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Abstract

In his PhD thesis, Einstein derived an explicit first-order expansion for the effective
viscosity of a Stokes fluid with a suspension of small rigid particles at low density.
His formal derivation relied on two implicit assumptions: (i) there is a scale separation
between the size of the particles and the observation scale; and (ii) at first order, dilute
particles do not interact with one another. In mathematical terms, the first assumption
amounts to the validity of a homogenization result defining the effective viscosity
tensor, which is now well understood. Next, the second assumption allowed Einstein
to approximate this effective viscosity at low density by considering particles as being
isolated. The rigorous justification is, in fact, quite subtle as the effective viscosity
is a nonlinear nonlocal function of the ensemble of particles and as hydrodynamic
interactions have borderline integrability.

In the present memoir, we establish Einstein’s effective viscosity formula in the
most general setting. In addition, we pursue the low-density expansion to arbitrary
order in form of a cluster expansion, where the summation of hydrodynamic inter-
actions crucially requires suitable renormalizations. In particular, we justify a cele-
brated result by Batchelor and Green on the second-order correction and we explicitly
describe all higher-order renormalizations for the first time. In some specific settings,
we further address the summability of the whole cluster expansion. Our approach
relies on a combination of combinatorial arguments, variational analysis, elliptic reg-
ularity, probability theory, and diagrammatic integration methods.

Keywords. Einsteins’s formula, effective viscosity, dilute expansion,
homogenization, point processes, stochastic analysis, elliptic regularity,
diagrammatic integration
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Chapter 1

General overview

1.1 Historical context

At the dawn of the 20th century, the debate was still raging on the existence of atoms,
and Einstein’s PhD thesis “A New Determination of Molecular Dimensions” [22]
aimed to support the atomic theory. This was the second of his five celebrated 1905
contributions and still constitutes his most cited work. The main part was devoted
to the hydrodynamic derivation of a formula for the effective viscosity of a fluid
with a dilute suspension of rigid particles: the so-called Einstein formula in fluid
mechanics, which is the focus of the present memoir. In the same work, Einstein also
derived a relation between the diffusion constant for suspended particles and their
mobility: the so-called Einstein relation in kinetic theory. He then applied these two
relations to sugar dissolved in water: using available empirical data, he deduced an
estimate of the Avogadro number and of the size of sugar molecules (after eliminating
a calculation error [23]). We refer to [61] for an inspiring account of this seminal
work. As discussed by Perrin in his extensive report [58] at the first Solvay conference
in 1911 in Brussels, these discoveries were confirmed by further experiments and
shown to agree with other methods to determine the Avogadro number, which sealed
the triumph of the atomic theory.

We briefly describe Einstein’s argument to estimate the effective viscosity of a
dilute suspension. Viscosity of a fluid is usually measured by shear-flow experiments:
a cylindrical vessel is filled with the fluid, a rotating spindle is immersed in it, and
one measures the torque needed to make it rotate at constant angular speed. Assume
now that the fluid contains a suspension of small rigid spherical particles and con-
sider their influence on the measured viscosity. As particles are rigid, they act as
obstacles and hinder the fluid flow, thus effectively increasing the measured viscosity.
A first challenging question concerns the dynamics of the particles: do they reach a
statistical steady state? If this is the case and if one indeed measures a constant-in-
time effective viscosity, then the latter depends on the steady state, hence possibly on
the speed of the spindle itself, which corresponds to possible non-Newtonian behav-
iors [31, Section 7]. Einstein’s main idea in [22] was that, in the low-density regime,
for spherical particles, the first-order effective change in viscosity should only depend
on the volume fraction of the particles and not on their distribution. In particular, this
universality would relegate non-Newtonian effects to higher-order corrections. More
precisely, in 3D, given a fluid with isotropic viscosity Id and given suspended spher-
ical particles with small volume fraction ¢ < 1, Einstein’s formula for the effective
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viscosity takes the form
= 5
B=1Id (1 +§<p+0(<p)). (1.1)

Heuristically, the argument is as follows: at low density, particles are scarce and typ-
ically well separated, hence their interactions are negligible to leading order. The
first-order effect on the viscosity should thus be proportional to the volume fraction
and correspond to the energy dissipation of a single isolated particle in the fluid. The
latter can be computed explicitly for spherical particles and leads to the celebrated %
factor in (1.1); we refer to Section 2.6 below, where this classical calculation is repro-
duced.

This type of low-density expansion was not new in the physics community at
the time: it was very much in line with other work on the micromechanics of het-
erogeneous media in the late 19th century. Einstein’s formula is indeed comparable
to the Clausius—Mossotti formula for the effective dielectric constant [10, 51, 52],
to Maxwell’s formula for the effective conductivity in electrostatics [49], or to the
Lorentz—Lorenz formula for the effective refractive index in optics [46,47]; we refer
to [48] for an account of the historical context.

Einstein’s formula triggered a lot of long-lasting activity in fluid mechanics: the
large-scale rheology of suspensions was soon considered as a topic in its own right
[24,41,42]. Various works have aimed at understanding to what extent Einstein’s
formula is robust and accurate. Robustness has been addressed in particular by estab-
lishing corresponding formulas for particles of different shapes, as e.g. the explicit
formulas by Jeffery [40] for suspensions of ellipsoids (see also [35,44]). Accuracy
is a more subtle issue and essentially amounts to capturing the next-order term in
the low-density expansion. While particle interactions are neglected at first order, the
next-order correction consists of including the effects of pairwise interactions. Due
to their long-range nature, the sum of pairwise contributions is not summable and
some renormalization is therefore needed. This was first achieved by Batchelor and
Green [7], and we refer to [1,34,56] for other formal renormalization ideas. A related,
yet different, topic concerns the sedimentation of suspended particles under gravity
and the computation of their effective settling speed, which happens to require a sim-
ilar renormalization: the above-mentioned contribution by Batchelor and Green [7]
was indeed inspired by Batchelor’s work [6] on sedimentation. Interestingly, the
renormalization of higher-order corrections to the effective viscosity had remained
an open problem in the physics community.

We also refer to [2, 55, 63] for the asymptotic analysis of the effective viscosity
for dilute periodic arrays of suspended particles and, in a more mathematical spirit,
we mention the pioneering work by Sanchez-Palencia et al. [45, 60] using formal
two-scale expansions for locally periodic suspensions.
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1.2 Mathematical reformulation and objectives

As described above, Einstein’s formal derivation of (1.1) in [22] relies on the follow-

ing two implicit hypotheses:

(E1) Scale separation. There is a scale separation between the “microscopic” par-
ticle size and the “macroscopic” observation scale. Therefore, the suspension
behaves on the observation scale like an “effective” fluid with some effective
viscosity tensor B that can then be measured by shear-flow experiments.

(E2) Particle interactions are negligible. In the low-density regime, particles are typ-
ically well separated and therefore, to leading order, they do not interact and
can be treated as being isolated.

We briefly discuss the validity of these two working hypotheses and then turn to
describing the literature and our objectives in the present memoir.

1.2.1 Einstein’s hypothesis (E1): Scale separation

This first hypothesis concerns the definition of a notion of effective viscosity for sus-
pensions when the particle size O(¢) is much smaller than the observation scale O(1).
Consider a shear-flow experiment to measure the viscosity, say using a rotational vis-
cometer. Let D denote the fluid domain in this device and let {x} ,}, C D stand for
positions of suspended particles at time ¢, which evolve over time in the fluid flow.
If inertia is neglected, the dynamics is greatly simplified: given particle positions at
a given time, the fluid velocity satisfies steady Stokes equations, which determine
instantaneous particle velocities. In this context, the emergence of an effective vis-
cosity can be split into two parts:

— Steady-state microstructure. As the measured effective viscosity is expected not
to depend on time, it implicitly requires particle positions to reach a statistical
steady state in the long run. Focussing on a portion of the fluid in the bulk, we may
consider without much loss of generality that the statistical ensemble is station-
ary (henceforth, “stationarity” stands for statistical spatial homogeneity). In other
words, the point set {xé’n }n can be approximately replaced by a random point set
{exn : ex, € D} that is the e-rescaling of some stationary random point process
&P = {x,}n. The law of this steady state may depend itself on the prescribed shear
flow in the viscometer, which leads to possible non-Newtonian effects [31, Sec-
tion 7].

— Steady homogenization problem. Given a statistical ensemble of particle positions,
under an ergodicity assumption, the steady Stokes equations for the fluid velocity
are expected to homogenize on the macroscopic observation scale, in the sense
that it can be replaced by effective steady Stokes equations with some effective
viscosity tensor B, which amounts to an averaged effect of suspended particles.
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While the rigorous analysis of the steady-state flow-induced microstructure remains
a fully open problem at this time, the steady homogenization problem, in contrast,
has been extensively studied under various assumptions in our recent series of arti-
cles [13,18,19,21] and is by now very well understood. Given a statistical ensemble
of particle positions, this provides a rigorous definition of the effective viscosity
together with a homogenization result. More precisely, considering the system at the
particle scale, we denote by I = | J,, I, the random ensemble of particles (not nec-
essarily spherical), centered at the points of a point process & = {x,},, say in the
d-dimensional Euclidean space R for generality. The effective viscosity tensor B is
defined as a quadratic form on the set Mf)ym C R¥*4 of trace-free symmetric matrices,

E:BE :=E[DWg) + E|’] = |[EP + E[|D(yr)|?]. EeM™, (12

where D(Yg) is the unique stationary symmetric gradient solution, with bounded
second moment and vanishing expectation, of the corrector problem

—AYEg +VIg =0, inR?\ T,

div(yg) =0, inR4\ I,

D(yg + Ex) =0, in T, (1.3)
faln ogv =0, Vn,

faln O(x —x,)-0gv =0, Vn, VO € MV,

in terms of the associated Cauchy stress tensor
og :=0(Wg + Ex,Xg) :=2D(Yg + Ex) — X Id, (1.4)

where M*¢¥ ¢ R4*9 is the set of skew-symmetric matrices. Throughout this work,
we assume for simplicity that the plain fluid has isotropic viscosity Id. The so-called
corrector Y g can be viewed as the correction of the linear straining flow

x+— Ex

in presence of rigid suspended particles {/,},. The last two boundary conditions
in (1.3) correspond to the balance of forces and torques on each particle. Note that, if
I contains an unbounded chain of touching particles, then the rigidity constraint

D(WEg + Ex)|7 =0

entails that the field g would grow linearly along this chain, which would prevent
D(y k) from having vanishing expectation: it shows that this corrector problem can
only be well posed provided that some suitable non-clustering assumption is made.
Different sets of sufficient assumptions are recalled in Section 2.1 below and we refer
to our previous work [13,18,19,21] for a detailed account.
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1.2.2 Einstein’s hypothesis (E2): Interactions are negligible

As it appears from (1.3), the corrector ¥ g depends nonlocally and nonlinearly on the
set I of particles via boundary conditions: this corresponds to the multibody nature
of hydrodynamic interactions. Einstein’s second hypothesis can be reinterpreted as
claiming that g can be approximated around each inclusion 7, by the unique decay-
ing solution w{"} of the single-particle corrector problem

—Ayim st — o, inRY\ I,
div (v ) = inRY\ I,
D(y i + Ex) =0, in I, (1.5)

fazn U(Vf{n} + Ex, 2{"})1; =0,
faln O(x — xn) - U(W{n} + Ex, E{En})v =0, VO e Mskev,

This amounts to neglecting the effect of other particles on ¥ g around 7, thus pre-
cisely neglecting the multibody nature of the problem. To give a more precise state-
ment, consider the Voronoi tessellation {V;}, associated with the set of particles
{1}, that is,
= {x :dist(x, [,) < inf dist(x, In)}.
m:m#n

The relevant approximation of /g then takes the form

D(WE) ~ \I/%imtem . ZD w{n} V,- (16)

Inserting this into the definition (1.2) of the effective viscosity yields, after straight-
forward calculations,

E:BE = |EP +E[|D(yr)|*]
~ |E|2 +E[|qj%instein|2]
:|E|2+ZE[1°€’"/ ID( ,{5"})|2]
n |In| Vn

{n})|2

and thus, replacing single-particle energies || V. |ID(y
sponding whole-space energies,

R 2 oel, {n}
E:BE ~ |E| +ZIE[ T / ID(y )| ] (1.7)

In case of spherical particles, single-particle problems can be solved explicitly and
we get

in Voronoi cells by corre-

_ d+2
E:BE = |E|2(1+%<p+0((p)), (1.8)
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in terms of the particle volume fraction

¢ =@(I):= lim R"¢|INRO| (1.9)
Rtoo

where Q := [—%, %]d stands for the unit cube. We refer to Section 2.6 for the detailed
computation, and we note that in 3D we recover Einstein’s celebrated % factor, cf.
(1.1). Corrections to Einstein’s formula are naturally obtained by further taking into
account particle interactions. As we shall see, in the low-density regime, this is nat-
urally captured in form of a cluster expansion: the next-order correction, known in
the physics literature as the Batchelor—Green correction [7], involves the sum of two-

particle contributions, and so on.

