle is
long range and its decays | 5 ¢*| ~ (z)*™% is not summable. But (z)*%7 would
be for v > 2. As we are estimating E [R{] (and not just R}), this extra decay will
be provided by our mixing assumption, see (3.84) and Remark 3.15.

Thanks to our approximation assumption, for L > 1, we indeed have |Py| < oo
so that this formal computations can be made rigorous (in particular, all the sums
are finite) and we recover our original process passing to the limit L — oo.

As this strategy is very straightforward, we expect it to hold at any order
(truncating the cluster expansion accordingly). This is left for future work as the
renormalization procedure is more involved at higher order, see Section 3.4.
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3.1.4 Relation to other works

The mathematical literature regarding the sedimentation problem is very
scarce. Most previous works focused on the dynamical model described in
Remark 3.1 : in [JOO04], Jabin and Otto identified the regime in which particles
do not significantly interact while in [H6f18] and its improvements [Mec19] and
[HS21], Hofer, Mecherbet and Schubert studied the mean-field limit. In those
works, the volume fraction ¢ is supposed to go to zero (with a certain scaling in
the total number of particles) and rely on the deterministic method of reflections
(which allows to propagate some minimal distance through the flow ; the
dynamic fails as soon as there is a collision between particles). See also [Mec21|
for the study of a sinking droplet.

Regarding our stationary statistical approach, it was first studied in [Glo21|
by Gloria on a scalar version of the sedimentation problem. The velocity ¢ from
problem (3.2) is reminiscent of the standard corrector in stochastic homogenization
(for linear elliptic equation in divergence form, see for instance [GO17|). Borrowing
ideas and tools from this field, he gave a rigorous meaning to the (scalar) mean
settling speed and studied its fluctuation. In [DG22b|, Duerinckx and Gloria
improved and extended this work to the present setting with a focus on the notion
of hyperuniformity and its effect on fluctuations (see Remark 3.2).

Our work should also be put in perspective with the ones on dilute expansion
of effective models. Keeping our model (3.2) but assuming that the particles have
the same density as the fluid, one could be interested in the effective rheology
of the mixture fluid + particles defining for instance an effective viscosity (in
particular so-called active fluids have received a lot of attention in recent years,
see the introduction of [Gir22] for a more detailed review on this topic). The
dilute expansion of the effective viscosity is known as Einstein’s formula (at first
order) or Batchelor-Green (at second order). The justification of these formulas
has received a lot of attention in the past year. The earlier works [San85|, [HM12]
obtained Einstein formula in the case of periodic array of particles. [HW20], [NS20]
extended this result to the disorder setting using the method of reflections. The
Batchelor-Green correction (second order) was captured in [GH20| (extended by
[GM22]) assuming the convergence of some mean field quantities. In all these
works, the minimal distance between the particles is supposed to be large enough.
This condition was relaxed to some extent using a non-concentration condition
on the particles in [GH21|. In all cases, the results state that the velocity field
of the particle model can be approximated (with an error term controlled in ¢)
by a dilute effective solution u solving a whole space Stokes problem (without
any particles) with an effective dilute viscosity (yielding an effective stress tensor
oei(u,p) = v(¢)D(u) — pId) defined as a power law of ¢, v(p) = Id +ov) for
instance in the Einstein case (with ™) explicitly given).
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In parallel, Gloria and Duerinckx approached this problem through a (stochas-
tic) homogenization perspective [DG21a; DG21b; Due22|. Instead of directly look-
ing for an effective dilute model they decomposed the approach, first defining an
effective model (with a notion of effective viscosity valid even in a non-dilute set-
ting) then expending the effective viscosity in a dilute regime. They used several
approaches to justify this dilute expansion (energy method, ¢! — ¢? estimates, im-
plicit or explicit renormalization) which are summarized in the memoir [DG20c].
In [Gér21|, Gérard-Varet used a similar approach tackling this time the expansion
through a fine analysis of Calderon-Zygmund kernels (a notable difference also lies
in the decomposition of multi-point densities for which the multi-point correla-
tion approach introduced by Duerinckx and Gloria, see Definition 3.3, allows a
more convenient treatment of high orders). These techniques no longer require the
inter-particle distance to be large, only positive. In exchange, the particles need
to be distributed along a stationary ergodic point process (for homogenization to
hold) where the previous techniques only required some mean field quantities to
converge (these convergences hold in the stationary ergodic case).

Our work can be seen as an extension of Duerinckx and Gloria works in the
sedimentation setting (using the renormalization method) and share the same as-
sumptions. The notable difference with the effective viscosity case is that it can be
defined and expanded under the minimal homogenization assumption (stationary
and qualitative ergodicity) when we require a (weak) quantitative mixing assump-
tion for V to be well defined and for the expansion to hold.

3.1.5 Extensions and future works

Regarding our assumptions, first we have chosen our particles to be spherical to
simplify the exposition. This condition can be relaxed to any bounded smooth (at
least C?) shape. We use this smoothness assumption for our boundary estimate
(see Lemma 3.7). Hence, it is unclear if we can assume our shapes to be only
locally Lipschitz. We also have taken our shapes to be identical. This condition
can be relaxed to distribution of (smooth) bounded shape (independent of our
underlying point process) : we would essentially see the averaged shape.

Second, our separation assumption is more stringent : we need a positive uni-
form lower bound on our inter-particle distance to define the mean settling speed
V. However, several recent works [Due22|, [DG20c, Theorem 1|, [GG22] have
managed to relax this condition for the problem of effective viscosity (or effective
conductance) using a fine treatment of clusters. One could try to adapt these ideas
in our context.

Finally, as explained in Remark 3.2, we have always assumed that d > 3 even
if V' can be defined d = 2 under the additional hyper-uniformity assumption. One
could investigate the behavior of our expansion for d = 2 (one should expect some
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sort of blow up as the single particle problem is not well defined anymore for

d=2).

Regarding future works, with Duerinckx and Gloria, we are currently work-
ing on the extension Theorem 3.1 to the second order as it would fully justify
Batchelor’s expansion, see Section 3.4.

Although not very physical, one could be interested in the dilation case (which
include the periodic case) P’ = ¢P for £ > 1 and look for an asymptotic expansion
of the corresponding map ¢! +— V(P?) as £ — oco. In a future work, we would
like to see if the fixed-point approach developed in Chapter 2 can be adapted to
this setting.

3.2 Preliminaries

3.2.1 Notations

We summarize here the various notations that we use in this chapter.

— We use the notation A < B (resp. A 2 B) for A < C x B (resp. A > & x B)
with a constant C' that depends only on the dimension d and on controlled
parameters appearing in different assumptions. Note that the value of the
constant C' is allowed to change from one line to another. We write A ~ B
when A < B and B < A. In. addition, we write A < B (resp. A > B)
for A < % X B (resp. A > C x B) for some sufficiently large constant C.
We add subscripts to C', <, 2, <, > to indicate the dependence on other
parameters.

The ball of radius R centered at  in R? is denoted by Bg(z) and we simply
write B(z) = Bi(z), Bg = Bg(0) and B: By(0). Similarly, we define
Qr(z) = z 4+ [—%, £)9 the cube centered at z of size R and its short-hand
notations.

We also denote the slightly enlarge unit ball By = By, for any 0 < p < %

For = € R, we use the Japanese bracket notation (z)* = 1+ |z|2.

— For L > 1, we identify the cube Q, with the flat periodic torus R¢/LZ?. We
denote by |- |y its corresponding distance as well as the associated Japanese
bracket (-); = 14|-|5. We denote by B(x) the periodic ball (i.e. associated
to the periodic Euclidean distance on Q1) of size R centered at x, Q%(z) the
periodic cube (i.e. associated to the periodic L*™-distance on @p) of size R
centered at x and their associated short-hand notations.

As there is no ambiguity, we use the notation |E| = Leb(F) for the volume

of a measurable E sets in R? and |H| = #H for the cardinal of a countable
set H.



3.2. Preliminaries 118

— For a vector valued function u = (u;)1<i<4, recalling that in coordinates its
gradient writes [Vu]; = 0ju;, we denote its symmetric gradient D(u) by
A;;B;; for the usual scalar product on tensors.

;o We write A B =

— For a Borel U C R? and a function u, we use the short-hand notation fou=

\U|™* [, wand we define Ry () = £, ¥+ (§, Vo — D)) (- — §,, 2 dz), the
projection on rigid motion on U.

— We denote by o(u,p) = 2D(u) — pId the Stokes stress tensor, v the out-
ward unit normal vector at particles boundaries and ngxefv the set of skew-
symmetric d X d matrices.

— We denote by ¢, = max{t,0} the positive part of t € R and by a A b =
min{a, b} the minimum between a,b € R.

— For all n > 1 and countable set H, we add the superscript # on sums over

£
n-tuples of distinct points in H : Z = Z
Ty, Tn€H (mly--szn)eHn

3.2.2 Point processes

We recall statistical notions of random point processes which will be needed
for our analysis ; in particular, multi-point intensities, multi-point correlations and
their relation with mixing assumption as well as a good notion of finite volume
approximation.

Statistics

Definition 3.1 We say that a point process P on (2, F,P) is strongly mixing if,
for all U,V C R? and for any A € o(PNU) and B € o(PNV),

P[ANB] - P[AP[B] — 0.

dist(U,V)—o0

One can quantify this notion saying that P is y-algebraically mixing if there
exists v > 0 s.t., for all U, V, A, B as above,

IP[ANB]—P[A]P[B]| < (1 +dist(U,V)) .
Both of these notions imply ergodicity. 0

As stated in the heuristic, we need to define an appropriate notion of multi-
point intensities for a point process. We also recall some useful properties (see
[DG20c, Lemma 1.1 p.8| for more details).
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Definition 3.2 Let P € () be a stationary random point process. For 7 > 1, we
define its j-point density f; (also known as jth-order reduced/factorial moment
measure, see |[Chi+13, Section 4.3.2 p.121]) as the non-negative function defined
by the relation

#
/(Rd>j ij =E Z X(azl,...,xj) , VX c C’so((Rd)J) ) (314)

x1,...,2;€EP

Note that f; is symmetric as the points are indistinguishable. Intuitively,
fjdzy ... dz; is the probability to get j-points at positions (zy,...,z;).
We then define the j-point intensity \; as the (locally averaged) maximum of

fi
Aj = sup ][ fi- (3.15)
21,02, ERY S Q3(21) X x Q3(25)

We also define the aggregated quantity

Aj = 1max. i

Note that the 1-point intensity is nothing but the standard intensity of the point

process A} = A\; = A := E[|P N Q|] (we can remove the supremum by stationarity).
Since P is hardcore,

A (P) < 370(P) (3.16)

and X\ < 3% Note that we also have
PNQr| <R YR>1. (3.17)
Moreover, if P is stationary and strongly mixing, we have
A(P) = X(P) (3.18)
which implies in particular that A\;(P) > A(P)’ (see also Remark 3.6 below if P

only satisfies a truncated mixing). 0

Remark 3.3 For P hard-core and mixing, combining (3.16) and (3.18), we have
N < A; £ A One can actually construct points processes for which \; spans this
entire range. Indeed, if P is a hard-core Poisson point process, one has \; ~ A/ and
the diluteness of P is entirely characterized by A < 1. However, for any 5 € [0, 1],
there exist point processes s.t. Ao ~ A(P)*# (this construction can be generalized
to k > 2, see [DG20c, Section 5.1 p.121]). O

Following [DG20c, Section 4.3.1 p.74] (see also Mayer’s expansion in the lit-
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erature or joint cumulants), we also need to introduce a notion of multi-point
correlations to efficiently exploit the mixing of the point process in our framework.