1.2.3 Objectives

In this memoir, we focus on the rigorous analysis of Einstein’s hypothesis (E2): we
start from the relevant notion of effective viscosity (1.2) as defined by homogeniza-
tion theory and we study its asymptotic behavior at low density, aiming to justify
Einstein’s formula (1.8) and to describe all higher-order corrections.

The early works [32,45, 60] focussed on Einstein’s formula for locally periodic
dilute arrays of particles. It was extended in [33, 54] to the dilute disordered set-
ting under the simplifying assumption that the minimal interparticle distance is large
enough (that is, £($) >> 1 with the notation (1.13) below). The next-order Batchelor—
Green correction was captured in [27,29] in the same setting. The uniform separation
assumption is particularly convenient as it allows to exploit the reflection method
and rigorously neglect many-particle interactions, e.g. [36—39,54], but it is physically
quite restrictive and unsatisfactory. More recently, it was replaced in [28] by some
weaker non-concentration condition in the proof of Einstein’s formula, however still
requiring some control on the minimal interparticle distance. In this context, we shall
address the following two main points:

— We shall justify Einstein’s formula under the weakest assumptions under which
homogenization is known to hold, in particular covering the case of the general
subcritical percolation condition in [21]. At the same time, we aim at optimal error
estimates: the error o(p) in (1.1) was often claimed to be O(¢?) in the physics
literature, but we shall see that it actually strongly depends on the structure of the
random ensemble of particles.

— We shall describe higher-order corrections to Einstein’s formula in form of a
cluster expansion. Due to the long-range nature of hydrodynamic interactions,
renormalizations are needed to make sense of cluster contributions. In the physics
literature, formal renormalizations were actually still missing beyond the second-
order Batchelor—Green correction. On the rigorous side, even the justification of
the latter was restricted to some specific regimes [26,27,29].
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In terms of techniques, previous results on the topic mostly relied on a determinis-
tic analysis, more precisely on various forms of the reflection method. In the present
memoir, we rather take inspiration from our work [15] on the Clausius—Mossotti con-
ductivity formula based on the triad consisting of: (1) finite-volume approximation;
(2) cluster expansion; (3) uniform £! — £2 energy estimates. Substantially refining on
this analysis, we go far beyond [15] (and beyond [26], which also builds on the clus-
ter expansion of [15]) as we manage to cover general dilute regimes (beyond the case
of explicit dilution by random deletion in [15]). We further describe explicitly for the
first time the renormalization of cluster coefficients to all orders.

1.3 Cluster expansion formalism

While Einstein’s formula (1.8) is obtained by considering dilute particles as being
isolated, next-order corrections amount to taking into account many-particle interac-
tions and the multibody structure of the corrector field ¥ g. At low density, particles
are scarce, hence have weak interactions, and one might want to consider contribu-
tions of finite subsets of particles only. As in [15], taking inspiration from statistical
mechanics, see e.g. [62, Chapter 19], this is naturally expressed by means of clus-
ter expansions, which provide natural asymptotic series at low density. We recall the
formalism, discuss the accuracy of cluster expansions, and describe the key difficulty
to apply it to the effective viscosity problem: the long-range nature of hydrodynamic
interactions.

1.3.1 Cluster expansions of multibody quantities

We recall the cluster expansion formalism in the compact form that we introduced
in [15]. As particles are indexed by natural numbers, we denote by P(N) the set
of subsets of the index set N and we consider the space M(N) of set functions
from P(N) to a given vector space V. Starting from the corrector problem (1.3), for
any index subset H € P(N), we may consider' the associated corrector yr g obtained
by replacing the full set I of particles by its corresponding subset T# := Unen In
in the corrector equation (1.3). The map

yEHe g

is then viewed as an element of M (N), where 1//? = 0 and where 1/f§I = Y is the
original corrector defined in (1.3).

The corrector problem (1.3) is, in fact, not well posed in general for a given deterministic
infinite subset H of particles. In the sequel, we shall rather consider finite-volume approxima-
tions of the corrector problem, for which well-posedness is always trivial. We skip this detail at
the level of the present discussion.
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In this setting, for all n € N, we introduce a difference operator sint s M(N) —
M(N), defined for all ® € M(N) by

sl .= sl @AVt .= @AV _oH g C N,
which provides a natural measure of the sensitivity of ® with respect to the index n
(it plays the role of a discrete derivative). Note that for all n # m,

(5{'1})2 — _5{11}’ gintglmy — glmigin}

For any finite ' C N, we also define the higher-order difference operator

§F = ] 8",

nerF

which acts as follows: for all ® € M(N),

sFpH — Z (_I)IF\qu)GUH’ H c N. (1.10)
GCF

We take the natural convention §2 ®H := ® These difference operators are the
building blocks to construct the so-called cluster expansions, e.g. [62, Chapter 19]: to
order k, the cluster expansion of ® € M(N) takes the form

+ #
1 1
N»\., z {n} 1@ _ {ni,n2} 1@ . - {ni,...nx} x9
@ q>+25c1>+2!25 2 + +k!25 2,
n ni,np ni,...,R

where we use the shorthand notation Zfl ; for sums over j-tuples (ny,...,n j)
of distinct indices. This can be rewritten in the more compact form

k
oN ~ Z Z sF o2, (1.11)

J=04F=j

where ) - _ ; stands for the sum over all sets F* of j distinct indices. This expansion
is particularly relevant in the low-density regime when particles are very scarce: the
Oth-order term corresponds to the situation without any particle, the 1st-order term
corresponds to contributions of isolated particles, the 2nd-order term to contributions
of pairs of particles, etc. Formally, it can be viewed as a Taylor expansion at & with
respect to the difference operator &, where under suitable assumptions higher-order
terms will be shown to be indeed of higher order at low density. Note that, if ® €
M(N) only depends on indices in a finite subset K C N in the sense that ¥ =
®HOK forall H C N, then the expansion (1.11) is always a finite sum and is actually
equal to ®N provided that k > #K.
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1.3.2 Multi-point intensities

The general estimation of the terms in the cluster expansion (1.11) naturally leads to
the notion of multi-point intensities, which appear as refined measures of diluteness
and seem new to the literature. Given an ergodic stationary point process & = {x, }»,
we start by recalling the standard notion of intensity of the point process (or one-point
intensity in our terminology below),

A(P) = A (P) = IE[jj({P N Q)].
By the ergodic theorem, we have almost surely

A(P) = éiggo R™%t4{n : x, € RO}. (1.12)

In particular, provided that random shapes satisfy |/;)| >~ 1 almost surely for all n,
this relates to the particle volume fraction (1.9) via

¢(I) = MP),

so that the low-density regime ¢(I) < 1 is equivalently characterized by the con-
dition A(#) < 1. Yet, as we consider nonlinear functions of the point process (like
the effective viscosity B), this linear notion of diluteness is not strong enough and we
need to introduce refined notions of “multi-point intensities”.
For that purpose, we start by introducing a notation for the minimal distance of
the point process &,
C:=L0(P) := inf |x; — Xm|oo, (1.13)

n#m
which is almost surely a deterministic characteristic length of . The point process
is called hardcore if £() > 0, which is the case of all the processes considered in
this memoir, cf. (H,) below. For all j > 1, provided £ = £(#) > 0, we then define
the j-point intensity

£
A;(P):= sup E[ > z—d]lQl(zl)(xnl)...e—dnge(zj)(xnj)}, (1.14)

Z1oeensZj ny,....nj

where Q,(z) := z + rQ stands for the cube of sidelength r centered at z. Note that,
by definition (1.13), each cube Q¢ (z) contains at most one point of &. This definition
corresponds to the maximum expected number of j -tuples of points of & that lie in
the £-neighborhood of an element of (Rd )/, properly normalized by £. Alternatively,
recalling that the j-point density f; associated with & is the nonnegative function
defined by the following relation,

+
E[ﬂ];nj {(xnl, ce. ,xnj)i| = /(Rd)j g’f] forall ¢ € C:o((Rd)j), (1.15)
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the definition (1.14) of j-point intensity can be reformulated as

Aj(P) = sup (1.16)

J
2152 7[Qz(21)><'"><Qz(Zj)
In the case £(8) = 0, this definition is naturally extended to A; () = || f; Il oo (ra)/)
for completeness. In view of upcoming arguments, it is convenient to further intro-
duce the following quantities,

Ai(P) = Zmin @ <22 = Jmax JTr:. (1.17)

i Ji=J i iJi=] i

For a Poisson point process, these quantities are, in fact, all equivalent since indepen-
dence yields A;(#) = A(P)” forall j > 1, hence Aj(P) = Xj (P) = A(P)/ . For a
hardcore Poisson point process, we similarly find A; () ~; A($)/. In other words,
the one-point intensity A () is enough to fully describe low-density regimes in those
cases. However, multi-point intensities are nontrivial in general: for any 8 € [0, 1],
one can construct examples of point processes with A, (P) ~ A(P)! 18 (see last para-
graph of Section 5.1). For instance, given e € R4, the point process

Po = PU(P +e)

consists of pairs of points {X,,x, + e} and thus satisfies A2(Pe) =~ £(Pe) 4 A(Pe),
hence A, () >~ A(P.) provided that P, is hardcore. This indicates that heuristically
the condition A, () <K A(P) can be understood as the scarcity of clusters in &, and
more generally the condition Ag1 () <K Ax(P) as the scarcity of k-point clusters.
The following lemma states some general properties.

Lemma 1.1 (Multi-point intensities). Let * = {x,}, be an ergodic stationary ran-
dom point process.

(1) Forall j > 1, we have
2j41(P) < UPY 25 (P).
(ii) If P is strongly mixing, then for all j > 1 we have
MPY = 1;(P) < Xj(P) = 4;(P).

(The same holds for all j < n under the mixing assumption (Mix])) intro-
duced in Section 4.3 provided the rate o decays at infinity.)