Definition 3.3 Let P € () be a stationary point process. For all 7 > 1, we
introduce its j-point correlation function h; from the following decomposition of
its j-point density f;,

filan, . ap) =Y T tm(en) (3.19)

m Hem
where 7 runs over all the partitions of the index set {1,...,j}, H runs over all
cells of the partition 7 and we have set xg = (x;, ... ,%H‘) for H = {i1,...0u}.
For 7 =1,2,3,4, this reads
filz) = hi(z) = (3.20)
fo(, y) h2( )+)\2 (3.21)
f4($, Y, z, U) - h4(l’, Y, =z, u) + )\(hg(l’, Y, Z) + h3<$, Y, u) + h’3(y> 2, u))

+ ho(z,y)ha(2z,u) + ho(z, 2)ho(y, u) + ha(x, u)hsa(y, 2)
+ N (ha(@,y) + ha(, 2) + ha(w,w) + ha(y, 2) + ha(y, u) + ha(z,u))
+ A%,

(3.23)

Inverting recursively these relations, h; is a polynomial in (f;);<; and, as f;, h; is
a symmetric function. In particular, this yields the following bound

s f hl S5 % - (3.24)
Z1,...7Zj€Rd Qg(zl)X---XQ3(Zj) o
Moreover, if P is y-algebraically mixing, h; inherits this decay (see [DG20c,
Lemma 4.2 p.74]) and for all j > 1 and for all z,...,z; € R? we have
][ |h;] <j min (zp — 2) 7. (3.25)
Q3(z1)xxQ3(z5) kAl

This motivates to introduce a truncated version of the vy-algebraically mixing
requiring only the decay of a finite number of correlation functions.

Definition 3.4 Let n > 2. We say that the stationarity random point process P
is y-algebraically mixing to order n if, for all 2 < j < n and 2,...,z; € R% we
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have
f \hj| S min(z, —z) . (3.26)
Q3(21) % xQ3(z;) k#l

Periodic approximation

With these notations at hand, we are now in position to rigorously define our
notion of periodic approximation for a point process.

Definition 3.5 (Periodic approximation) Let v > 0 and n > 2. For a sta-
tionary ergodic random point process P which is vy-algebraically mixing to order
n on (Q, F,P), we say that it admits a periodic approximation to order n if there
exists a family (Pr)r>1 of random process constructed on (2, F,P) satisfying the
following properties :

— Periodicity in law : For all L > 1, the point process Py, is defined on the
periodic torus @ and is stationarity with respect to (continuous) shifts on
the latter.

— Stabilization : For any compact set K C RY, the restriction of the point set
on K converges to P i.e. P NK La—s> PNK.
—00

— Truncated mizing to order n : Defining f;; and h; as in Definitions 3.2
and 3.3 (replacing the whole space R? by the torus @ and the cube Q3 by
its periodized version Q%), we assume that, for all 2 < j < n,

][ |hjo| S min(z — 2), " . (3.27)
Q% (21)x-xQ% (25) k#l

Note that for all L, the condition P, €  already implies that Py, is hardcore.
We also define \; ;, and \; ;, as Definitions 3.2 and 3.3 (adapted on Q)p). o

Such an approximation should exist as soon as P is defined through a con-
structive procedure replacing the whole space by )r. For instance, the Poisson
process that can be constructed sequentially adding points chosen independently
and uniformly in space. Its hardcore variants are then obtained by thinning, i.e.
by deleting points which are too close (either sequentially or at the end of the
procedure), see for instance the so-called Matérn’s hard-core point processes type
I, I, TIT [Mat86] or Penrose graphical construction of the random parking measure
[Pen01]. These examples satisfy our mixing assumptions for any v > 0, their cor-
relations actually decay exponentially (this could be efficiently captured through
so-called multi-scales functional inequalities developed by Duerinckx and Gloria,
see [DG20b, Section 3.3 and 3.4]).
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Remark 3.4 One could also define a naive approximation of P on the torus set-
ting, for all L > 3, Pr = P N Qr_o and periodizing it on ). Note that we
have trimmed the points too close to the border to avoid cutting a particle when
periodizing.

The main difference with Definition 3.5 is that PL thus defined is not station-
ary anymore. This destroys the structure of our estimates in the sequel creating
divergent boundary terms as L — oo (see Remark 3.17). O

Remark 3.5 Even if the bounds (3.15), (3.24),(3.26) and (3.27) only control local
averages of (fjr));j>1 and (|hjr)|);>1, we can treat them as pointwise bounds in
our computation.

For instance, defining for j > 1

wi(T1, .. x5) = ANp A Illglagl (xr — )y,

the bounds (3.24) and (3.27) rewrites

][ hjol S wjlzn, ..o 25) - (3.28)
Q% (z1)x-xQ¥ (z;)

/. 9lhs.cl §/_ JWi (3.29)
o ;

L

This implies

for g s.t. SUPQL (21) - x QL () I S gay, ... @5).

We will typically apply (3.29) for ¢ = [[;[[i4 (z) T (wp — 2) 7™ with
Qp, Qg € R.
(3.29) is a direct consequence of Fubini and the hypothesis on g and h; writing

/g\h]L\ /][ glhi
Q J 3$1>< XQB(LL‘J

/j sup gwjdxy ... dzx; . o
Q1 Q5 (

T1) X ><Q3 (z5)

dl’l j

This notion of approximation is constructed, inter alia, so that we have con-
vergence of the multi-point intensities.

Lemma 3.1 Let P be a stationary ergodic y-algebraically mizing to order n and
(Pr)r>1 its approximation (see Definition 3.5). Then, for all 1 < j < n, we have

)\ZLL—>)\ and/\,L—>/\ = \; (see Remark 3.6).
—00
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PROOF By definition, the (\;1)i~o are products of the (\;1)i=o so we only need
to prove the convergence of the latter. For shortness, we only display the proofs
of convergence for A, and Ag . The ones for (A; );~2 works similarly by induction
(see [DG20c, proof of Lemma 4.2 p.75| for a proof in the same spirit).

We start with the convergence \;, — A\. We recall that, by stationarity, \;, =
E[|P.NQ| and A =E[|PNQ|]. Indeed, as Py, is stationary, the measure on the
torus (resp. R?) A — E [|P(1) N A|] is invariant by translation, hence proportional
to the Lebesgue measure on the torus (resp. RY). The convergence of \; then
follows by the z property Prig — Pjo (and the dominated convergence theorem
recalling that [P, N Q| < 1 by the hardcore property).

For the convergence XQ, L — Ao, we set for all , y e QL

D orwxeim (@ b)]

a,bePy,

Tarle—y) = ][ for = Qs °E
QY (z)xQE(y)

and for all z,y € RY

D 1gu@xeaw (@ b)]

a,beP

fa(r —y) = ][ for = |Q3|_2E
Qs3(x)xQs3(y)

(which are functions of z—y and not (z, y) by stationarity) so that Ao, = supg, fo.r
and Ay = Suppd E The convergence of Ay, — A2 then amounts to the uniform
convergence of fo — fo.

By the stabilization hypothesis, we have that for all R > 0 s.t. Qg + Q3 C
Qr, supg,, |for, — fo| — 0 as PLion+@s — Plor+qs (and using the dominated
convergence theorem).

From the decomposition (3.21) for, we have for(2) = A2 + hyp (with hyp
defined as fo ). From our mixing assumption, SUPQ,\0r lhar] < R™ hence
A2 — supg,\op fo.| S R77. Similarly, |A? — supgag, f2| S R

Combining the previous convergences, we fix ¢ > 0 and we write

A2, = max{sup fg_,L, sup E}, Ay = max{sup fo, sup fo}.
Qr Qr\Qr Qr RANQR

We first takeﬁs.t._‘)\% — supQL\QRfQ_,L’ + !)\2 — SUPRa\, E| < e and then L > R
st supg, [for — fof + A7 — A?| < e. For this choice of L and R, it yields
|A2,. — A2| < e and this concludes the proof. -

Remark 3.6 If P is stationary and v-algebraically mixing to order n (see Defini-
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tion 3.4), then for all 1 < j <mn,

A (P) = X(P)

(see Definition 3.2).
However, this property only holds for processes defined on the whole space.
In particular, even if P admits a periodic approximation to order n (see Defini-

tion 35), in general (AJ,L)(ISJSH) # (XJyL)OS]S”) =]

PROOF For shortness, we only display the proof that Az(P) = A3(P) assuming
that n > 3. The general case works similarly, it is a combination of the arguments
of [DG20c, proof of Lemma 1.1 (ii) p.9] with the one of [DG20c, proof of Lemma
4.2 p.75].

Fix 21, 29,23 € R%. From the decompositions (3.21) and (3.22) of the multi-
point densities in multi-point correlations, we have

f (o 2 ()
3(21)XQ3(22)xQ3(23) Q3(21)xQ3(22) Q3(23)

][ B,y 2) + Alha(e, 2) + ha(y, 2)) de dy =
Q3(21)xQ3(22)xQ3(23

)
< (dist({z1, 22}, 23)) 7

by definition (3.26) of y-algebraic mixing.
d
By stationarity, st (21)xQs () 12 = st (21 4u)x Qs (o J2 fOT @ll u € RY. Hence,
by definition (3.15) of the multipoint intensities

Aa(P) > lim fo= (][ f2> (][ fl)
[l =00 J Qs (21 +u) x Q3 (22+u) x Q3 (23) Q3(21)xQ3(22) Q3(23)

so that A\3(P) > Aa(P)A(P) taking the suprema over (z1, z9) and z3.

Proceeding similarly, we get A\o(P) > A(P)? so that \3(P) > A(P)? and there-
fore A3(P) = A3(P) by definition of the latter.

This strategy fails in the bounded case as we can not send the shift u to infinity
(lulr < L). n

3.2.3 Finite volume approximation

Definitions and properties

With the periodic finite volume approximation of P (see Definition 3.5), we
turn to the corresponding finite volume periodic approximation of (3.2), the fluid
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velocity (and pressure) generated by the particles. As we want to use the cluster
formalism, we define a periodic analogous of (3.2) for any finite subset of particles.

Lemma 3.2 Let L > 1, e € R? and let E C Qp be a finite hard-core set (i.e.

ming yep | — y| > 3) and set IF = U,epBY(x). Then, there exists a unique
T#yY

periodic couple (¢, T12) € (HY(Q))" x L2(Q.) solution of

( —V'O'( g,Hg) = _a|E|,L€ m QL\IE
V-¢F =0 in Qr \ IF
D((]ﬁf) =0 m IE
HE =0 m Ig
e[Bl + fypui) QSL,HE)I/ = 0 Vo € E (3.30)
f@BL(z) @V o(¢, My 0 VO e RYY Vr e E
fQng =0
\ fQL L 0

defining the back-flow constant

oz BB
FHETQ N TE] T 1 - |E|L|B]

(3.31)

and the Newtonian stress tensor o(¢¥ 1Y) = 2D(¢¥) —1E 1d (with its short-hand
notation of = a(¢F 11F)).

(¢ . TIE) are smooth in Q\IZF. In addition, they satisfy the following equation
i the whole torus @,

-V U((bf, Hf) = _&\ELLe]lQL\IE - Z(SaBL(x)O'EV m QL (332)
z€lE

and we have
V-o¥ =0 inQp. (3.33)

The weak formulation of (3.32) then implies that for all x € (HY(Qp))" s.t
fQszo and V - x =0 in Qr, we have

Vor : Vx :/Q 2D(¢F) : D(x) = a|EL/ ex— Z/a x-orv. (3.34)

QL zeE BL(z)

This yields the following energy estimate (as d > 3)

ID(OD) 20y ~ V07 ll2(0r) S |EIZF7 (3-35)
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PRrROOF For Dirichlet boundary conditions, these results are standard and can be
found in [Galll, Section IV and V] (reference textbook) or [BF13, Theorem IV.5.1
p.274] (less complete but more accessible). However, as our boundary conditions
are not standard, we provide the necessary adaptations.

First, we assume that we already have existence and smoothness of (¢, I1F)
solution of (3.30) and we prove (3.32) and (3.34). Let x = (x;)1<j<a be a smooth
Qr-periodic test function in Q. Testing (3.30) in Q7 \ ZF with x, we have

/ —V-af-xz—aELL/ e-x .
QL\IF QL\IF

Integrating by parts (in coordinates) and using the symmetry of oF, the LHS
rewrites

—/ Bi0L X :/ o7 ;00X _/ O i XiVi
QL\IP QL\IE 0(QL\TF)

E E
= or;:05Xi + / Xi0p Vi
/QL\IE ! Z OBL(x) /

el
As oF =0 on ZF (D(¢F) and I vanish there by construction), this yields
/ UE:VX:—OQE,L/ ]lQL\Ife'X_Z/ X 0L -V
QL QL swep 0B (z)

which is the weak form of (3.32).
Adding to y the constraints V -y = 0 in 1 and fQL X = 0, we obtain (3.34).
Indeed,

/af:VX:/ 2D(¢f):VX—/ [F1d: Vy = D¢¥ : Dy
L L L QL

as Id : Vx = V - x = 0. Moreover, integrating by parts, we have
/ aiﬁbfjaj)(i = (bgjajai)(i :/ ajﬁbfjai)(i
L QL QL
so that

2 [ D@E) D)= [ VeE:Vx+ / (V- 65)(V ) (3.36)
QL Qr L

which yields (3.34) (see also (3.33)).
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Assuming in addition that D(x) = 0 in ZF i.e. x is rigid in the inclusions, we
have

E E
X 0[ V= / RprmX -0 -V
Z/t?BL(:z?) g Z OBL(z) (=) g

el el
Y o ==Y f el
2cE BL(x) OBL(x) 2cE BL(x)
where we have used the boundary conditions on of (see (3.30)). Hence, (3.34)
rewrites
| veEsvx =t [ ex. (3.37)
QL P

This motivates to introduce ¢¥ as the unique Lax-Milgram solution in

HE = {x € (H'(Q))" | V- x = 0in Q. \ZF, D(x) =0 in Z¥ and / Y =0}

L

which satisfies (3.37) for all x € Hf. We endow H¥ with the norm ||V - ||12(g,)
which is equivalent to the standard H'-norm (by Poincaré-Wirtinger’s inequality).
Note that, since we are working with divergence free fields, we could also use
1D - ||z2(q,) (see (3.36)). The coercivity of the bilinear form (LHS of (3.37)) is
clear. We claim that for all y € H¥

1,1
XNz ey S TE VX e2eu) (3.38)

which implies the continuity of the linear form (RHS of (3.37)) as a1 S 1 (by
the hard-core condition (3.17)) and yields the energy estimate (3.35).
Estimate (3.38) is a consequence of the (periodic) Sobolev’s inequality (see

[BO13] for instance) which only holds as d > 3. Indeed, setting 2* = 2% (s.t.

> =3 —5)and 2 = % (s.t. 5 + 55 = 1), we combine Holder’s and Sobolev’s

inequalities and obtain

1 1,1
XUz zpy < 1ZE1 Il @n) S BT VXl L2(0s) -

This yields (3.35) taking y = ¢¥. Note that by scaling, the constant given by
Sobolev inequality is independent of L.

We then reconstruct the pressure by standard functional analytic arguments.
For all y € C®(Qp \ ZF) s.t. V- x =0, we have

(—=V -2D(¢7) + Lonze(L+ ipn), XD r-1(Qu\z8), 5 (@ \zE) = 0
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testing (3.37) with y — fQL\E X- By de Rham decomposition (see for instance

[BF13, Theorem IV.2.4 p.243|), this yields the existence and uniqueness (up to
constant) of II¥ € L?(Qy \ ZF) satisfying (3.30). We extend it by zero in ZF and
we fix the constant setting [, IIf = 0.

To upgrade the regularity of (¢£, I1€) outside the inclusions, we see (3.30) as
an exterior Stokes problem on @y, \ ZF with an inhomogeneous Dirichlet boundary
condition ¢¥ iz, and a smooth source term a g L1g, \zx- [Galll, Theorem IV.5.1
p.276] or [BF13, Theorem IV.5.8 p.281| then yields that for all £ > 0,

167 | r+2 @z + ITIE | i @u 2y S e + ||¢f|2§||Hk+%(azLE) ST (3.39)

We only need to control ||¢¥ |I£;|| Using first a trace estimate and then

3 (o)’
the fact that ¢¥ is rigid hence affine on (each connected component) of ZF, we

have
1981 et oz, S N6F lipesziapy = 168 ey

We control this last norm thanks to the energy estimate (3.35) and proceeding as
in (3.38) (noting that 2* > 2) for the L? part

H¢E||L2(ILE) SiE IVOE g Sier - (3.40)

This concludes the proof of the regularity upgrade.

For (3.33), we note that by construction, we already have V-¢¥ = 0in Q\ZE.
We also have V - ¢F = 0 in ZF since D(¢¥) = 0. Indeed, V - ¢¥ = Tr(VeF) =0
as the symmetric part of the matrix vanishes. This yields in @),

Veof =V (6F1zp) + V- (6F1o,zp ) + Oozplof - v] = Oarp[6f - ]

but the jump necessarily vanishes as ¢¥ € H'(Qr) which concludes the proof of
(3.33). n

Remark 3.7 (Back-flow) o, is called back-flow and appears naturally for the
well-posedness of the equation as we are working on the torus. It is the analogous
in fluid mechanics of the (uniform) background charge density in electrostatic
(i.e. Laplace equation) which guaranties the total charge neutrality of the system.
Note that with Dirichlet boundary conditions (i.e. grounding the system in elec-
trostatic), this term would not appear (in the fluid case, it would be absorbed in
the pressure).

Testing (3.32) with e (s.t. |e| = 1) and using the boundary conditions of oZ,
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we have

0=—ap1|QL\Z7|+ ) _|B|

zeE

which justifies the expression (3.31) of ag L.
Note that if £ is a random set, g 1, is a random variable. O

As usual for the Stokes equation, the pressure, as a consequence of incom-
pressibility, is fully determined by the velocity field. Hence, in the sequel we will
sometimes call ¢¥ the solution to (3.30).

Remark 3.8 Lemma 3.2 is tailored for the set F s.t. |E| < 1. In this case,
the energy estimate (3.35) yields ||VoF || 12(0,) S 1, independently of L thanks to
Sobolev inequality (only valid as d > 3).

We could have obtained the cruder energy estimate

1
IVeL 2@ < LIEI? (3.41)
replacing the estimate (3.38) for x € HE by
1 1
XU 2y < 1ZE1ElIXN 2@y S TEIRLIV X200

obtained using Cauchy-Schwarz’ and Poincaré-Wirtinger’s inequalities (as |, 0, X =

0). This approach holds in any dimension.
If |E| ~ L% the upper bounds of (3.35) and (3.41) coincide and yield

d
Vo7 |2 S L2 (3.42)
which blows up as L — oc. O

As it appears in the boundary condition, the problem (3.30) depends non-
linearly on the particle set E. As it will be useful in the sequel, we define its linear
analogous vE. By linearity, we start by defining the single particle problem.

Definition 3.6 Let L > 1 and e € RY. We define (72,%9) € (Hl(Rd)d x L2(Qy)
as the unique periodic couple solving

~V0(13,%5) = e(lp—L7B|) inQ,
V-gg = 0 in Qr
) 4
fQL¢L =0 (3 3)
Jo, X% 0

The solution (77, %9 ) is smooth in Q.
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Defining the (periodic) Stokeslet (Green kernel for Stokes flow as known as
Oseen tensor) Gy, by

~V.0(Gr,S) = 6—L* inQg
V-Go =0 in Qr,
fQL G, = 0 , (3.44)
Jo, St 0
we have the representation formula
o= [ Gul-—yelp(y)dy = Gr -
QL BL(-)

For all x € 1, we then set 7§ = ¢%(- — ). Since 77 is a (moving) average of
G, we will also abusively call it a Stokeslet. For i € {0,1}, the standard decay of

gL ' o s
VG ()| < |

then implies that, . ,
V)] < ) (3.45)

Let E C @ be a finite hard-core set. We finally define the linear analogous of
#¥ as the solution of the following problem

Vo015 3) = e(lgy — LUTE]) inQp

Veop =0 Qo (3.46)
fQL ¢ = 0
fQL 2 =0

By linearity, we have vf == > 7. O

PROOF Existence, uniqueness and smoothness of the Stokeslet are similar to
Lemma 3.2. In particular, it is still necessary that d > 3.