(iii) Given j > 2 and 6 € [0, 1], for any nonnegative function ¢ € C° (R9)7)
that satisfies

i 1zi — 2000 < 0L(P
{maXz|Zz leoo— ( ) SN ¢(Zl’.__72j)SCQS(Zi’""Z/A)’

min; £; |z; — Zjloo > £(P)
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we have

[, e = o)

(G R4k

Proof. Aseach cube Q¢ (z) contains at most one point of the point process &, we find

that ), 1 0,(2)(Xn) < ¢=4, so that item (i) readily follows from definition (1.14).
We turn to the proof of (ii). Given j > 1, for any partition 0 = k; < kp < --- <

k; = j, setting j; := ki1 — ki, the strong mixing of the point process implies

ﬁ—ﬁ(

i=1

ﬁ)»a

]éz(zl)x'"xQe(Zj) ][Qe(zki+1)><"'><Qe(Zk,-+l)

as min; ;- dist(Z;, Z;7) — oo, where we have set for shortness
Zi = AZkjt1 s Zhigy )

In view of (1.16), using stationarity, this proves the estimate A; (#) > ]_[f=1 Aj; (P),
from which the claim (ii) easily follows.

Finally, item (iii) is a direct consequence of definition (1.16) of multi-point inten-
sities, further using that the j-point density satisfies fj(xy,...,x;) = 0 whenever
there are some indices i # i’ with |x; — x;/| < £(P). ]

1.3.3 Scaling of cluster expansions

With the above definitions, we may now determine the scaling of the terms in the clus-
ter expansion (1.11) and show the relevance of multi-point intensities in this context.
For that purpose, by way of illustration, we place ourselves in the elementary set-
ting of short-range interactions, which will serve as a guideline in the sequel. More
precisely, consider a set function @ : P(N) — R of the form

o :=]E[g(2h(xn))], (1.18)
neH

for some / : R — R and g : R — R such that
(a) h is short-range, in the sense that [p4 (supp(z) 1)) dz < oo;
(b) g is smooth, in the sense that g € C.°(R),
and set ®? = g(0). The cluster expansion of ®N, cf. (1.11), then takes the form

o0
1 —. _.
N B Jo_ ; F 9
) Zj!ob . where ®/ := j! Y 577 (1.19)
j=0 HF=j
Although cluster coefficients {®/ }; are defined by infinite series, these series are

always summable in this short-range setting and we show that they are naturally esti-
mated by multi-point intensities. In particular, the second-order coefficient ®2 is of
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order O(A,()), which contradicts in general the bound O(A(P)?) = O(p?) that
one could have naively expected. Our main goal in this memoir is precisely to estab-
lish corresponding expansions and estimates for the effective viscosity (1.2).

Lemma 1.2 (Cluster expansions in the short-range setting). Let P = {x,}, be an
ergodic stationary point process on R¢ with 0 < £(P) < 1, let ® be a set function
of the form (1.18) satisfying the short-range and smoothness assumptions (a) and (b)
above, and let {®7} j be the associated cluster coefficients (1.19). Then we have for
allk > 1,

N Sk Mer1 (P 1OF| Skgn Mc(P), (1.20)

in terms of multi-point intensities {A;(P)};, cf- (1.14).

Proof. Given a sequence Y := {y,}, C R (that will be chosen as y, = h(x,) below),
define a set function ¥y : P(N) — R by

\I/{,{ :=g(Zy,,), H CN.

neH

By definition of difference operators, cf. (1.10), we find, in the spirit of Taylor’s
remainder formulas,

Ynq Yny
i) @ :/ / e® (- + 1) diy - diy.
0 0

k
¢§_Z Z §F w2

J=04§F=j
Ynq Yngq
= Z / / (kH) 11 + o+l + Z Yn) dty---dig4q.
ny<-<ntg41 n<nj

These identities yield in particular

k
st bW < g ® ooy [T 1y, -
ji=1
k
=303 8P| < g ey > [ Iyal-
J=0fF=j BF=k+1neF

Setting Y := {/(x,)}n, noting that (1.18) reads & = IE[\IJII,{], inserting the defini-
tion (1.19) of cluster coefficients, and recalling the definition (1.15) of multi-point
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density functions, this yields

13 < 1§% o m) / 111 .
(R4)k

k
1
N _S L3l o k+Dyp / B+ o
j;)j! =&+ 1)!||g l[Loe @) (Rd)k+l| | Sret1
By definition (1.16) of multi-point intensities, the conclusion follows. ]

1.3.4 Effective viscosity: long-range issues and renormalization

We now apply the above cluster expansion formalism to the effective viscosity (1.2).
For a finite subset H C N, recall the notation ¥ ]I; for the solution of the corrector
problem (1.3) with the set I of particles replaced by its subset I = J, . I, (this
corrector problem is trivially well posed in H'(R%)? when H is finite). We then
define a symmetric linear map B# on My™ by

E:BYE =E[DWH)0) + E|’]. EeM™

(This indeed makes sense for a given measurable enumeration of the point process.)
In these terms, the formal cluster expansion of the effective viscosity (1.2) takes the
form

B~Y —B/, whereB/:=! ) §"B”. (1.21)
fF=j
Note that B® = B? = 1d is the plain fluid viscosity. In contrast with the short-range
setting of Lemma 1.2 above, however, series defining cluster coefficients {B/};>1 are
not summable due to the long-range nature of hydrodynamic interactions. Indeed, the
first coefficient B! takes the form

E:B'E=) E:§"B’E
=Y E[[Dw M ©)|* +2E : D@ ©0)]. (1.22)

As w‘{gn} satisfies the single-particle problem (1.5), it is easily checked to have bor-

derline decay |D(wl{gn})(x)| ~ (x — x,)~%, which entails that the above series is not
absolutely convergent,

S E[Ipy it )] = .

The same borderline divergence is observed for all cluster coefficients {B/} i>1.In
order to make sense of them, suitable renormalization procedures are thus required
and constitute the major difficulty of the problem.
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To first order, the needed renormalization happens to be trivial: by definition of
the intensity of the point process, identity (1.22) can be equivalently rewritten as
follows (say, in case of deterministic particle shapes),

E:B'E = M(P) /Rd (|D(w%)|2 +2E :D(yp)),

where ¥ 5 stands for the solution of the single-particle problem (1.5) with a particle
centered at the origin. Here, we observe that in any finite-volume approximation the
linear term [ps E : D(¥3) would be given a vanishing value as the integral of a
gradient. Removing this linear term, we are left with the following summable integral,

2
’

E:B'E = A(?)/d ID(vg) (1.23)
R

which coincides with Einstein’s formula (1.7). In contrast, higher-order renormal-
izations are not obtained by such simple cancellations. In the physics literature, the
difficulty was recognized by Batchelor and Green [7], who managed to provide a
heuristic renormalization for the second-order term B2. The systematic renormaliza-
tion of higher-order terms is more involved and has remained an open problem so
far even on the heuristic level in physics. The present memoir is precisely devoted
to the systematic treatment of this difficulty: we provide suitable renormalizations of
cluster coefficients and in turn justify the expansion (1.21) to all orders. In the end,
we prove essentially the same estimates on the cluster expansion as in the short-range
setting (1.20), up to (sharp) logarithmic corrections that are persisting manifestations
of the long-range nature of interactions, cf. (1.26) below.

1.4 Main results

This section is devoted to a brief, informal account of the main results of this memoir,
with precise references to the relevant chapters. We refer to the conclusion in Chap-
ter 5 for a detailed recap of all our results. We start with the main assumptions on the
ensemble of rigid particles.

1.4.1 Main assumptions

Given an underlying probability space (2, P), let # = {x,}, be a random point
process on R?, consider an associated collection of random shapes {17 }n, where
each I, is a random simply connected open subset of the unit ball B, centered at the
origin in the sense of f e dy = 0, and then define the corresponding inclusions

Lyi=x,+ 1.
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Note that random shapes are not required to be independent of the point process 5.
‘We then consider the random set
I:= U I,
n

which we assume to satisfy the following conditions. Note that the disjointness and p-
regularity conditions below entail that the point process & is hardcore with £(P) = p,
cf. (1.13).

Assumption (H,) — General conditions with parameter p > 0.

* Stationarity and ergodicity: The point process = {x,}n and the associated
random set I are stationary and ergodic.”

* Disjointness: There holds I, N I, = & almost surely for all n # m.

* p-Regularity: Random shapes {1}, almost surely satisfy interior and exterior
ball conditions with radius p.

Next, we define the effective viscosity tensor B associated with the suspension I
as the quadratic form on M given in (1.2). We emphasize that the corrector prob-
lem (1.3) only makes sense provided that all particles {/,}, are well enough sep-
arated. If this separation is uniform, the pressure X lga\ 7 can also be uniquely
constructed as a stationary field with finite second moment and vanishing expecta-
tion, cf. [18, Proposition 2.1]. When particles are not well separated, the corrector
problem should rather be considered via its variational formulation and the effective
viscosity is then defined as the minimum value

E:BE = inf{E[[D() + E[)] : ¥ € L? (2 HL,(RY)?), Vi stationary,

ocC

div(y) =0, (D(¥) + E)|; = 0. E[D(¥)] = 0}. (1.24)

In general, nothing prevents this infimum from being infinite: as explained after (1.3)
above, the issue originates from the possible existence of unbounded chains of touch-
ing particles. This will be excluded by means of further geometric assumptions,
cf. (Hy"™), (HZ%™), or (HY%) below. Even if the infimum is finite, nothing ensures
in general that B defines the effective viscosity in the sense of homogenization the-
ory: we view this as a separate question, which is extensively discussed in different
settings in our previous work [13,18,19,21] and will not be further discussed here.

We are now in the position to describe our main results.

More precisely, stationarity means that the laws of the translated point process x + & and
of the translated random set x + I are independent of the shift x € R¢ . Ergodicity then means
that a measurable function of J or I is almost surely unchanged for & or I replaced by x +
or x + I for any x € R only if it is almost surely constant. Note that shifts x € R? can be
replaced by discrete shifts x € Z<, and periodic point sets can be considered as a particular
case, for which the expectation is replaced by the average over a period.
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1.4.2 First-order expansion: Einstein’s formula

Assuming that particles are uniformly separated by a positive distance, cf. (H;')"i")
below, we prove in the general ergodic stationary setting,

P

B —Id—B'| < A,(P)log (2 + Az(?)();((i/?’)) = 1)d)’ B'| ~ A(P), (1.25)
where B! is given by the renormalized cluster formula (1.7) and takes the explicit
form of Einstein’s formula B! = %
mate is new and optimal, and the stochastic assumption of mere ergodicity is minimal.
In particular, we find that Einstein’s formula provides a leading-order approximation,
in the sense of |B — Id —B!| « |B!|, provided that the condition A,(P) < A(P)
holds, which heuristically amounts to the scarcity of particle clusters and follows for
instance from some local independence of &.

Yet, the uniform separation assumption (H;;“if) is not satisfactory from the physi-
cal point of view. At the price of weakening the error estimate (1.25), we may relax
this assumption as we did for the homogenization result in [13,21]: either we assume
moment bounds on the interparticle distance (H;‘,‘,’Cm) (see also [28]), or we consider a
subcritical percolation condition (H ) (in which case particles are allowed to touch
provided they do not cluster). We refer to Theorem 2.1 in Chapter 2 for a detailed

statement.