The representation formula is a direct consequence of the definition of the
Stokeslet Gy . Its decay is standard folklore in the literature. =

Remark 3.9 For any finite subset E of @) and following [H6f21, (2.3) p.87] or

[DG22b, Remark 1.1], V¢F is the orthogonal projection of (1 + ajg)V~F in

H:={V¢|¢e H}, (R, V-¢ =0} onto its subspace {V¢ € H | D(¢) = 0 in Z}’}.
Quantitatively, this yields the control

V67 lr2u) S IV 2@ = 11 Villz2ow) (3.47)

zeFE
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which is well suited to unravel stochastic cancellation when E is random. Oth-
erwise, it is equivalent to the energy estimate (3.35) adapting its proof to vZ to
obtain
IV9E lr2u S B (3.48)
Indeed, testing the equation (3.46) of v¥ with x s.t. V- x =0, fQL x = 0 and
D(x) = 0 in ZF, we obtain

VAE Vyx = / Izre-x = (1 +0z\E|7L)’1 Vol : Vy
QL L QL

recognizing the RHS of (3.37), the Lax-Milgram formulation of ¢¥. Taking y = ¢¥,
this yields (3.47) by Cauchy-Schwarz’ inequality (and since 0 < a|g),, < 1). Note
that these equalities also hold replacing the gradient V by its symmetric part D.q

We now focus on the case E = P, and |E| = 1. Note that if |E| = 0, ¢7 = 0.

Definition 3.7 Let L > 1, e € R? s.t. |e|] =1, P € Q and its periodic approxi-

mation Py, (see Definition 3.5). As Py is finite (see (3.17)), using Lemma 3.2, we
define
b = " (3.49)

and the associated (random) quantities Z;, oy, and o, as well as vy, = ny. Setting

[Pu]
QL

we define the average settling speed (in the direction e) via

v =B | ] B (L] (3.50)

V= (LUBIAL) " | oén-e (3.51)
I

and its mean V, := E [V7]. O
Remark 3.10 The definition (3.51) can be rewritten as

1-— L_d|B||PL|

Vi, =
|B|>\L QL

Vor|? (3.52)

testing the Lax-Milgram formulation of ¢y with ¢ itself and noting that 1 + oy
= (1— L~B||Ps|) .

From the heuristic definition, it should be more natural to define the average
settling speed by

Ve=(B|IP))" [ ¢r-e
I
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(|B| is just a volume normalization factor).

Choosing the definition (3.51) will simplify our analysis. Since |Pp| is a ran-
dom quantity, by replacing it by its expectation, we avoid treating the correlation
between | P | and fIL ¢r, - e (the latter being the main challenge).

This bias actually disappears as L — oo thanks to ergodicity as

im POl (3.53)

Indeed, for the first equality, for any R > 0, limy_, |Pr N Qr| — P N Qg by the
stabilization property (see Definition 3.5) and limg ‘ﬁgg‘R' — A by ergodicity
see [DVO08, Corolary 12.2.V p.201] or [Chi+13, (4.15) p.115]. For A\, — A, see

Lemma 3.1. O

Lemma 3.3 Let L > 1 and e € R%. For all v € Qp,, we define ¢% = Ex} and the
associated o (see Lemma 3.2).
Setting ¢9 = (b}{-JO}, we note that ¢% = ¢ (- — ) for all x € Q. It yields the
cancellation property
¢pdz=0. (3.54)
QL
Moreover, fori € {0,1} and for all z,y € Qr, we have the following decay

IV 62z < Gy — )7 (3.55)
similar to the decay of the Stokeslet (3.45). O

PROOF (3.54) is a direct consequence of ¢% = ¢%(- — ) writing fQL o7 de =
fQL ¢ (- — x)dz = 0 by definition (3.30) of ¢9.

Since ¢7 is a shift of ¢°, it is enough to establish (3.55) for x = 0.

For |y| <3 and i € {0,1}, we have ||V'¢}[|r2pr) < V6L |l 12(p2) S 1 proceed-
ing as in (3.40) for ¢ = 0 and using the energy estimate (3.35) for i = 1 and (3.55)
is satisfied.

For |y| > 3, using the equation (3.32) for ¢7 in @)1, and Gy, we have the following
representation formula for all z € B,

¥ (z) = —/ 1,091 (z — x)elg,\priy)(z) do — / Gr(z —x)olvde .
L OBL(y)
Since ‘[QL Gr =0 (see (3.44)) and 0¥ = 09 (- — y), we get
Y (2) 2041,L/ Gr(z—x—y)edr — Gr(z—x—y)ojvde
B

OBL
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Noting that for all x,y € BY, |2 —x —y| > ||yl — (|z] + |z|)| > %’—‘ as |z| + |z| <
2 < 2y], the pointwise decay of G, (see (3.45)) then implies

N S (s [ o) (3.50

noting that oy ; < L™% Combining Cauchy-Schwarz’ inequality, trace estimates
and the regularity estimation (3.39), we have

[ 18 S 1D + T lom S 165153 0+ T2l 3,0 S 1

Plugging this estimate in (3.56) yields (3.55) for @ = 0. We obtain the decay of
the gradient similarly. n

Convergence

The objects previously defined are only finite volume approximation. We now
define their limiting object and show convergence of the quantities of interest. We
start with the single particle problem and recall some of its properties.

Lemma 3.4 Let e € RY. We define the single particle solution and its associated
pressure (¢°,11°) € (H*(RY)) x L} .(R?) as the unique (up to constant for the
pressure) solution of

( ~V-o(¢°,11°) = 0 in R4\ B
Vg = 0 in R\ B
D(¢°) = 0 in B
=0 inB (3.57)
e|Bl + [jpo(e°, %)y = 0
[opOv-o(@®, v = 0 VO € REX4
\ (6°(@), () == (0,0)

Note that we have to impose that the fluid is at rest at infinity as the domain is
unbounded.

The solution (¢°,11°) is smooth in R\ B.

For all x € R, we define ¢* = ¢°(- — x). Similarly, we define (7°,%°) €
(H' (R x L?

2 (RY) as the unique solution of

~V-0(°,%°) = el inR?
Vegp = 0 inR (3.58)
(v°,X°) —— 0

|z|—o00
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and for all v € R4, 4% = ~°(- — ). 0

PROOF The proof is standard (see [Galll, Chap.5]) and similar to the periodic
case (see Lemma 3.2 and its proof) with the torus @)1 replaced by the whole space
R?. In particular, ¢° is the unique solution of the following Lax-Milgram problem

V¢°:Vyx = / e-x (3.59)
Rd B

for all x € {x € (Hl(Rd))d | V-x =0in R\ B, D(x) = 0 in B} and conti-
nuity of the linear form follows from the standard Sobolev inequality for such y :
XNl 227 rey S VX 51 ray- In particular, it is necessary here that d > 3. -

Since our particles are spherical, the problem is radial and ¢° could even be written
explicitly. In particular for d = 3, we recover the formula fB P° e = % which is
standard in the physics literature, see [Bat72, Eq (2.1) p.248].

1

HE (R4
Lemma 3.5 For all v € R?, ¢? % ¢ (see Lemmas 3.3 and 3.4). 0
—00

PROOF Fix a compact set K, z € RY and L > 1 st. K C Qp and = € Q.
From the energy estimate (3.35) and proceeding similarly to (3.38), we have
|07 || ey Sk 1. Hence, ¢% converges weakly in H'(K) and strongly in L*(K)
(up to extraction, by Rellich theorem). This limit is indeed ¢* by uniqueness as
we can pass to the limit in the Lax-Milgram formulation (3.59).

The convergence is also strong in H'(K). Indeed, in B(z), ¢% is rigid i.e.
¢% = Rpod} so that the weak convergence is in fact pointwise. In K \ B(z),
0% | 2\ B(2)) S 1 using the regularity estimate (3.39) and we conclude thanks to
Sobolev embedding (again). n

Remark 3.11 Using similar arguments, we also have ¢¥ — ¢ for all finite sub-
sets £ C Qr s.t. |E| < 1.
This does not apply to ¢, as |Py| is unbounded as L — oo. o

We have constructed our approximation Definition 3.5 so that we have conver-
gence of the mean settling speed.

Lemma 3.6 Let P be as in Proposition 3.1. The approximation of the mean
settling speed (see Definition 3.7 and (3.4)) is consistent :

Vp—— V. (3.60)
L—o0
m}
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PROOF This result is already contained in [DG22b, Theorem 1|. We recall the
main ideas of the proof with our notations.

Using the rewriting (3.52) of V, and the stationarity of P, (which implies the
stationarity of ¢ ), we have

1 —Lid|B||,PL|

Vi=E Vorl*| -
L |B|/\L | ¢L|
1-LBIPL| _as 1 @)
As — 55 » ! (see (3.53)), we only need to prove that Vo, ——= Vo
L L—oo L—oo

(see [DG22b, proof of Theorem 1, Step 3]).

For that purpose, we first claim that E[|[Vé.(0)*] < 1 (uniformly in L). In-
deed, thanks to the estimate (3.47) and stationarity E [|[Ve(0)[*] < E[|[VyL(0)]?].
We combine this bound with E[|[V7.|?] < 1 (see (3.86) in the sequel) obtained
from our quantitative mixing assumption and the point-wise decay (3.45) of 77.

Using the mixing assumption, we also define Vv = limg . ermeR VA~

2
Thanks to the stabilization property, we have Vv, % V7.
—00

Using the uniform bound, we can extract a weak limit in L*(Q) of V¢, which
is in fact V¢ by uniqueness. From Remark 3.9 and stationarity, we have

E[|[Vor)?] =E[(1+ ar)Vyr: Vér] .

This identity upgrades the convergence Vg — V¢ from weak to strong in L?(Q)
(as the norm also converges) since o, La—s> a and Vv, — V7. n
—00

3.2.4 Trace estimates

To conclude this preliminary section, we recall some deterministic local bound-
ary estimates on Stokes equation which we will profusely use in the sequel.

Lemma 3.7 Let z € R
For any ¢ € H*(B(2))?, we have

/ ¥ — Rl < / D()? (3.61)
OB(z) B(z)

where for all U C R, Ryt = §, ¢ + (f, Vi — D)) (- — f, zdz).
We wuse the short-hand mnotation B, = DBi4,. For any pair
(1, %) € HY (B, (2))? x L3(B,(2)) locally satisfying the following relations around
B(z)
—V.o(,X) = B Bi(z)\B(z)
=V = 0 Byi(2)\ B(z)
D(y) = 0 B(z)
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where B € R is a constant vector, there exists c € RY s.t.

- _ 2 < 2 2
min /W o6, 2) P S [ D@+ |5 (202

ceR B ()

PrROOF This is a straightforward adaptation of [DG20c, Lemma 2.3
p.24].  Estimate (3.61) follows from a combination of the trace estimate
1Y = R ¥ll20se) S 1Y — Ree¥|la () with Korn’s inequality.