¢ 1Id in case of spherical particles. This error esti-

1.4.3 Higher-order cluster corrections

For the higher-order analysis, we focus for simplicity on the setting of the uniform
separation assumption (H:j)“if). Under a slight strengthening of ergodicity, the formal
cluster expansion is well defined, up to suitable renormalization of cluster coeffi-
cients (1.21), and it essentially3 satisfies for all k > 1,

k
B-) B
j=0

These estimates coincide remarkably with the corresponding result (1.20) in the short-
range setting, to the exception of logarithmic corrections that are precisely the mani-
festations of the long-range nature of hydrodynamic interactions. The result is new for
any k > 2 and logarithmic corrections are expected to be optimal (optimality is proved
for k = 2, cf. Theorem 4.4). We also believe that the slightly strengthened ergodicity
assumption is necessary for the result to hold. We refer to Theorem 5.2 in Chapter 5

< M1 (P)|log A@)[E,  [B¥| S M(@)|log A(@)|[<T1. (1.26)

3The correct estimate is in general slightly more complicated than what is stated here;
cf. Theorem 5.2 in Chapter 5.
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for a detailed statement. In particular, our analysis justifies the Batchelor—Green for-
mula for the second-order term B2, cf. Proposition 4.9 (see also Corollary 5.6), and
we develop a systematic renormalization scheme for all higher-order cluster coeffi-
cients by means of diagrammatic expansions, cf. Section 4.4.

We emphasize that the above result (1.26) holds without any structural assump-
tion on the dilution process (which we call the “model-free” setting). If we make
the dilution more specific, considering for instance a random deletion procedure (as
in [15]) or dilation, then the full cluster expansion can be further shown to define an
absolutely converging series. We refer to Theorem 5.4 for a precise analyticity state-
ment. All previous results on the second-order expansion [26,27,29] were, in fact,
essentially restricted to such specific settings.

1.5 Roadmap to the main results

The rest of the memoir is divided into four chapters. Chapter 2 is dedicated to the
proof of Einstein’s formula. Chapter 3 studies the cluster expansion of finite-volume
approximations {I_SL } of the effective viscosity B. In Chapter 4, we deal with the
issue of systematic renormalization of cluster coefficients, which leads us to justifying
the cluster expansion of B. Our different results are combined and summarized in
Chapter 5. We briefly describe below our approach for each step.

1.5.1 Einstein’s formula: first-order expansion—Chapter 2

We develop a new, purely variational approach to Einstein’s formula (1.25); a short
self-contained proof is given in Chapter 2. It amounts to constructing competitors for
the variational problem (1.24) and to controlling their energy difference by means of
elliptic regularity. The variational nature of the argument allows us to avoid uniform
particle separation assumptions and to cover in particular the case of colliding parti-
cles under a general non-clustering assumption. It also allows to avoid the need for
fine pressure estimates, which is a crucial point as such estimates would be problem-
atic in case of colliding particles.

1.5.2 Cluster expansion of the effective viscosity—Chapter 3

While coefficients in the formal cluster expansion of the effective viscosity B are
given by infinite series that are not summable due to the long-range nature of hydro-
dynamic interactions, cf. Section 1.3.4, we start by considering finite-volume approx-
imations {By } L>1 obtained by periodization of the variational problem (1.24). Chap-
ter 3 provides a detailed analysis of the cluster expansion of B, for fixed L.
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» First, we give explicit formulas for the coefficients {]_3]{ }; of the cluster expansion,
as well as an explicit estimate for the remainder RE‘H = ]_3L — Z;C:o %1_32, in
terms of correctors associated with finite subsets of particles; see Theorem 3.1.
The argument is essentially combinatorial. Note that the proof of remainder esti-
mates further makes key use of the rigidity of the particles.

* Second, we prove that the cluster coefficients {ﬁi }; and the remainder Rﬁ‘“ are
bounded uniformly in L. The idea of the proof is as follows: if infinite-volume
cluster formulas are given by infinite series that are not summable, they can in
fact be viewed as complicated (non-explicit) combinations of Calderén—Zygmund
kernels. As the effective viscosity is an L2-based quantity, we may expect to esti-
mate cluster formulas by means of suitable energy estimates, carefully avoiding
taking absolute values of any Calderén—Zygmund kernel. Taking inspiration from
our previous work [15], this is achieved by means of a hierarchy of so-called
interpolating £! — £2 energy estimates (also crucially used in [20,30]). As a corol-
lary, uniform estimates allow us to define infinite-volume cluster coefficients in
the limit {B/} j o= limmoo{l_ii} 7. Yet, being based on energy arguments, these
estimates do not display the desired dependence (1.26) on multi-point intensi-
ties {A;};.

* Third, we prove corresponding cluster estimates that have the same dependence
on multi-point intensities as in the short-range setting, but display a logarithmic
divergence in the large-volume limit. This is obtained by proceeding as for the
short-range setting of Lemma 1.2, and the logarithmic divergence follows from
estimating hydrodynamic interactions too roughly.

It remains to show that the dependence on multi-point intensities is actually kept in
the large-volume limit (at the price of logarithmic corrections).

1.5.3 Renormalization of cluster formulas—Chapter 4

In order to prove the relevant infinite-volume cluster estimates (1.26), we need a bet-
ter understanding of cluster formulas and of the underlying compensations that make
them well defined in the large-volume limit. A first route proceeds by assuming an
algebraic convergence rate for the finite-volume approximations {By }7. of the effec-
tive viscosity: this is known to hold under quantitative «-mixing condition whose
rate is then transmitted (suboptimally) to cluster coefficients {1_31{ }j» which allows in
turn to keep the desired dependence on multi-point intensities in the cluster estimates
while removing the logarithmic divergence. This implicit renormalization argument
is particularly robust (see also [15]), but it does not provide any understanding of
underlying cancellations and leaves several questions open.

Next, further assuming for simplicity that particle shapes are independent of par-
ticle positions, we show that an explicit renormalization of cluster formulas can be
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developed: taking advantage of several explicit cancellations, cluster formulas can be
transformed into summable integral formulas. This renormalization is trivial for B!,
cf. (1.23), and the required cancellations are already more involved for B2, as for-
mally understood by Batchelor and Green [8]. At higher orders, renormalizations
rely on a suitable diagrammatic decomposition of cluster formulas to make cancella-
tions manifest. Finally, the direct analysis of renormalized formulas allows to recover
the desired cluster estimates (1.26) and to show that logarithmic corrections in those
bounds are actually optimal in general.

Notation

*  For vector fields u, u” and matrix fields 7', T’, we set (Vu);; = Vju;, div(T); =
ViTij, T : T' = Tj; T};, (u @ u')ij = uju;, where we systematically use Ein-
stein’s summation convention on repeated indices. We also denote by (D(u));; =
%(VJ- u; + Viu;) the symmetrized gradient. For a velocity field u and associated

pressure field P, we define the associated Cauchy stress tensor, cf. (1.4),
o(u, P):=2D(u)— PId.

*  We denote by Mf)ym C R4*4 the subset of symmetric trace-free matrices, and by
MY the subset of skew-symmetric matrices.

*  We use the notation < (resp. ) for < C x (resp. > éx) with a constant C that
depends only on the dimension d and on the parameters appearing in the different
assumptions when applicable. Note that the value of the constant C is allowed to
change from one line to another. We add subscripts to C, <, or 2 to indicate the
dependence on other parameters. We write a >~ b when both a < b and a = b hold.
In addition, we write < (resp. >>) for < éx (resp. > C x) for some sufficiently

large constant C.

* The ball centered at x of radius r in R¢ is denoted by B, (x), and we set B(x) =
By (x), By = B;(0), and B = B;(0). We denote by Q,(x) = x + [-3, %)d the
cube of sidelength r centered at x, and we set Q(x) = Q1(x), O, = 0,(0), and
Q = 01(0).

« For x € R4, we denote by |x| its Euclidean norm and by |x|s its supremum
norm. We also set (x) = (1 + |x|?)1/2, and similarly (V) = (1 — A)"/2,

*  We use the shorthand notation Zflnj for sums over j-tuples (ny,...,n;) of
distinct indices. We also use the notation ) yr_ ; for the sum over all subsets F
of j distinct indices.






Chapter 2

Einstein’s formula: First-order expansion

2.1 Main result

Assumption (H,) first needs to be complemented with suitable geometric assumptions
on the ensemble of particles to ensure that the effective viscosity (1.24) is finite. This
can either be performed by means of conditions on interparticle distances,

Pn 1= l min dist(Z,, 1), 2.1)
2 m:m#n

or in terms of conditions on the size of clusters of close particles. This has been the

subject of our recent series of articles [13,18,21], where the finiteness of the effective

viscosity and the validity of a homogenization result are obtained under any of the

following three types of assumptions:

— interparticle distances are uniformly bounded below, cf. [18];

— interparticle distances satisfy suitable reciprocal moment bounds, cf. [13, Theo-
rem 1 for d > 2 and Remark 3.4 for d = 2];

— diameters of clusters of close particles satisfy suitable moment bounds in a sub-
critical percolation perspective, cf. [21].

These are formulated more precisely in Assumptions (H;']““.), (Hp™), and (Hpc

below, respectively.

Assumption (Hg“if) — Uniform separation with parameter p > 0. Particles are uni-
formly separated with minimal distance p, > p, that is, we have almost surely

(In+pB)N(Um +pB) =2 foralln # m.

Assumption (H'}™) — Moment condition with parameters p > 0, k > 1.

* p-Uniform non-degeneracy of contact points: Pairs of “p-close” particles can
be “p-locally” included in pairs of disjoint spheres with “p-uniformly” bounded
radius. For “p-close” particles, instead of (2.1), we then define p,, as (half of) the
distance between locally covering spheres. For a more precise statement of this geo-
metric condition, we refer to [13, Assumption (HfS )]. Note that this condition is triv-
ially satisfied in case of spherical particles.

* Reciprocal moment bound: There exists K, < oo such that

1

| I O
hmsup(m Z M(,On)) < K.

Rtoo n:l,COR
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in terms of
736 rg <5,
u(t) =1 log2+ 1Y) ird =5, 2.2)
1 ifd > 5.

Note that this condition is trivially satisfied for any k > 1 in case d > 5.

Assumption (HY?,) — Cluster condition with parameters p > 0, k > 1. Let {Kg p}q
be the family of connected components of the fattened set I + pB, and consider the
corresponding clusters

Joo = |J In

I1,CKg,p

Given po > 1 large enough (related to the existence of correctors in [21, Proposi-
tion 2]), there exists K, < oo such that

1

1 3
lim sup ( . Z diam(Jq,p)Kp""’d) < K. (23)
Rtoo \Hq :Jgp N ORr # I} Ay,

Assumptions (H}%™) and (HY %) are always weaker than (H"(‘)“if). While (H}'9™)
only allows for particle contacts in dimension d > 5 and is in particular incompati-
ble with the 3D steady-state behavior of the two-particle density as computed in [8],
Assumption (H)¢) is of a different nature and allows for particle contacts in any
dimension, but implicitly requires some strong mixing condition to ensure the valid-
ity of moment bounds on cluster diameters, cf. [21]. In [13, 18,21], we show that
these assumptions ensure the finiteness of the effective viscosity (1.24) and the well-
posedness of the corrector problem. In case of (Hg"‘}(m) or (Hff;f), the validity of the
homogenization result requires further strengthened conditions.

The following theorem states the validity of Einstein’s formula under each of the

above assumptions. The proof is split between Sections 2.2, 2.3, 2.4, and 2.5 below.

Theorem 2.1 (Einstein’s formula). Under Assumption (H,), provided that either
(Hg“if), (H™™), or (Hzfjf) holds for some p > 0 and k > 1, we have

0,k
_ _ (P
}B —(d +Bl)‘ <p A2(P) log (2 + () d)
Aa(P)(E(P) + 1)
0 in case of (H"1),
Ly o] e e
K2 (PY "k M(P)«  in case of (HJI™) or (Hp,0),

where B! satisfies
B[ ~ A(£),
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and is defined for all E € M" by
= Toer (n) 2}
E:B'E:=) :IE[ / D , (2.5)
~ |1n| Rd } ( E )‘

where W}{En} is the unique decaying solution of the single-particle problem (1.5). In
particular, the estimate |B — (Id +B1)| = o(A(P)) holds provided the point process
P satisfies Ao (P) = o(A(P)).

As outlined in Section 2.2, our proof is variational and amounts to proving lower
and upper bounds on B that match with Id +B! to the required accuracy. (For the case
of the Clausius—Mossotti conductivity formula, we refer to [14], where we provide a
PDE version of the present variational argument.) This new approach is very robust:
it yields the first optimal error estimate and allows to cover the most general setting
regarding particle separation assumptions. We briefly emphasize these two points:

— Optimality: In case of (Hz“if), the error estimate (2.4) for Einstein’s formula is new
and sharp. As will be seen in Theorem 4.4, it indeed coincides with the general
scaling of the next term B2 in the cluster expansion: the logarithmic correction
is related to the long-range nature of hydrodynamic interactions and cannot be
avoided in general, thus contrasting with the short-range setting (1.20)." In case
of (HJ9™) or (Hp), the error estimate (2.4) displays a further algebraic loss,
which is also new and expected to be optimal in general. If for some exponent
y = 1 the moment bounds in (H}™) or (Hgfff) hold with constant K, < «V for
all k > 1,” then the error estimate (2.4) could be upgraded to

A(P) )
A2(P)

A2 (P) 10g1vy (2 +

after optimizing in «.

— Particle separation: Most works on the topic [26-29, 33, 54] have focussed so
far on the simplest setting of (Hg“if) in case when diluteness further holds in the
strong form of £(#) > 1. The only exception is the recent independent work [28],
where this last condition is relaxed and where the case of (H;™) is also covered.
More generally, our approach allows to further cover essentially any situation for
which the effective viscosity (1.24) can be proved to be finite. Applied to (H) ),
it allows us to treat for the first time a 3D setting where particles are allowed to
touch.

'In some special cases, however, for instance in the statistically isotropic setting, the loga-
rithmic correction can be removed, cf. Theorem 4.4 (i).

For (HpS™"), this would amount to having stretched exponential moment bounds. For
(Hr;,e.r,i), this holds for some point processes such as the random parking measure with y large

enough, cf. [21].
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Next, we further simplify formula (2.5) for the first-order cluster coefficient B!
in the case when particle shapes are independent: we recover the formula obtained
in [33], as well as Einstein’s explicit formula (1.8) in case of spherical particles. The
proof is postponed to Section 2.6.

Proposition 2.2 (First-order coefficient). On top of Assumption (H,), further assume

(Indep)  Independent shapes: Random shapes {1}, are iid copies of a given ran-
dom subset 1°, independently of the point process P.

Then, the first-order coefficient B! defined in (2.5) can be written as
B' = A(#)B', E:B'E= IE[/ {D(w,‘;)f} (2.6)
R4
in terms of the unique decaying solution of the single-particle problem
—AY5y +VESL =0, inRY\°,
div(yy) = 0, inRe\ I°,
DY)+ E =0, inl®, 2.7

Jore 0BV =0,
Ja70 Ox-0qv =0, VO e Mokew,

In case of spherical particles, I,, = B(x,, ry), with iid random radii {r,},, this reduces
to Einstein’s celebrated formula

B! = T(pld, (2.8)

where the volume fraction is in this case ¢ = A(P)E[|o]].

2.2 Variational approach

This section is devoted to setting up our variational approach to prove Theorem 2.1,
which is partly inspired by the theory of optimal bounds in homogenization; see
e.g. [50, Chapters 13 and 23]. The new main ingredients are the use of Voronoi tessel-
lations and of elliptic regularity. Let £ € My™ be fixed. In the spirit of the heuristic
approximation (1.6) for the corrector, we start by defining single-particle problems in
the neighborhood of each particle. For a random set I satistying (H,), we define the

associated Voronoi tessellation {V},}, as follows,
Vo i= {x € RY 1 dist(x, I,) < dist(x, I,,) Ym # n}.

By definition, these Voronoi cells pave the whole space R? and each V,, contains
exactly one inclusion /. We then consider the single-particle problems in V},, with
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either homogeneous Dirichlet or Neumann boundary conditions on 9V},

En.p = inf{/V |D(¢)|2 1y € Hy(V)?, div(y) = 0, (D(y) + E)|1n = 0},
| (2.9)

En = inf{/v IDW)|? v € HI (), diviy) =0, (DW) + E)|,, = 0}'
(2.10)

Provided that &, p < oo (which is the case as soon as I, € V), the Dirichlet prob-
lem (2.9) is well posed and we denote by V¥, p its unique minimizer. The Neumann
problem (2.10), on the other hand, is always well posed and one has the determin-
istic uniform bound &, x < 1. We denote by ¥, v the corresponding minimizer,
which is only defined up to a rigid motion and can be fixed for instance by choosing
Jy ¥an =0and [}, Vi, v € My™. Next, we define the single-particle problem on
the whole space via

Enco 1= inf{ /d |D(‘”)|2 Yy e H'(RY?, div(y) =0, (D(y) + E) |," = 0}.
. (2.11)
Note that the unique minimizer ¥,  of this variational problem coincides with the
solution wg'} of (1.5). In case of (ng;: ), as we only control clusters of close particles,
we naturally merge Voronoi cells that intersect the same cluster: more precisely, we
consider the Voronoi cell associated with each cluster Jy o,

We=J V.

n:I,CJlg o

and we then partition the whole space as

= (U)o (U m).

nes qes’

where § := {n : p, > p} is the set of indices of well-separated particles and where § is
the set of indices ¢ such that the cluster Jj; , is made of at least two particles. Forn € §
we shall consider the single-inclusion problems &, p, &, N, 1,00 as above, while for
q € 8’ it will suffice to consider the single-cluster problem with Dirichlet conditions,

Fap = inf{/W \D(W)|2 Y € Hy(Wp)?, div(y) =0, (D(¥) + E){,M = o}.

(2.12)
The upcoming lemma shows that the error in the first-order expansion B ~ Id +B!
can be controlled using single-particle problems (as well as single-cluster problems in
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case of (H)')). This provides a drastic reduction of complexity since B itself involves
the corrector g with the full set of particles. The proof is postponed to Section 2.4

below.

Lemma 2.3. Under the assumptions of Theorem 2.1, using the notation (2.9)—(2.12),
we have

|E:(B—(Id+B"))E]|
E[Zn Il?;%ﬂ"(gn,D — 8,,,1\1)] in case of (HU"") or (HJO™),
< E[Znes %(&L,D - 8n,1v)] (2.13)
+E[qu$/ %ﬁq,p] in case of (HY ),

where B! is defined in (2.5).

It remains to control the right-hand side in the above preliminary error estimate
(2.13), which amounts to comparing the single-particle problems with Dirichlet or
Neumann boundary conditions on Voronoi cells. The proof is postponed to Section
2.5 below.

Lemma 2.4. For all n, we have almost surely
0<&np—Enn S P lp,<1 + oy Lp,=1. (2.14)

where we recall that p, stands for (half of) the interparticle distance, cf. (2.1), and
that the weight  is defined in (2.2). In addition, there is py < oo such that for all q

we have almost surely
Fg,p < diam(Jy,)P0. (2.15)

With these two lemmas at hand, combining the estimates, we may now quickly
conclude the proof of Theorem 2.1.

Proof of Theorem 2.1. Combining Lemmas 2.3 and 2.4, we get

B — (I1d +B")|
E[Znﬂf)ﬁn (1 (pn)1p, <1 +p,7d]lpn21)] in case of (H3"") or (HJ%™),
IS E[Zn Iﬂ%ﬂ"p;"ﬂmp] (2.16)
+E [Z Loc/a.0 diam(J, )1’0] in case of (HY)
a€S’ 1Jq.pl q.0 0.c )

and it remains to estimate these expectations. We split the proof into two steps.
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Step 1. Proof that, if g € L*(R™) is non-increasing with g(r) | 0 as r 1 oo, then

Loey,
E[Z ! g(pn)} < (@) lglegt
n n

+ /( 1’ (A2(P)(r)?) AXP))dr.  (2.17)

=14

To start with, we rewrite the left-hand side as

Loer, o
E[Z I g(p,»] - /0 g(r) dA(r). (2.18)

where the positive measure A on R is defined by its distribution function
Loer, Loer,
A([O’ r]) =E |: Z |In| ]lpnfr] =E |: Z m]]'ﬂmyén% dist(lm,In)ﬁr] - (2.19)
n n

As I,, C B(xy) for all n, we can estimate the latter as

A([Ov r]) =< E[ Z ]llxn\sl ]13m¢n:|xm—xn|§2(r+l)]'
n

Recalling that £ = £(#) is the minimal distance (1.13), we deduce that A([0,7]) =0
forall r < %E — 1. Moreover, we can bound, on the one hand,

A7) SE[ Y Timic1 | = AP)IBI.

and on the other hand, in terms of the two-point density and intensity, for r > %K -1,

A([O,I‘]) = E[ Z ]llxn|§1]l‘xm_xn|§2(r+1)]
n#m

- // folx, x + y) dxdy
BxBa(r+1)

= (2(r + 1))_d // falx,x + y)dxdy
Bo(r+1)XBa(r+1)

< Ao (P)(r)?.

Combining these estimates yields
A([0,7]) £ (AP (1)) A A(P). (2.20)
Under our assumptions on g, an integration by parts yields
o0 o
| s0ane = =) + | g0)|a.r)
0

and the conclusion follows in combination with (2.18) and (2.20).
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Step 2. Conclusion. In case of (H;;““‘), as we have p, > p for all n, the contributions
of p, < p can be removed in (2.16). Applying (2.17) with g(r) = (r)~¢, we are then
led to

|B— (1d +B")]
]loeln —d > *° —d—1 > d o
SE[XH: A {Pn) ]5A2(J)+/(§5—1)+<r) (A2(P)(r)9) A A(P)) dr

and the conclusion (2.4) follows after estimating this integral.
Next, in case of (H}™), repeating the same computation as above for the contri-
butions of p, > 1in (2.16), and separating the contributions of p, < 1, we find

|B— (1d +B")|

- A(P) ) [ Loer, }
< Aa(P)log |2 + +E § n)Lp, <1 s
2(P) og( )&2(5‘/’)(5(!/’)4- l)d . 1| pw(pn)p, <1

and it remains to estimate the last term. By Holder’s inequality, we can write for
any k£ > 1,

1 1
1 1 =i 1 ic
E[z (o) g | <E| L | B Y S e, |
|In] — 11| L]
On the one hand, (2.20) yields

IE[Z ]H‘}L’ln]lw} = A([0,1]) £ 12(P).