As in (3.39), (3.62) is a consequence of the local regularity for Stokes equation
seeing the rigidity constraint as an inhomogeneous Dirichlet boundary condition
combined with the fact that ¢ is rigid hence affine in B to deal with the boundary
terms. n

Corollary 3.1 For x € HY(B(z))? s.t. V-x = 0 in B(z) and (¢,%) as in
Lemma 3.7, we have

0B(z)

[ a-Reonote ok 5 ([ i o) ([ DO ) G0

PROOF As V -y =0, f@B(z) xv = 0 by the divergence theorem. Hence, for any
ceR,

/ (1d — R )xo (4 = / (1d ~Rype)x (o) — c1d)w
OB(z)

0B(z)

and (3.63) then follows from Cauchy-Schwarz and (3.61) and (3.62). -

3.3 1% order expansion : proof of Theorem 3.1

3.3.1 Strategy

As we have assumed that P admits a periodic approximation P, (see Defini-
tion 3.5), we obviously start by obtaining an expansion of the approximate mean
settling speed V1, (see Definition 3.7) similar to (3.6) and then try to pass to the
limit L — oo.

Following the heuristic, we plug C(l)gbL# = erh 7, the 1% order cluster
expansion of ¢ (see (3.7)), into the definition (3.51) of the averaged settling
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speed V7, and obtain

LYBIAVL = ) /BL( )(c<l>¢f + ¢ —CWe¥) - e

z€P,
#
=S [ s X [ ahees [ -chof e
z€PL BL(m) z,y€PL, BL(x) Ir

where for a given x € Py, we have separated the rigid part on the particle B (z)
in the expansion CW¢? = ¢ + > _y+e @1 Note that from the definition of ¢7 (see
Lemma 3.3), > cp, fBL(m) 7 e = |PL| [3¢}. This computation motivates the
following definition.

Definition 3.8 Let L > 1 and P, be the approximation of P as in Theorem 3.1.
Recalling the definition (3.51) of the averaged settling speed Vi, we have the
decomposition

Vi =V} +R; (3.64)
where
Vi = NNEPL) f e (3.65)
B
and
£
Ry =L Y ][ e+ L‘d(|B|/\L)‘1/ ri e (3.66)
zyePr, B(x) I
with ri" = ¢, — cWe?. o

Our key claim is that we can control the expectation of this remainder uniformly
in L.

Proposition 3.2 Let L > 1, P as in Theorem 3.1 with its periodic approximation
Pr. We have the following estimate of the remainder term (3.66)

1—-2 1—2

A v Y
E[RL] S A+ QT + 3A +or(1) . (3.67)
[m]

We obtain (3.6) combining the decomposition V = E[V;] = E[V}] + E[R}]
from Definition 3.8 with the control of the remainder from Proposition 3.2 and
passing to the limit L — oo as V — V (see Lemma 3.6), A,z — A\; = A; for
i=1,2,3 (see Lemma 3.1) and E[V}!] = f, ¢} - € = f, ¢° - e (see Lemma 3.5).



3.3. 1% order expansion : proof of Theorem 3.1 138

3.3.2 Control of the remainder : proof of Proposition 3.2

We split the proof into two step. First, we establish an upper bound on |E [R}] |
via purely deterministic arguments. Then, we use our stochastic assumptions to
estimate this bound in terms of the multi-points intensities (\;);>1.

Deterministic bounds

In the definition (3.66) of R}, the first term is already in a good form for the
next step. We only need to control the term involving the cluster expansion error
T(Ll). For that purpose, we start by establishing its equation.

Lemma 3.8 Let L > 1. For ¢y, given by Definition 3.7, we set its 1°¢ order cluster
expansion CV ¢ = > wep, O1 (see (3.7) and Lemma 3.3) and the corresponding

1% order error T(Ll) = ¢, — C(l)qﬁf They solve the following equations

-V O'(C(I)QSﬁ) = _al,L|PL|€ + ale]lILe — Z 6@3(1,)0'21/ m QL (368)

zePL,
and
-V U(T(Ll)) =—mre+ Az e— Z doB@) (o — o)V in Qr (3.69)
z€Pr,
with g = oap —oq |Pr] and Ay = ap — o p. O

PROOF We obtain these equations by direct computations using the equations for
¢r and @7, see (3.32). -

We then obtain the following (deterministic) energy estimate for T(Ll).

Lemma 3.9 Let L > 1 and T(Ll) giwen by Lemma 3.8. We have the following
enerqy estimate

F Ipuh s 3.10)

L

where

eh= Il f pouE 1Y [ Y
L x +\T

yePL\{z}
+ (LY PL)® + L_d|7DL|MiL . (3.71)
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PROOF Testing the equation (3.69) of T(Ll) with r(Ll) itself (see (3.34)), we have

/ IDED) = Ay / MW 3 / (1d ~Rpe)rP(or — o®)r  (3.72)
I Ir OB(x)

zEP],

as fQL T(Ll) = 0 by construction and faB(:C) R(or — o®)v = 0, for any rigid motion
R, using the stress boundary conditions.
Isolating the terms which are rigid in B(x), we write T(Ll) = (PL—97) =D ysu 91
and we have
(Id =Rp)ry) = —(1d—Rp@w) > o . (3.73)
y#z

Adding and subtracting the missing terms to reconstruct U(T(Ll)) in the last

term of the RHS of (3.72), we obtain

/ DO < [Ay g /I rD el + > /aB(m) ((Id—RB(x))Zﬁ) (Za%)y

L z€Py, y#T y#£x
(3.74)
1> / ((Id ~Row) Zaﬁ%) o(ry)v (3.75)
z€PL, 9B(z) yF#x

<L +1+ 13

For all € > 0, we claim that
Sl [ DewF e [ D62, (3.76)

QL L

L<Y / DS )+ [Pol(LPy ) (3.77)

zEPL, +(@) y#T
and
Lt S [ DS enP e [ IDEDP P, @79
z€PL B(z) y#x QL

Plugging (3.76) to (3.78) into (3.74), this yields (3.70) choosing € small enough to
absorb [, |D(rY|2 into the LHS.
For (3.76), using the linear solution v, (see Definition 3.6) and proceeding as
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in Remark 3.9, we use that r(Ll) has zero average to write

/ P o — / rie(lz, — L)) = [ DY) : D(1) .
7y L

QL

We then conclude using Cauchy-Schwarz’ and Young’s inequalities noting that
A1zl S 1.

Estimate (3.77) follows from the trace estimate of Corollary 3.1 and Young’s
inequality noting that for all x € Py,

-V ZO‘ :—OélL |7DL|—1 +Oé1LZ]lB Z(gaB(y)U%V
y#FT y# y#Fw

B(x) € By(x) and |ay 1 (|Pr| = 1)| S (L7Py).
For (3.78), we use again the trace estimate of Corollary 3.1 with the equation
(3.69) of r(Ll) and Young’s inequality to obtain

hEY (/( Zw) (). |D<r<;>|2+uiL)2

z€PL, yF£T
DY) BRCOSEAEED DY ARG R
rE€PL Yy#T r€PL Bi(2)

L : 1 1 .
This yields (3.78) noting that 3= cp, [5 ) ID(r{M)? < o, ID(r")|? since the
union U,ep, By (z) C @y is disjoint by the hardcore condition. -

Thanks to the energy estimate (3.70), we claim that

IBIALE[RL] | SE[E] + FL (3.79)
where
A
newf(es)e 5 ]
+a1’L z,yePL,
+ |L7E Z/ (Id =Rp)¢%, - o"v| |
z,yePL,

ALl

+|BIAL|E [ VL] . (3.80)

Even if this step is fully deterministic, we already have to take the expectation in
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order to keep stochastic cancellations : it is only the expectation of R} that we
can control, not its L'(€)-norm.
We start by reformulating the cluster expansion error as

(1+OJ1,L)/ 7’2 €—A1L C (bL G—Z / ( Id_RB(w))Z(é%) oLV .
7 0B(x)

yF#x
(3.81)

To prove this, using (3.34), we test the equation (3.68) of C“%f with r(Ll) and the
equation (3.69) for r(Ll) with C(1)¢f. We have chosen C(1)¢f as 17, appears as a
source term in (3.68). Indeed, as V - T(Ll) =0 and fQL r(Ll) = 0, we have

x
g / L CopV
OB(x

rePr,

= (1+041,L)/ TL e — Z/ Id—RB(x))r(Ll) coTV

z€PL, 9B(z)

DEWgE) : DY) = any /

Qr

using the boundary condition for o7. Conversely,
DEY) : DEWet) :Al,L/ CO# e
L

—Z/aB (Id =Rp)CV ¥ - (o, — oF)v .

r€Pr,

QL

Combining both and removing the rigid motions on B(z) in the boundary terms
(see (3.73)), this yields (3.81).
We then plug (3.81) into the definition (3.66) of R}. Decomposing fIL CWo?.c



3.3. 1% order expansion : proof of Theorem 3.1 142

to recognize V}! and writing o, = CVo¥ + o, — CMo?, we have
L%|B|ALR] Avr LYBIALV] + (1+ A ) i ¢!
g e
Lot 1+ aq,r Lrr 1+ arr B(x) k
z,y€PL,
”
+ Y / (Id —Rp@)) ¢ - obv
z,yePy, 0B(x)
o [ (e m ) ()
z€PL 9B(z) y#T zF#x
>/ <<1d R ) as%) olry v
rz€PL 9B(z) y#x

The control (3.79) of R} by £} and F} then follows by Young’s inequality and
trace estimates proceeding as in (3.77) and (3.78).

Stochastic estimates

We shall now prove the following bounds on E[£]] and F} (see (3.71)
and (3.80))

2

_ _2
E[E] SAA+Ay )+ A+ Ay 7 + 2+ N +o.(1) (3.82)

FL<A T+ A2+ 0(1) . (3.83)

As E[€]] and F} control [E[R}]| by (3.79), this yields the claimed control (3.67)
of E[R}] (recalling that, by the hard-core assumption (see (3.16)), A < 1 so that
A2 < Xy = Ay < 1 to simplify the upper bounds). It is crucial here that we are
taking expectations : the control of these quantities uniformly in L is only possible
thanks to the random cancellations (in the form of our mixing assumptions), see
Remark 3.15.

To establish the estimates (3.82) and (3.83), we rely on the following lemma
which controls the expectation of all the quantities involved.

Lemma 3.10 Let L > 1, Py, € Q be a Qr periodic stationary hard-core -
algebraically mizing to order 3 point process with v > 2 (see Definitions 3.4
and 3.5) and (N 1)1<i<s be its associated multi-point intensities. We then have
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the following controls of expectations :

IL™E Z ﬁ-@] Sh, (3.84)
z,yEPL, B(z)

IL™E Z / (1d —RB(m)cb%-U‘CV] 1<% (3.85)

z,Yy€PL

—1-2
E[ID()P0)] S A+, (3.86)
and
— _1-2

LB Z/ DO P11 Shan+ X, (3.87)
z€PL y#a °

Lemma 3.10 is not enough to prove the bounds (3.82) and (3.83).
Indeed, as A;; is a random quantity itself and from the definition
(3.71) and (3.80) of & and F}, we also have to handle the ran-

dom product terms E [(1 + li\;L > L=y I x)gb } “ﬁ;” VL} and

E [\ALL\ fo, \D(”yL)ﬂ. For that purpose, we need the following variance esti-
mates.