On the other hand, by the ergodic theorem, using (1.12) and the reciprocal moment
condition in (Hg‘_’(’x‘“), we find

Toe
E[Z et u(pn)ﬂ

Inn
= lim R‘dzl QL (o

Rtoo |I |
H{n: 1N Qr#2) 1 .
= P R i hnonge), A Mo

n:InNQR#D
< AP (K)",

and the conclusion (2.4) follows.
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Finally, in case of (H} ), repeating again the same computation for the contribu-
tions of p, > pin (2.16), we find

|B— (1d +B")|

A(P) ) [ loes, , ]
<A (P)log 2 + +E 2040 giam(J,, )P0
2 )Og( M (P)(EP) +1)° ; [ Ja.0] amta.p)

and it remains to estimate the last term. By Holder’s inequality, we can write for
any £ > 1,

1
E[ Z Z0940 diam(J,, p)poj|

ges’ | qp|
1 1 G
EE[Z 06-]qu| [Z OeJqu m(Jq p)KpO]
qes’ | qpl |Jqp|

On the one hand, by definition of §” and by definition (2.19) of A, we get from (2.20),

1oe Toe
E[ 3 OJ_J] - E[Z l"l_’jfn,,nﬁ,,} = A (0. pl) S 22(P).

ges’ | q’P|

On the other hand, by the ergodic theorem, using (1.12), the condition (2.3) in (H},),
and the fact that there are less clusters than particles, we find

J,
[Z |0€J‘“’ diam(Jy, p)"po] = l1m R¢ Z Map N Orl diam(Jy, )P0

J 7.,
2Jg.oN %) 1
< lim sup M4 dQR 7 2 Z diam(J,,,)“?°
Rie R Haidas R £ 0) ,, 22 .
I, N 0] 1
< Tim sup 2 dQR 7 2) 3 diam(Jg,)
Rtoo R Ha:Jgp N Or # T}

q:Jg. pNQ RF#D
< AP (K",

and the conclusion (2.4) follows. ]

2.3 Preliminary lemmas

Before turning to the proof of Lemmas 2.3 and 2.4, which are key to Theorem 2.1 as
explained above, we start with a few preliminary PDE and probabilistic lemmas. We
first prove the following trace estimates at particle boundaries.
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Lemma 2.5 (Trace estimates). For all n, we have the following estimates.
() For any ¥ € H'(I,), we have

kERT, @ eMskew

inf AMW_“+®@_“”V§1JMWV

(ii) For any y € H'(I, + pB) satisfying the following relations, and for some
E e M",
—AYy +VEZ =0, in(I, +pB)\ I,
div(y) =0, in (In + pB) \ In,
DY)+ E =0, inl,,

we have
2
9’

inf/ o (v, Z)—cId|2§/
ceR Jar, In+

nTp.

ID(¥)
B
where we recall that multiplicative constants may implicitly depend on p.
Proof. We split the proof into two steps.

Step 1. Proof of (i). We appeal to a trace estimate in form of

1

AIW—@+®Q—M»f§I|WVW—@+®@—%M

2
’

and the conclusion then follows from Poincaré’s and Korn’s inequalities.

Step 2. Proof of (ii). By definition of the Cauchy stress tensor, a trace estimate yields
2 1 2 1 2
/ lo(y. ) — c1d| 5/ (V)2Vy |+ [(V)2(S—0o)]". @21
oIy (In+%PB)\In

By the local regularity theory for the steady Stokes equation near a boundary, e.g. [25,
Theorems IV.5.1-1V.5.3], we have for all m > 0, for all constants ¥ € R? and ¢ € R,

N g1 (a3 omnay T 12 = Tl gmtr g, 44 om0\ 1)

S Wl —«ll + 1V = clmr oy + 12 =Wl 4080\ 1)

H™3 (1)
Choosing ¢ := f( In+pB\I, ¥ and using a local pressure estimate for the steady Stokes
equation, e.g. [19, Lemma 3.3], we find

1= = cldll2z, 48010 = VY 21,4080\ 1)-

so that the above reduces to

INY g1 (2,13 o8\ 1y T 112 = ¢ Wl gmt1 (2,41 B\ 1)

< lr, —«ll + 1V = «ll5r (1, +pB\ 1)

3
H"T201,)
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As v is affine in [, we have

1Yz, —«l

23 01, SNV —«lamaa,y = 1V —clmia,

and the above then becomes
NV g @+ 2 omny + 1 = Xl gty @44 pm0\1) S 1Y = &l 1,408)-

Further, choosing k := fln 4B ¥ and applying Poincaré’s inequality, we deduce

NV mtant somingy + 1Z = Ml 3 omnsn S 1V I2@,40m)-

In particular, combined with (2.21), this leads us to

inf/ o (v, z)—c1d|2g/ IV 2.
ceR Jor, In+pB

Noting that o (y, X) and the equations satisfied by (v, ¥) are unchanged if a rigid
motion is added to ¥, the conclusion now follows from Korn’s inequality. |

Next, we recall the following standard elliptic regularity estimate for solutions of
the free steady Stokes equation.

Lemma 2.6 (Mean-value property). Given r > 0, if (, X) is a weak solution of the
free Stokes equation in By,

—AYy +VE=0, div(y) =0, inB,,
then it satisfies

DGO < ][ D).
B,

Proof. By scaling, it suffices to consider r = 1. For m > di, the Sobolev embedding
yields
DA O)| 5 [DE) | gon L y: (2.22)

and it remains to estimate this Sobolev norm. By the local regularity theory for the
steady Stokes equation, e.g. [25, Theorem IV.4.1], we find for all « € R? and ¢ € R,

||VW||Hm(%B) + |z _C”Hm(%g) < vy _K”Hl(B) +[|Z - C||L2(B)'

Choosing ¢ = fB ¥ and using a local pressure estimate for the steady Stokes equation,
e.g. [19, Lemma 3.3], we find

12 =clizgy S IVYIi2em)-
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Inserting this into the above and applying Poincaré’s inequality for the choice k =
{g ¥, we deduce

IVl sy S 1V 208y
For any ©® € M**¥ this entails
”D(v/)”H'ﬂ(%B) < [V(y -6 ”Hm(%B) < [Vy —6x) ”Lz(B)’
hence, by Korn’s inequality,
PO 1 5y < [P |23y
Inserting this into (2.22), the conclusion follows. ]

Finally, the following lemma provides a useful property of Voronoi tessellations.
Although it could be obtained as a direct consequence of Palm theory, we include a
more elementary proof by means of an approximation argument.

Lemma 2.7 (Property of Voronoi tessellations). Under Assumption (H,), for all sta-
tionary random fields ¢ with E[|{|] < oo, we have

ws{gh ] e

n

In case of (H%jf), we can alternatively decompose

; Toe
E[f] = E[Z ]ll(’,nj" L+ 3y —|°Jqu /Wq z]- (2.24)

nes Vn qes’

Remark 2.8. In [14], we refer to Lemma 2.7 above”® in the following slightly differ-
ent form: given a general stationary ergodic point process P = {Xn}n, considering
spherical inclusions I, = B(X,), denoting by {5, )}, the associated interparticle dis-
tances, by {V,}, the associated Voronoi cells, and defining

S:=1{n:p,>1}

(which can possibly be empty), we have for all stationary random fields ¢ with
E[|¢]] < oo,

E[¢] = E[Z % /~ g] +E[Lgayy, . 7,]- (2.25)

Vn

Indeed, given that the restricted inclusion process {B(X,) : n € S} satisfies (Hp),

3Though with the erroneous reference “Lemma 2.5”.
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denoting the associated Voronoi cells by {17,,’ ‘nes }, we can apply (2.23) in the
form

ELI=E[¢1, 5] +E[STray, 7]

_ LoeB(n)
—E[Z |B|)C V,HU *Vm:|+E[§ﬂRd\U 7

and identity (2.25) immediately follows since the trivial inclusion
{Xn:ne s } C P
implies V,, C V! for all .

Proof. By the monotone convergence theorem, it is enough to prove the result for any
bounded nonnegative random field 0 < ¢ < M with any fixed M > 0. Let such a {
be fixed. We split the proof into two steps.

Step 1. Proof of (2.23) and (2.24) under the additional assumption that almost surely
sup diam(V;,) < oo. (2.26)
n
In that case, let K > 1 be such that diam(V,) < K almost surely for all n. We con-
sider (2.23) and (2.24) separately, and split the proof into two further substeps.

Substep 1.1. Proof of (2.23) under assumption (2.26). By the ergodic theorem, we
have almost surely

Loer, L In 0 Or|
E[Z L] /f}‘z?&’e IR S

n Vn

As ¢ > 0 and as assumption (2.26) entails V,, C Bk (x,) for all n, we easily get the
two-sided estimate

Jower =TT = Lo

and the claim (2.23) then follows from the ergodic theorem.

Substep 1.2. Proof of (2.24) under assumption (2.26). By the ergodic theorem, we
have almost surely

]1061;1 ]IOEJqu
E[Z AN AP ORY /WC]

ges’ | q,p|

. |1 mQR| |JqpﬂQR|
= Jim & (Z T SN e i)

qges’

As 0 < ¢ < M and as assumption (2.26) entails V,, C Bg(x,) for all n, we get the
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two-sided estimate

o S

q:Jg,pN(QR+1\QR)#D

|1 N OR]| |Jg.0 N OR|
Z |1|R/§+Z 1Yg.p N ORI ¢

ges’ | q, Pl 7}
<[ cem 3 Wl
Or+cK 4:9q.0NQ R 11\QR) D

By the ergodic theorem, in order to prove (2.24), it thus remains to show almost surely

lim R4 > \W,| =0,
Rtoo
4:Jq.0N(QR+1\QR)#D

which would follow provided that we show almost surely

imsup R™4 Y |W,| < oc. (2.27)
Rfoo 4:1q. N Q RFD

As |Wy| < (diam(Jy,p) + K)?, we can estimate

RT3 W SKYRHq:JgpN Or # D))

q:Jq,pﬂQRaéQ

1 ' )
* (ﬁ{q :Jyp N OR # @} Y diam(Jg,) )

4:74.0NQR#D
To bound the first factor, we simply note that
RMq:JgpNQr# @< R f{n: I, N Qr # 2}
< R xn € Orin 2% A(P).

Appealing to the condition (2.3) in (ngjf) to estimate the second factor, the claim
(2.27) follows.

Step 2. Relaxing assumption (2.26). It remains to consider the case when

sup diam(V;) = oo
n

and we proceed by approximation. Consider a point process

= {x;z }n
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independent of & and of I such that almost surely

. 1 .

min |x, —x,,| > =, min |x, —x,| <1 foralln.
n#m 2 m:m#n

For instance, ' can be chosen as the random parking process of parameter %, cf. [57].

Now, for any integer o > 1, we define the “enriched” point process 5, as follows,

Po 1= P U{2%%x), : dist(2*%x),, P) = 22413},
as well as the corresponding random set

Ig:=1IU U B(2%*x)).

n:dist(22% x;, ,P)>220+3

Denote by Vy(x,) the Voronoi cell associated with I, in Iy, and by V,(x}) the
Voronoi cell associated with B(22"‘x,’,). By construction, it can be checked that for
all n,

Vi N Byaa+2(xn) C Vo(xn) C Vi N Byoata(xy),

which entails that V,(x,) 1 V, increasingly as o 1 oo (over integers). In addition,
Pu, Lo satisfy (H,), as well as (2.26) with Voronoi diameters bounded by 0(2%%).
They further satisfy (H!""), (HJ9"™), or (Hp ) provided that #, I satisfy the cor-

responding assumption. We focus on the case of (H;‘,“if) or (HJ™), while the case

of (Hy%) is analogous. Applying the result (2.23) of Step 1, by definition of £, we

get
E[¢] = E[Z ety / Z]
P |In| Vo (xn)
Loep@2ex))
. Leoas o oz BT xn) .
+ [Xn: dist(22% x7,,P) =220 +3 |B| /Va(x;,)é‘

As 0 < ¢ < M, as Voronoi diameters are bounded by C22* almost surely, and using
stationarity and the independence of &, I and $’, I’, the second right-hand side term
satisfies

Loep22exy)
0< E[ Y " Liisi(a2ex, :P)>22a+3—"/ f}
rell |B| Ve (eh)

Loep2ex)) ]

2ad
< M2 E[Z ﬂdist(Zz"‘x,’q,J’)222°‘+3 |B|
n

]1 oy
_ MZZ“dIE[Z %W]P[dist(o, P) > 220+3]
n

= MA(P) P[dist(0, P) = 22*F3].
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Inserting this into the above, we deduce
1
E [ Z oel, / 2}_:|
~ |Inl Jvexn)

<E[f] < E[Z ﬂf{i’ln /V . z} + CMA(P') P[ dist(0, ) > 22*13].

and the conclusion (2.23) follows from the monotone convergence theorem. [ ]

2.4 Proof of Lemma 2.3

Without loss of generality, we can assume that &, p < oo almost surely as otherwise
the claimed estimate (2.13) would be trivial. The variational definition of the effective
viscosity (1.24) can be written as

E :BE
= |E]> + inf {E[[DW)[*] : ¥ € L? (Q; H.(RY)?), Vy stationary,
div(y) =0, (D(¥) + E)|, = 0. E[D(¥)] = 0}, (2.28)
and the definition (2.5) of B! as
E:B'E =]E[Z 1|01LI|’18"’°°]' (2.29)

Note that an energy estimate for (2.11) using Bogovskii’s construction yields the
uniform bound &, o < |E |2. In order to prove (2.13), it remains to compare (2.28) to
a superposition of the single-particle problems {&, « }, and to recognize (2.29). We
split the proof into three steps.