Lemma 3.11 Let L > 1, Py, € Q be a Q periodic stationary hard-core -
algebraically mizing to order 4 point process with v > 2 (see Definitions 3.4
and 3.5). We then have the following controls of variances :

Var [|D(72)]2(0)] £ LU+ (14 In*(L)1,—) (3.88)
and

Var

- / oY - ] S LW+ (14 (L)1) - (3.89)

z,yePL, O

Lemma 3.12 Let L > 1, Py, € Q be a Q periodic stationary hard-core -
algebraically mizing to order 2 point process with v > 2 (see Definitions 3.4
and 3.5). We then have the following controls of variances :

Var [L™Pp|] < L7""(1+1In(L)1,—y) (3.90)

and
Var [|Arz]] S L7 (1 + In(D)1,—y) - (3.91)

O
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Note that the convergence rate to zero (as L — 00) in Lemma 3.12 is better than
the blow up rate in Lemma 3.11 (which only diverge for 2 < v < 4).

We now prove the bound (3.82) on E [£}] based on the above lemmas. First,
we get rid of the lower order terms and claim

E [(L1PL)* + LPlud 1] < X0+ X +os(1) (3.92)

using dominated convergence as we have the a.s convergence L~4|Pr| — X and
p1., — B as L — oo and these random variables are bounded.
As Lemma 3.10 already provides the bound (3.87), there only remains to control

E [|A1,L\ \me] — E [JA1)ID(2) 2(0)]

QL

(by stationarity). If the two random variables were uncorrelated, we would write

E [|A1z|[D(vp)P(0)] = E[|A1 L] x E [[D(y2)P(0)] (3.93)
<A+ )\;_%) + or,(1) (3.94)

combining the expectation estimate (3.86) on D(v) (and Lemma 3.1 so that
(AL, A2r) — (A A2)) with the convergence E [|A; f]] o < A As the two
—00

random variables are correlated, (3.93) only holds up to a covariance correction

E [[AnLlD(y)*(0)] = E[JArz]] x E[|D(y)*(0)] + Cov(|A1Ll, [D(v2)*(0)) -

But this correction vanishes : we have

| Cov(|Av,l, [D(v)F(0)[* < Var [|D(y2)[*(0)] Var [[Ar]] —— 0

L—o0

combining the estimates (3.88) and (3.91) (in any case, as v > 2). Hence, the
bound (3.94) still holds and we conclude that

_1-2

B [IALLD()(0)] S AN +A; 7) +or(1) . (3.95)

The estimate (3.83) on F; is obtained similarly (noting that V}' is proportional
to Lid|/PL|).

Remark 3.12 Instead of relying on a covariance estimate, we could also treat the
product terms directly using Cauchy-Schwarz. For instance, in the case of (3.95),
we could write

[E [|A12[D()P(0)]° < [E [[AwcP] E [ID()*(0)] -
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This would then require to keep tract of the dependency of the 4" moment
E[|D(v1)|*(0)] on (A;)1<i<a (which could be cumbersome).

Our method capitalizes on the expectation estimates already obtained in
Lemma 3.10 and allows for a cruder treatment of the 4* moments. o

Remark 3.13 It is crucial to reformulate the cluster expansion error fIL r(Ll) e in

(3.81) before applying the energy estimate (3.70) on T(Ll) to obtain the sharp control
(3.67) on |E[RL]|. Not doing so would have led to a coarser bound (essentially
worse by a square root).

Indeed, as in (3.76) or Remark 3.9, one could be tempted to use

[ ee= [ Do) D).
Iy L

Using Cauchy-Schwartz inequality, this would then lead to

A + 0L<1).
In comparison, the other term in the definition (3.66) of R} can be estimated

2

2/¢e] o)

z,yePL,

MHLTE

using the explicit renormalization (3.84) which is, in fact, the true leading order
in the sharp bound (3.67). 0

3.3.3 Proof of the renormalization lemmas : Lemmas 3.10
to 3.12

Expectations

In view of our mixing assumption of Definition 3.4, we need the following
deterministic estimates before turning to the proof of the expectation estimates in
Lemma 3.10.
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Lemma 3.13 Let A< 1, v > 2 and § € {1,2}. We have

2@

/ P T AN de <y N (3.96)
QL

and

// @ (@ -y AN dedy SN (3.97)
QrLxQr

[m]
We recall that we are using the Japanese bracket notation (-), see Section 3.2.1.
PROOF For (3.96), weset R > 0s.t. (R)™7 =\ Since A<1, R>1and R~ (R).

Using polar coordinates, we have

R 0o
[T AR X [ @ e [ e SRR R
L 0 R

since 4 > 3. Plugging in R ~ X\ 7, this yields (3.96). B
For (3.97), we set [ := foLXQL ()" y) " ((z — y) Y AX) dz dy and, as before,
(R)™" = X. We split the integral

PSR [ @) ey nde dy
L

+ //2 (a:}lfd(y)l*d(as — ) Ly, >rdrdy
L
ShL+1

and shall prove that each term is < R?*™ which yields (3.97).
For I, we claim that

/ ()" dy < Rljpcon + RY @) Djpsor - (3.98)
ly—z|L <R

Indeed, either |z[ < 2R and we have [ _, (' dy < Jyi<sr ' *dy <R
or |z] > 2R and we have (y)'™% < (2)'™ for all y € Bi(x) as |yl, >
o] = |y = 2|c| > || = R > .

Integrating (3.98) yields

I <RYY / o (z)'"dz 4+ R / (z)27) < 2

2| >2R
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For I, we set J(z) = [yeq, )N — Y); L—y,>rdy. As z and y play

symmetric roles, we have

L=2 / ()T (2) da (3.99)

We claim that

(@) S Lo x { (@) (%”) v=d . (3.100)

This yields I, < R*77 in every case (as v > 2) plugging this bound into (3.99).

To prove (3. 100) we first remark that we can introduce 1, > at no cost since
|z —y|lr > R and |y| < |z| imply that R < |z —y|, < |z|L + |y|L < 2|z|. Then,
splitting whether y is comparable to x or not, we have

J(x) < / o @ =y dy + [x )N = 9) eyl > dy -
lyl<5 <|y|<z]

(3.101)
For the first term in the RHS of (3.101), we write

[ v wse [ e s e

as for [y| <2 we have [z —y|p > 2|, — |y|L > |12‘ This term is controlled by the
bound in (3. 100) in any case.
For the second term in the RHS of (3.101), we can directly write

o 0 ey
<lyl<|z|

1-d —
S (@) /M (= y) . Loy >rdy -
<lyl<|=|

Then,as|-|L§|-|,wenotethat{y€QL|%§|y|§|x|,|x—y|LZR}C{y€
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Qr | R<|x—y|r <2|z|} and we can estimate

/x| (@ = y)p oy, >rdy S / (x—y), dy
L B (0)\Bk()

2|z =
< / rd 7 dr < {ln iﬁ) y=d
R

n
which then leads to (3.100).
Remark 3.14 We also have that for all § € (2,7),
- 18
//Q @) iy AN drdy S5 N (3.102)
LXYL

This is a slightly weaker result than (3.97) but the proof is shorter.
Indeed, using the same notations, we take p,q s.t. % + é =1 and a,b s.t.

1+ % = L 4+ 2 (to be fixed later) and we have

I <1 ™ ze@ull) ™% (7 AN llzaan)
< ||<'>1id||LP(Rd)”<'>17d||L’;U(]Rd)||<'>7’Y A M) e ra

by Hélder’s inequality and Young’s inequality (in weak LP spaces). From a direct

computation, ”<'>lidHLp(]Rd) < 1for p > 2% and H(-)ldesz(Rd) S1forb> o4
d

1
Proceeding similarly to (3.96), we obtain [|{)" A A)||farey S X" for a > %.
Hence, with all the exponents is those ranges, we have obtained

d

I<N .

To optimize this bound, we would like to take a as big as possible. Hence, we chose
the smallest bie. b= d%‘ll. The condition on p can be rewritten % <1-— Ll—i which

is equivalent to % > % as % =1+ Cll — %. We can then pick any a s.t. 2 < f—ll <7y
(which exists as 7 > 2). This yields (3.102) setting ¢ = 4. o

With these results at hand, we can turn to our expectation estimates.

ProOOF (LEMMA 3.10) For (3.84), we use the short-hand notation E; =
L™K [Ziyeh / B() %-e]. We start by reformulating it and we call this step
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renormalization (as this rewriting would even allow us to pass to the limit L — oo
in the renormalized formula (3.103) below which we could not by taking absolute
values, see Remark 3.15). By definition of fs p,

Ey = L_d//Q o I )Cb% -efo,r(r,y)dedy
LXEr, T

Decomposing for, = hap + A2 (see (3.21)) and using the cancellation property
(3.54) fQL ¢ dy = 0, we have

E, = Ld//Q . /B( )¢%-eh27L($,y) drdy . (3.103)
LXL T

Using the decay (3.55) of ¢¥, we then obtain
BISL [ o ) dedy
QLxQr
Sl e - ) A e dedy
QLxQr

where we have used Remark 3.5 to smuggle in the decay of hy ;. By a change of
variables and using Lemma 3.13 to compute the upper bounds, this yields

BIS [ @ AR d SRy
L
which concludes the proof of (3.84).
For (3.85), we set Fy .= L™K [Ziyem faB(m) (Id =R p())¢}, - 07v| and proceed
similarly. After renormalization, we get

E, = L_d//Q . /aB( )(Id —Rp(x))pY - ofv hep(x,y)dddy .
LXEr x

This implies
By S L // (2 — gy s 1| (2, ) der dy
QrLxQr

by combining the trace estimate of Lemma 3.7 with the decay || D(¢%)|r2(pw) S

(z —y)' ™" (see (3.55)). It yields (3.85) using Remark 3.5 and Lemma 3.13 as
above.
For (3.86), we set E3 = E[|D(y2)*(0)]. Recalling that v, = Y .5 i, we
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take the square of the sum, sort it and obtain

#
> IDODIPO) + Y D) : D(VZ)(O)]

TEPL, z,yePL
— [ 1pepPOds+ [[ D7) DODIO) fasley) dedy
QL QLxQrL
= FE31+ F39
by Definition 3.2 of Ay, and f5 1.
Recalling that D(v%)(0) < (z); ¢ (see (3.45)), this yields
|Es1] S AL / () 4z < AL (3.104)
L

by direct computation since d > 3.
Es5 need to be renormalized. As fQL D(v§)(0)dx = fQL D(2)(—z)dz = 0
(the gradient of a periodic function has mean zero),

By = //Q DO DOl ) drdy

Using again the decay (3.45) of D(77), the one of hy ; (with Remark 3.5), we get

2

_ _ _ — —1-=
|E3a| < //Q . @) N T (@ —y) 7 A X)) dzdy < Aot
LXEL

estimating the integral with Lemma 3.13. Combined with (3.104), this concludes
the proof of (3.86).