Step 1. Upper bound: proof that we have in case of (H}"") or (HJ9™),

0,K
_ 1
E:BE < |E|2+]E[Z "61"8,,,,)], (2.30)
11,
and in case of (H) ),
R 2 ]loeln ]loe',lI.p Ireg
E:BE<|EP+E| ) Enn+ Y Fup |- (2.31)
nes | qes’ a0

We focus on (2.31), the proof of (2.30) being identical. We define almost surely
Yp =Y Ynp+ Y Vgp €HLR),

nes qges’
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where the summands ¥, p € H} (V)¢ and ¥, p € Hy (W,)? are implicitly extended
by zero outside V, and W,, respectively. Properties of Dirichlet minimizers {{, . p }»
and {¥4,p}4 ensure that Vi/p is stationary and that it satisfies div(yp) = 0 and
(D(¥p) + E)|;r = 0. Assume that D(¥p) € L2()?*¢ (for otherwise the claim is
trivial by (2.24)). Then, appealing to (2.24), we find E[D(y¥p)] = 0. We may then use
¥p as a test function in the variational problem (2.28), to the effect of

= 2
E:BE <|E +E[[D(¥p)[’],
and the claim (2.31) now follows from (2.24).

Step 2. Lower bound: proof that

_ 1
E:BE > |E*+ E[Z |01€I|" 8,,,4. (2.32)
n

n

By (2.23), we can write

E:BE = |E]” + E[|D(yr)[*]

Toe
=|E|2+IE[Z |°I’|"/V |D<wE)|2].

n

Using the corrector ¥ g as a test function for the Neumann single-particle prob-
lem (2.10), we find &, v < an ID(¥£)|? and the claim (2.32) follows.

Step 3. Conclusion. In view of (2.30) and (2.32), it remains to compare &, p and
&n,N t0 Ep.00. On the one hand, since Y, p is an admissible test function for &, oo,
we have

8n,oo = /]Rd |D(Wn,D)|2 = /Vn ’D(wn,D)|2 = 8n,D-

On the other hand, since the restriction ¥, 0|y, is an admissible test function for
&n, N, we have

8n,N S/I;' ’D(wn,oo)|2 = 8}1,00-

This yields
gn,N =< 8n,oo =< 8n,D,

or alternatively,
|8n,N - 8n,ool + |8n,D - 8n,oo| = 8n,D - 8’n,N-

Further, note that the minimality of Neumann problems entails

Z gn,N =< ﬁq,D,

n:l,CJlg.p
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and thus

Loer, 1
[ re] e T 2 ]

n¢s qes’ | ‘“" n:1,Clg.p

1o
< JE[ 3 Locdas ;UD}
ges’ | Q:pl

Combining these observations with (2.30) and (2.32), the conclusion (2.13) follows.

2.5 Proof of Lemma 2.4

The bound (2.15) on ¥4 p follows from Bogovskii’s construction in form of [21,
Lemma 4.2]. We turn to the proof of (2.14). By [13, Section 4.1], there exists w, €
W01’°°(V,,)d that is an admissible test function for the Dirichlet problem &, p such
that

&u,p < /V ‘D(wn)’2 < wlpn)s

which entails
0 =< gn,D - 8n,N =< 8n D < /‘L(:On)
To prove (2.14), it remains to show that in the case p, > 1 we have

Enp —Enn S 0,9 (2.33)

This amounts to investigating the role of the different boundary conditions on dV},.
We assume from now on that p, > 1 and, without loss of generality, x, = 0. We
drop the index # to simplify notation and we set r = p, (to avoid confusion with the
constant p in Assumption (H,) and elsewhere). We split the argument into three steps.

Step 1. Proof that
6~ & = [ [D(wn — )] (2.34)
14
By the Euler-Lagrange equation for ¥ in form of
/VD(WN) :D(yp —yYn) =0,

we find

/ Do)~ / D) = / DWp + Y) : DWp — )
Vv Vv Vv

=/V|D(WD—

that is, (2.34).
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Step 2. Proof that

eo—ens( [ Dwo-vP)" (235)

+3

As in (1.5), the Euler-Lagrange equation for yp takes the following form, in terms
of the associated pressure field X p,

—AYp +VEp =0, inV\I,

div(yp) = 0, inD\1,

Yp =0, ondV, (2.36)
D(yp + Ex) =0, inf,

J510(¥p + Ex,Zp)v =0,

[5;©x-0(Wp + Ex,Ep)v =0, VO e MV,

and similarly the equation for iy is as follows, in terms of the associated pres-
sure Xy,

—AYn +VEN =0, inV\I,

div(yy) =0, inV\I,

oYy, Zn)v =0, on dV, (237)
D(yny + Ex) =0, inl,

Jor0(¥N + Ex,Zn)v =0,

[5; Ox-0(Yn + Ex,Zy)v =0, VO € Mkev,

Testing the above equations for {¥p and ¥, and using boundary conditions, we find
the following energy identities,

2/ ’D(WD)|2 =/ div (c(¥p. Zp)¥p) = / Yp-o(Yp,Xp)v,
14V V\I
2/ |D(1ﬁ1v)|2 =/ div (c(Yn. EN)YN) = / YN o (YN, ZN)V,
V\I V\I
and thus, using boundary conditions for ¥p, ¥ on 0/,
2 [ D) = [ Ex-oun.Eop.
V\I al
2/ \D(WN)|2 =/ Ex-o(Yn,Zn)v.
14V al
Taking the difference and noticing [D(¥p)|?> — [D(¥x)|?> = 0in I, we get

1
8D—8N = 5/3 EX-U(WD—WN,ED—EN)\).
1
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Noting that the trace-free condition for E yields fa ; Ex-v =0, we can add any
constant to the pressure field ¥p — ¥ in the right-hand side, and the claim (2.35)
then follows from the trace estimate in Lemma 2.5 (ii).

Step 3. Mean-value property with rigid inclusion:
2 —d 2
/ DD —yn)|" <7 / ID(yp — )| (2.38)
I1+1B 14

If the difference ¥ := ¥p — Yy satisfied the free steady Stokes equation in the whole
domain V, then Lemma 2.6 would already yield

| @iz [ pw)
I+iB 14

that is indeed the claim (2.38). However, ¥ is rigid in / and does not satisfy the
free steady Stokes equation in the whole domain.* To overcome this issue, we shall
compare ¥ to a suitable proxy: we consider the solution (1}, i) of the following
auxiliary Dirichlet problem in V,

2
)

—AY+VE=0, inV,
div(y) = 0, inVv,
v =, ondV.

Testing this latter equation with 1]7 or with ¥, we find

2 [ p@E= [ F5v=[ wsv=2[ pw):D@)

and thus, by the Cauchy—Schwarz inequality,
~. (2 2
[ 1o = [ [penf: (239)
|4 14
Next, for the approximation error, we similarly compute
~ 2 ~
2 [ Ip@ =l =2 [ p@—v) D,

and thus, testing the equations (2.36) and (2.37) for ¥ = y¥p — ¥ with {/7 and using
boundary conditions,

I 2— ~_ . — ~.
2/V|D(w—w)! —/al(w ) o (P S /Mw oy, D)y,

4As shown in Lemma A.2 in Appendix A, the mean-value property can actually be extended
in presence of rigid particles. Rather than appealing to this general result here, we provide a
self-contained and more elementary approach in the present single-particle setting.
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As the boundary conditions for v allow to add any rigid motion to 1Z in the right-
hand side, and as the incompressibility of v in form of f o7 ¥ - v = 0 allows to add
any constant to the pressure field X, the trace estimates in Lemma 2.5 lead us to

[ o -wrs( [ |D(KZ)|2)5(/I+%B |D(¢)’2)é,

and thus, decomposing Y = v — ((/? — 1) in the last factor,

[p@-wls [ p@f
14 1+1B

We then deduce

2 ~ _ 5 .,
/I+§B ’D(¢)| SV/I+éB |D(¢)| +/V’D(w—1p)| s/H_éB \D(w)| '

As ¥ satisfies the free steady Stokes equation in V' and as we have | + %B | <1and
dist( + %B, V) > L, we may now appeal to Lemma 2.6, to the effect of

_2’
[ @ [ paf
I+4B 14

The above then becomes

[ @< [
I+1B v

and the claim (2.38) for v = ¥p — Y follows in combination with (2.39).

Step 4. Conclusion. Combining (2.35) and (2.38), we get

1

Ep —&n < r_g(/v ID(yp — WN)\Z)Z,

and thus, by (2.34),
8D — SN S r_%(SD - SN)%v

which precisely proves the conclusion (2.33). ]

2.6 Explicit form of Einstein’s formula

This section is devoted to the proof of Proposition 2.2. Under Assumption (Indep),
the definition (2.5) of B! becomes

E:BE = /\(J))E[/Rd |D(w,‘;){2],
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that is (2.6), in terms of the unique decaying solution ¥ of the single-particle prob-
lem (2.7). It remains to prove Einstein’s formula (2.8) for spherical particles, I,, =
B(xy, rp), with iid random radii {r, },. By scaling, the above becomes

2
)

E:B'E = )t(!P)]E[(rn)d]/Rd ID(Vg)

in terms of the unique decaying solution 1;}'5 of the rescaled problem

—AYS +VES =0, inRY\ B,
div(yg) =0, inR? \ B,
D(Yg + Ex) =0, in B,

fog oWy + Ex, E%)v =0,
Ox-0(P% + Ex,2%)v =0, VO € Mskev,
0B E E

Alternatively, using the energy identity for this equation,

E:B'E = %A(P)E[(rn)d]/ Ex-o(yy + Ex,S5)v. (2.40)
0B

As is well known, e.g. [31, Section 2.1.3], JZ- coincides with the unique solution of

—~AYS +VES =0, inR?\ B,
div(yy) =0, inRY \ B,
f/;% = —FEx, on 0B,

and is explicitly given by the following formulas for |x| > 1,

~0 _d+2(x-Ex)x 1 Ex (x- Ex)x
P =3 3 @ )
x-Ex

iOE(X) = —(d -+ 2)|X|T+2

Inserting this into (2.40), a direct computation yields

d+2

E:B'E = TA(?)E[(Fn)dNBHElz’

that is, Einstein’s formula (2.8). ]



Chapter 3

Cluster expansion of the effective viscosity

This chapter is devoted to the higher-order cluster expansion of the effective viscos-
ity B: starting from finite-volume approximations, we establish cluster formulas and
prove uniform estimates in the large-volume limit. These results are mainly inspired
by our previous work [15] on the Clausius—Mossotti conductivity formula, where we
introduced the triad consisting of: (1) finite-volume approximation; (2) cluster expan-
sion; (3) uniform £! — ¢? energy estimates. We further refine the analysis of [15],
in particular improving on error estimates, and properly estimating cluster coeffi-
cients in case of uniform particle separation £(#) > 1. Compared to [15], there are
also some new twists due to the rigidity of the inclusions. Henceforth, in the rest of
this memoir, we shall assume that particles are uniformly separated in the sense of
Assumptions (H,) and (H"").