For (3.87), we set Ey == LIE [ZML S 1D(S qsL)ﬂ . Sorting the
squared sum and using the Definition 3.2 of fy 1, and f3., we have

S / PP+ S /B - <¢L>]

T, yePL, z,y,2€EPL,

— //Q % [ 1P st )y
et [l D Dty draya:

= E471 + E4’2 .

L E
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For E, 1, we directly use the decay (3.55) of ¢ and Remark 3.5 to write
|Eqq| S L7 // (x — y)i(l_d))\u dedy < Ao - (3.105)
2
L

E4 5 needs renormalization. Recalling the decomposition (3.22) of f5 1, we have

Fia=1 ///Q [, DU D) (s r.9,2) + Akas(y,2) drdyd

Indeed, as [, oL (¢%)dy = 0, we can remove the terms which do not depend on y
in the decomposmon (3.22) of f3, and, as |, o, D(#1) dz, we can proceed likewise

with z. From the decay (3.55) of gby/z the decay of hy/3; and Remark 3.5, we
obtain

ol 14 ] -t ot

((ly =2 Adan) + My — 2).7 Adoy)) dedy dz

Getting rid of the mtegral in x by a change of variable, we apply Lemma 3.13 to

the effect that |Eys| < )\3L + )\L)\QL < X;Li (as ApAgr < A3z < 1). Combined
with the estimate (3.105) on Ej; this concludes the proof of (3.87).

Remark 3.15 We would not be able to control the random quantities appearing
in Lemma 3.10 without expectation and without a careful treatment of cancel-
lations that constitute the crucial renormalization step. Let’s illustrate this on
(3.84).

If we don’t take the expectation, directly comparing the sum over the hard-
core point process with an integral and then using the decay (3.55) of ¢, we could

write
LdZ/ oy eSL_d// (x—y)iﬁd.
QLXQr

z,y€PL,
Computing this upper bound, this would yield

LdZ/qﬁe

z,y€PL,

S L

and this bound diverges as L — oc.
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Now, taking the expectation but using the triangle inequality right away, we

would have
/ & ] 3 /. rd)y]

z,yeP,

- Ld//Q /( 1) ddy
2L B(x

Here, fQ |¢7| dz > 0 and we can not replace fs 1, by hor as in (3.103). There is no
extra decay and we can only appeal to JCQL 1% QL (y) fa.r S Ao, (see Definition 3.2).
This would have lead to the estimate

< L7E

T, YyEPL,

L™E Z / |¢L] N/ <Z>2_d)‘2,L dz S L*X\yp
x,yEPL QL
which also diverges as L — 0o (A2, = Ay by Lemma 3.1). 5

Remark 3.16 The stochastic cancellations improve the energy estimate on ¢y.
By deterministic arguments, almost surely, we only have

f Vo2 < 12

L

from energy estimate (3.35) as Pr ~qs LT (L79Pr — X a.s by (3.53)), see also
Remark 3.8. The RHS blows up as L — oo (at the same rate as in Remark 3.15
without renormalization).

The renormalization removes this blow up. Indeed, recalling that V¢, is a
projection of Vv, (see Remark 3.9), the inequality (3.47) reads JCQL IVorl* <
fQL |V~r|?. Taking the expectation and using stationarity, we obtain E [|[V¢r,|?] <
E [|[V~z|?]. This finally yields

E[[Vorl] S1 (3.106)

using the estimate (3.86) on 7, (the proof adapts straightforwardly replacing D(r)
by V~.) and the convergence of A, Ao 1 (see Lemma 3.1). o

Remark 3.17 We can also illustrate here why the naive periodization procedure
of Remark 3.4 does not allow to properly renormalize these random quantities.
We treat again (3.84) but with P, = P N Qr_2. By Definition 3.2 for fy, we
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have

LR Z/ o - ://Q%JIQL2<x,y>/3(m)¢%-ef2dxdy.

z,yEPL

Decomposing f; = hy+A? (see (3.21)) and using the cancellation (3.54) [, ¢7 dy,

we obtain
/ Y e :L‘d// / @Y hy - edx dy
%—2 B(x)

z,yeP L
L // 8 - A2 da dy
Qr—2xQr\Qr_2 J B(x)

= [bulk - [boundary .

Compared to the rewriting (3.103), when P, was the periodization in law of P, we
have an extra boundary term Iboundary which can not be controlled. Indeed, the

bulk term Iy is bounded (< )\2 7) proceeding as with (3.103). But,
’[boundary| f, L7d|QL \ QL72| <Z>2_d dz S, )\2[/
QL

which diverges as L — oo. o

Variances

For the following proofs, we stop keeping track of the dependence on the multi-
point intensities (\;);>; in the bounds.

Once again, in view of our mixing assumption (see Definition 3.4), we need
the following explicit rate of decay for the convolution of (decaying) polynomials
before turning to the proof of the variances estimates of Lemma 3.11.

Lemma 3.14 Let L > 1, B € {1,2} and 6 > 8. Then, for all x € Qy,

/Q e — ) dy S (@M1 1 In () 1) - (3.107)

PROOF Set I (z) = fQL ()" N —y);’ dy.
If o = 0, I(0) = [, ()" P dy <1 and (3.107) holds.



3.3. 1% order expansion : proof of Theorem 3.1 154

For x # 0, we partition the torus into dyadic annuli of size ~ |z|. Setting n
s.t. 2" < é—| < 2™ and for all k, CL(z) == {y € Qp | 2"Z < |y — x|, < 2F+112ly,
we obtain

=,

l=|
2

iy — Zéd T By — Zéd
)"z —y) y+k§/cé(x)<y> (x—y);°dy

—d -5
S TR Tl R
{ly—z[L>2"5}NQL
n—1
=Ja+ ) Jet o
k=0
We, then, estimate each term. As |y|p > |z|p — |y — x| > %, we have

||

T S (@) / o (=) dy S () / Sty

ly—zl <5
< (@)1 4 In (@) Dsy)

For all 0 < k < n,
Je S 278 (2)7° / ()7 dy S 25 ()0
C

p—d p—d B
as fc,f(x) (y)" “dy < ‘f|y‘§(2k+1+2)%| ()"~ dy < 2%4(x)”. And finally

Jo S 27N @)™ / ()"~ dy < 2" ()77
L
as (y)" ' dy S 1P < 280 ()",
Summing these estimates, this yields (3.107) as § — J < 0 implies that

With this at hand, we can now turn to the proof of our (potentially slightly)
diverging variances.

PROOF (LEMMA 3.11) For (3.88), we set V = Var[|D(y.)(0)|*] and F(x) =
D(77)(0). As we already control the corresponding expectation from (3.86), we
have

V=E[|D(O)0)'] —E[|D()(0)]* S 1+E[|D()(0)]] .
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Recalling D(v) = 3 ,cp, F(z), We take the 4 power and sort the sums so that

= Y F@FGFEF)
z,Yy,2,uEPL,
# #
= Y F@FWFEFw)+6 Y F@)*F(y)F(z)
z,Y,2,uEPL, ,Y,2€PL
£

+
+4 > F@)Fy)+3 Y F@)F@)?*+ Y F()'

z,yePL z,y€PL, z€PL,

By the definition (3.14) of the (f;)i1<;<4, this yields

//Q4 F(x)F(y)F(2)F(u)far(x,y, z,u) dedy dzdu

+ /// 3 VF(2)fs1(,y, 2) dody dz (3-108)
+ // () fo.0(w,y) da dy
+ /2 F(:U)QF(y)2f27L(x,y) dx dy| + ‘/ )\L dz

S 1+ |Ly| + |15 + | Loa| + |T20] + | I - (3.109)

I needs to be renormalized. Plugging the decomposition (3.23) of fy 1, in terms
of (h;)1<j<4 in Iy, we only keep the terms which depend on the four variables : hy
and the products hy ® ho. Indeed, since f oL F(z)dz = 0, we can remove all the
terms independent of x and similarly with y, z and u. Moreover, as the variables
plays symmetric role, we obtain

L= / // % F(2)F(y)F(2)F(u)har(z,y, z,u) dz dy dz du

(// (1)ha 1 (z, y) dxdy>2.
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Using the decays (3.26) of ho 1, and hyj (with Remark 3.5) in the form

foo s E-y
Qf (2)x Q% (v)

and

2

f harl S (@ — o) Az — )y < (o —g)pF - )]
QL (z)x-xQ% ()

X
2

(as a Ab < azbz for a,b € R) with the decay |F(z)| < (z)'™% (see (3.45)), we
obtain

114 < <//% () ") e — ), * da dy) 2+ (//% (@) ") N —y) da dy>2-

Using Lemma 3.14 to estimate these upper bounds, this yields

1Iy] < ( / ) ()3 (1 4 In (2)Ty—2q) d:zc) 2 + ( / ) (z)>" " (1 4+ In <x>17d)>

-3 ?
< (L 2)+ (1 +ln(L)]lvz4)> 1. (3.110)

2

For I3, we proceed similarly. We use the decomposition (3.22) of f5 in
(hj)1<j<s and only keep the terms depending both on y and z. Note that here
we can not remove the terms independent of z as || o, F ?(z) dz > 0. We obtain

I — ///Q | FPFQF ) (2:0:2) + Auha 3, 2) e dy s

Using this time the bounds (3.26) on hs and he g in the form < (y — z); 7 (see
Remark 3.5) and the decay (3.45) of F'(z), this yields

s [ e ) ( I % <y>”<z>”<y—z>ﬁdydz) <1 @)

by Lemma 3.14 as in (3.110).
For I,;, proceeding similarly, we have

I = //  F@PFWhaole.y) dedy.
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So that
17 D) e —y) ) dady S 1 (3.112)
For I, and I;, there is no need for renormalization. We can directly write
bgﬁAu(/‘@fu%ﬁM)Sl (3.113)
L
and
UJS/ (@) dr <1 (3.114)
L

Combining the intermediate bounds (3.114), (3.112), (3.113), (3.111), (3.110)
and (3.109), this concludes the proof of (3.88).

For (3.89), we set W := Var [L dzxyem fB oy e] and G(z,v) fB(:p 7.

e. Note that from the definition of ¢7 (see Lemma 3.3) G(z,y) = G(O y—x) =

G(z —y,0) hence [, G(v,y)dz = [, G(z,y)dy =0 (see (3.54)) and |G(z,y)| <
(o —y) "

We proceed similarly to (3.88). As we already control the expectation from
(3.84), we have

£ 2
W <14+ LK (2:(%Ly0

z,y€PL,

Squaring and sorting the sum and by definition (3.14) of the (f; 1)1<j<4, we obtain

L_2d/// G(z,y)G(z,u) far dr dydzdu
QL

+ |12 /// i G(z,y)(G(z,2) + Gy, 2) + G(z,x) + G(z,y)) fs.L dz dy dz

W <14 (3.115)

(3.116)

Iy // G, y)(C(z, ) + Gly, 2)) fop du dy (3.117)
Q3

S 1+ [Ja| + 5] + | ]2 (3.118)

We need to renormalize J;. Using the cancellation property of GG, we only keep
the terms depending on the four variables in the decomposition (3.23) of fy 1 so
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that
Jy= L7 ///Q4 G(z,y)G(z,u)hy dzdydz du
+ L7 ///Q4 G(z,y)G(z,u)ho.(z,y)ho (2, u) dx dy dz du
+ L7 ///Q4 G(z,y)G(z,u)he (2, 2)ho 1 (y, u) dz dy dz du

+ [~ //// G(Z’, y>G(Z, U/)h2,L(x, u)hQ,L(y7 Z) dz dy dz du
Q1
- J4’1 + J4,2 + J4,3 + <]4,4 .

Using the decay of hy 1, hyr and G, we have

Il S 17 ////Q o —y)y e -y dedydzdu
L
2 2
S([ w) 5 (e aenw)
QL
Similarly, we obtain

2
Jao] S L7 ////Q e ) ) dedy e du ( / <x>2-d-”) S,
L L

Besides, using Lemma 3.14, we obtain
| Jus| S L7 ////4 (=) Uz —u)2 Ua — 2) "y —u),” dedydz du
QL
szl Wty - e - 0 dedyda
Q7

SL / (u)* " (1 4+ In (u)L,_g)? du

L

N

(1+1In(L)*Ly—g) LTLU D+ (1 + In(L)1g—y) v >d
1.

{ L~ RO=2IM) (1 4 In(L)1o¢,—9)—a) v <d

N

Finally, Jy 4 is treated as Js3 as 2z and u play symmetric roles. We have obtained

Ty S LU+ (1 4+ In(L)*1,—y) . (3.119)
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For J3, we proceed similarly. We only estimate

J3q = LQd/// G(z,y)G(x, z) f3drdydz

the other terms are treated similarly permuting the variables (as f3 j, is symmetric).
Plugging in the decomposition (3.22) of f3 1, we only keep the terms depending
both on y and z so that

Jsq = L_Qd///3 G(z,y)G(x, z)(hs,r + Apho (Y, 2)) dedy dz

Using the decays, this yields

|J31| S L_d//2 <y>27d(2>27d(y —z); dydz

which we estimate using Lemma 3.14 so that

ol S 27 [ i ) dy

L

< [-d LU+ (1 + In(L)1,—4) v<d <1
~ 1+ (L]ld:3 + IH(L)]ld:4)(1 + 111([/)]17:(1) Y Z d ~ '

We have obtained
3] < 1. (3.120)

For J,, we directly write

| Jo| S L~ 2d// "Dy pdrdy < L™ / ()2 q,
Q% QL

W1+ Llges + In(L)1gmy) <1 (3.121)
|

Combining (3.118) with (3.119), (3.120), (3.121), this concludes the proof of
(3.89).

We conclude this section by proving the rate of convergence of our vanishing
variances.

PROOF (LEMMA 3.12) For (3.90), as |Pr| = > p, 1g,(z), we expand and sort
the square in the variance and use the definition (3.14) of f;, = Ap and fo 1, to
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write
£
Var [LP3] = LB | 3 10,2@)| + TE | 37 10,(e >nQL<y>]
TPy, xyEPL
_ 2
—E [L7PL]]

= L_Qd/ AL+ L_Qd/ Jor = AL =L\ + L7 // ho, 1
L 7 7

Then, using the decay (3.27) of he 1 (with Remark 3.5), we have

oL L v >d
2d//2|h2L|<L /(>de<L /1 1 dy S L) y=d .
g L= v<d

Plugging this bound into the previous equality then yields (3.90).
(3.91) is a corollary of (3.90). Indeed, for a r.v X and a real-valued Lipschitz
function f

Var [f(X)] = inf E [|f(X) — ] <E [|f(X) ~ F(E[X])P’]
SE[X ~E[X]P] = Var[x] .

This applies to Ay ; which is a rational fraction of L~|Py| by its definition (see
Lemma 3.8), away from its poles (as 0 < L™4|Pr| < ¢4 < 1 from the hard-core

property (3.17)). ]

3.4 2" order expansion : strategy, issues and how
to overcome them

3.4.1 Expected results

Following the heuristic, we proceed as in Section 3.3.1 at next order. Hence,
for a given x € Py, we rewrite the 2"¢ order cluster expansion of ¢,

#
= Z ¢L+— Z 5{yz}¢# o + Z §y¢{w#}+% Z 5{y,z}¢f

y€EPL, y,2€P, yEPL\{z} y,2€P\{z}

singling out the part which is rigid on the particle BX(z). We then plug this
expansion in the formula of average settling speed V7. This extends the expansion
of Definition 3.8 in the following form.
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Definition 3.9 Let L > 1 and P;, be the approximation of P as in Theorem 3.1.
Recalling the definition (3.51) of the average settling speed V7, we have the de-
composition

V=V +V:+ R} (3.122)

where V! is given as before by (3.65),

#
V2= AL Y ][ shplrto# ¢ (3.123)
z,y€PL, B(z)
and
1 #
R} = L‘d/\;1§ > ][ 5{9’2}¢f-e+L‘d(|B|)\L)‘1/ rP e (3.124)
z,y,2€Pr, B(z) IL
with 2 = ¢, — C¢T. o

Using the same method as in Proposition 3.2, we expect the following control
on the remainder.

Conjecture 3.1 Let L > 1 and P be stationary ergodic ~y-algebraically mixing
point to order 6 with its periodic approximation P;. We then have the following
estimate of the 2"4 order remainder term R? (see (3.124))

2 2

~

2 -2 AT N
E[RI] IS A 7 + T +or(1) . (3.125)

O

We also expect to be able to pass to the limit L — oo in the definition (3.123) of
V2.

Conjecture 3.2 Let L > 1, P as in Theorem 3.1 with its periodic approximation
Pr. We can define the second order of the expansion of V' by

v® = lim E [V (3.126)
L—oo
where V7 is given by (3.123).
Moreover,
1—-2
_ A
v < > (3.127)

This would then yield the following result.
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Conjecture 3.3 Let P be stationary ergodic vy-algebraically mixing point to order
6 which can be periodically approximated (to order 6). We have the following
expansion of V
1—2 1—2
— = — -2 A, 7N\
’V_V(l)_V(Z)’S_/)\Q ’\/_‘_3T+ 4)\

(3.128)
where V(l) = fB ¢° - e as in Theorem 3.1 and 7(2) is given by Conjecture 3.2. g

3.4.2 Difficulties

The proofs of the 2°¢ order Conjectures 3.1 and 3.2 follow the same structure
as the 1% order Proposition 3.2. The algebra of the deterministic part can be
adapted but the main issue appears in the stochastic estimates. Indeed, it is far
less clear how to perform the necessary renormalizations.

We illustrate this difficulty on the bound

—1-2
)\ Y
E[V2]] S =2 (3.129)
AL

which is needed for the control (3.127) of V' and can be seen as a toy-model for
the control of the remainder E [R?]. From the definition (3.123) of V7, we need to

control
_ // / WG (2 y) dady .
Q2 JB()
2—d

We observe the same phenomenon as in Remark 3.15. As 5{y}gb§f}’# Sz —y)7 9,
this decay is not sufficient and we need to rely on the mixing for extra decay
replacing for, by hor. To do so, our main observation was that fQL ¢y dy = 0.

But here, we are dealing with §¥¢%% = {L‘T’y} — ¢% and if fo2 §*Y o7 da dy = 0,
L

generically [ oL 5‘”’y¢f dz # 0 for fixed y. Hence, f5; can not be replaced by hs 1,
here and our bound seems to diverge as in Remark 3.15.

To overcome this difficulty, the solution is to borrow a strategy developed by
Duerinckx and Gloria in [DG20c]| breaking up §*¥¢7 into elementary contributions
which either decay better or can be renormalized. This decomposition combines
nicely with the one of the multi-point densities in multi-point correlations (see
Definition 3.3). It can be represented via a graph formalism which we will be
needed to perform the variance estimates (leading to rather involved computa-

E

> [ st
B(x)

z,yePL
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tions). The adaptation of these tools in our framework is left for future work with
these authors.
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EFFECTIVE PROPERTIES OF RANDOM MEDIA : EXPANSIONS IN DILUTE REGIMES
Résumé

Cette thése porte sur le développement en régimes dilués des propriétés effectives de
milieux aléatoires et justifie rigoureusement plusieurs formules communément utilisées
en physique. Dans ce manuscrit, ces propriétés effectives sont obtenues par la théorie de
I’homogénéisation stochastique. On montre que le type de dilution a un impact sur les
ordres élevés de ces développements et on justifie les formules de Clausius-Mossotti et de
Batchelor issues respectivement de 1’électrostatique et de la mécanique des fluides.

Les différents modéles de dilution étudiés (dilatation, effacement aléatoire ou dilution
générale) ainsi que quelques outils généraux du domaine (développements en cluster,
intensités & plusieurs particules) sont présentés dans un premier chapitre introductif. Le
deuxiéme chapitre est consacré a 1’étude d’un probléme de conductivité effective avec
dilution par dilatation. Grace & une nouvelle méthode par point fixe, on montre que
cette conductivité effective dépend de maniére analytique du paramétre de dilatation.
Le troisiéme et dernier chapitre étudie la notion de vitesse effective de sédimentation de
particules dans un fluide visqueux. En utilisant une approche par cluster, on en fournit
un développement au premier ordre avec contréle quantitatif de I’erreur.

Mots clés : EDP, homogénéisation, milieu aléatoire, homogénéisation stochastique,
processus de points, Clausius-Mossotti, sédimentation, Batchelor, développement
dilué

Abstract

This thesis focuses on the expansion of some effective properties of random media in di-
lutes regimes and the rigorous justification of several formulas commonly used in physics.
These effective properties are obtained from the theory of stochastic homogenization.
We show that the type of dilution plays an important role on the high orders of these
developments and we justify the Clausius-Mossotti and Batchelor formulas originating
respectively from electrostatic and fluid mechanics.

The different dilution models under consideration (dilation, random deletion, or general
dilution) as well as some general tools of the field (cluster developments, multi-particle
intensities) are presented in the first chapter. The second chapter is devoted to the study
of an effective conductivity problem with dilution by dilation. Using a new fixed-point
approach, we show that this effective conductivity depends analytically on the dilation
parameter. The third and final chapter study the notion of effective sedimentation speed
for particles in a viscous fluid. Using the cluster expansion, we provide a first order
expansion of this effective speed with a quantitative control of the error.

Keywords: PDE, homogenization, stochastic homogenization, points processes,
Clausius-Mossotti, Batchelor, sedimentation, dilute expansion
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