3.1 Finite-volume approximations

In order to make sense of cluster expansions and avoid diverging series, we start by
defining finite-volume approximations of the effective viscosity, obtained by a peri-
odization procedure, which will in turn provide an implicit renormalization of cluster
coefficients in the large-volume limit. More precisely, we define a restriction &,
on Qy of the point process & via

Pri={xp:neNr}y, Np:={n:x,€ 0L, OQLp:=0L20P)v(1+p)
and we consider the corresponding random set

Ip=J L Li=xa+I;. (3.1)

neNy,

For convenience, we choose an enumeration #;, = {x, 1}, and set I, 1 = x, 1 +

17 ;. Under Assumptions (H,) and (H%“if), we have the following:

*  Regularity and separation: For all L, the periodized random set I + L7 sat-
isfies the p-regularity and uniform separation assumptions in (H,) and (H;“if).
Moreover, the periodized point process £, + L7 satisfies

(PL + LZ%) > 0(P) 2 1.

e Stabilization: For all L, there holds PL|g, , = Plo, ,-
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We then define the following finite-volume approximation of the effective viscosity B,
= 2
E:BLE:=]E[][ IDWE;L) + E| } (3.2)
or
where Vg1, € L2(Q; leer(Q £)?) is almost surely the unique solution in leer(Q )4,

with vanishing average |, 0 Y. = 0, of the periodized version of the corrector
problem (1.3),

—AYg.L +VZgL =0, in 0L\ IL.
div(yg;L) =0, in 0L\ Iy,

D(WE;L + Ex) =0, in I, 3.3)
faIn:L og:Lv =0, vn,

Jor,., O = Xu1) OELV =0, Vn, VO € M,

where we use the shorthand notation og.1, := 0 (Y.L + Ex, Xg.r) for the Cauchy
stress tensor. As a corollary of [18, Theorem 1],' in view of the above stabilization
property, this finite-volume approximation (3.2) is consistent in the sense of
lim B, = B. (3.4)
Ltoo
As opposed to B, we emphasize that the approximation By depends only on the finite
number of inclusions {I, 1 },. Indeed, by (H,), the number of inclusions in Qf has
almost surely a deterministic upper bound CL¢. The associated cluster expansion is
therefore well defined.

3.2 Main results

We start with the cluster expansion of the finite-volume approximation By , establish-
ing suitable formulas for cluster coefficients and for the remainder. This is analogous
to formulas obtained in our previous work on the conductivity problem [15]. While
the formula (3.9) for the remainder naturally involves the original corrector with the
whole set &7, of particles, we emphasize that the bound (3.10) only involves cor-
rectors associated with finite numbers of inclusions (uniformly in L): this is key to
the optimal estimates obtained in the sequel and constitutes the first twist w.r.t. [15].
Indeed, this control is based on the rigidity of the inclusions and is therefore not
available in the generality considered for the conductivity problem in [15]; it was
first observed at second order by Gérard-Varet in [26]. The proof is displayed in Sec-
tion 3.4.

IThis requires to replace Dirichlet boundary conditions in [18] by periodic conditions, as is
standard in homogenization theory.
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Theorem 3.1 (Finite-volume cluster expansion). Under Assumptions (H,) and
if . . . . . .

(H,™), finite-volume approximations of the effective viscosity can be expanded for

all Landk > 1,

B, =1d+ Z —B’ REFT, (3.5)
j= 1

where the coefficients and remainders are defined as follows:
* The coefficients {Bi }j are given by cluster formulas, cf. (1.21),

2

E:BJE:=j1 ) [][ §F(ID(W2.,) + E| )}, (3.6)

gF=j
which can be alternatively expressed as
E:BJE

= —]'L —d Z Z [/ E(x—xn,L)-SF\{"}og?Lv] (3.7
#F=jneF Mn, L

:—]'L “ 3 3E [/ §EMM (Y2 + E(x —xp1)) - 0F v } (3.8)
$F=j neF Mn.L

where, for any H C N, wg. 1, Stands for the solution of the periodized corrector
problem (3.3) with inclusion set I, replaced by I]{'I = U, ey In,L, where we use
the shorthand notation UEH;L = U(lﬁg;L + Ex, Eg;L)for the Cauchy stress tensor
and where we recall the notation of Section 1.3.1 for cluster difference operators.

* The remainder Rﬁ+1 can be represented as

E:R{ME = Ld > Y E [/ SN (2., + E(x —xn,1)) - GE;Lv],
In,L

#F=k+1neF
3.9
and is estimated as follows,
2
£ REVE| <E[ dZ/ 3 D6y, ]
nL ﬁF k
n¢F

3 D(SFW?;L)‘Z) ’

BF =k
n¢F

+éE[L_d2n:(/ln.L

J

« (/ |
Iy, 1. +pB

DT (Yl + E(x— x, L)))‘Z)é}.

HF=j—
n¢F

(3.10)
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In view of the short-range setting (1.20), we expect
B, = 0(2;(9))

and we aim to prove uniform-in-L estimates that would allow us to pass to the large-
volume limit and to recover a dilute expansion for the original effective viscosity B.
This is partially achieved in the upcoming theorem, which states fine estimates on
cluster coefficients and on the remainder. However, note that we cannot directly obtain
uniform-in-L estimates with the desired scalings O (4, ($)). Instead, the result below
is twofold:

— Uniform estimates: In (i), we state uniform-in-L estimates, which further display
the optimal scaling w.r.t. the minimal distance £ = £(J), but fail to capture the
general expected dependence on multi-point intensities {A;(£)};.

— Non-uniform estimates: In (ii), we state non-uniform estimates, which display a
logarithmic divergence in the large-volume limit L 1 oo, but have the merit of
capturing the correct dependence on multi-point intensities.

Uniform estimates in (i) allow to deduce the convergence of cluster coefficients {Ei }i
in the large-volume limit L 1 oo, cf. (3.13) below: this actually defines infinite-
volume cluster coefficients in a meaningful way, providing an implicit renormaliza-
tion of diverging series and answering the question raised in Section 1.3.4. As they
display the optimal dependence on the minimal distance £ = £(J), these estimates
already yield the desired infinite-volume cluster expansion in the large-separation
regime £ > 1 with A; () replaced by (£=4)7, which is optimal in some cases (see
dilation setting in Theorem 5.4 and Remark 5.5). To treat the general model-free
dilute setting, however, uniform estimates need to be further derived with the correct
dependence on multi-point intensities: this requires to overcome logarithmic diver-
gences in non-uniform estimates in (ii), which is the subject of Chapter 4. The proof
of the present result is split between Sections 3.5, 3.6, 3.7, and 3.8.

Theorem 3.2 (Cluster estimates and large-volume limit). Under Assumptions (H,)
and (H;‘)““‘), the coefficients and the remainder of the finite-volume cluster expansion
in Theorem 3.1 satisfy the following two classes of estimates.

(i)  Uniform estimates: Forall L and k, j > 1,

BJ| < jucey,

|Ri+l| < (Ce—d)k-{-l‘ (311)
(i) Non-uniform estimates: For all L and k, j > 1,
B]| <; A; () (log L)/,
(3.12)

2k
IRET S ) A1 (P)(log LY.
1=k
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In particular, as a consequence of (i), for all k, j > 1, the following large-volume
limits are well defined,

B/ := lim B], RFF!:= lim R+, (3.13)
Ltoo Ltoo

so that the cluster expansion (3.5) becomes, for all k > 1,

k

_ 1.

— _ RJ

B (Id+ E j!B)
j=1

< |Rk+1| < (Ce—d)k-{-l‘

3.3 Preliminary lemmas

Henceforth, we fix E with | E| = 1 and we skip the associated subscript for notational
convenience. Before turning to the proof of Theorems 3.1 and 3.2, we state a series of
preliminary lemmas. We start with the following useful reformulation of the corrector
equation (1.3), where the rigidity constraint is viewed as generating a source term
concentrated at particle boundaries in steady Stokes equations.

Lemma 3.3 (Reformulation of the corrector equation). For all H C N we have
in Qr,

—AYf +V(Ef Ly, \ ) == ) 8ar, 00 v, (3.14)
neH

where 83y, , stands for the Hausdorff measure on the boundary of I, L.’

Proof. For any test function
oL € CR(0L)".

recalling that WLH is divergence-free in Qy and that it satisfies D(wfl + Ex)=0
in f , we find

/ Vo : vyl — / =H divigr)
or o \IH
p / Ve : Dy H) / sH divigr)
or oL If

— . H _ H -
—2 /Q Vau:DOE + E /Q L S a0

=/ Vor oWl + Ex, oH).
o\IH

More precisely, we define f o, ¥L 8a1,, = fa InL ¢ for any test function ¢y €
Cr(QL).
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Since the steady Stokes equation for 1//}7 reads div(o (Y LH +Ex, X I{’ ))=0in O\ T f ,
we deduce by integration by parts,

/QL Vor w{’-/QL\IH > div(gr) = Z/ oL - oW + Ex, o).

L neH
By the arbitrariness of ¢y, this proves (3.14) with o{l = J(WLH + Ex, Ef). [

Next, the following result provides corresponding Stokes equations for corrector
differences, which will be used abundantly in the sequel.

Lemma 3.4 (Equations for corrector differences). For all disjoint subsets F, H C N
with F finite, we have in Qp,

F , H F H
— A8y + V8T (SL g, \ i)

== 81,8 v =3 8y, 87N IO, (3.15)
neH neF

Proof. The starting point is equation (3.14) satisfied by ws VH
SUH SUH SUH
Ay V(EP Ty, \som) == D ar, 00 v
neSUH
Using the definition (1.10) of the difference operator, we deduce
F H F(yvH F\S SUH |,
—A8F Yt 4V (2 g, ) == D (DS ST 8y, 00,
SCF neSUH
and it remains to reformulate the right-hand side. For that purpose, we decompose
F , H F(vH
== o1, > (DIFSIFHY N 55 Y Tpes(—DIFVSIo U H .
neH SCF ner SCF

Changing summation variables and recognizing the definition (1.10) of the difference

operator, the conclusion follows. [

We now state and prove trace estimates, which constitute an upgraded version of
Lemma 2.5. We shall repeatedly appeal to these estimates to control force terms at
particle boundaries, which appear in our formulation (3.15) of equations for corrector
differences.

Lemma 3.5 (Trace estimates). Under Assumptions (H,) and (H)"™), for all fami-
lies ¥ of finite subsets of N, for all H C N andn € N withn ¢ | Jp.g F, we have

2
i F Z F  H
KeRd}gzMSkeW/ Z 5 WL K+®(x T L))‘ S /In,L D@ i)

ol L Fe¥ Fe¥

’
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and

inf/
ceR Jor1, 1

Proof. We split the proof into three steps. We set for abbreviation

yi ot = > sFyf, Ef’H::ZSFEf, ap M =Y sof.

Fe¥ Fe¥ Fe¥

Z SFUL —cId‘ /1 s ‘ Z D((SF(wfl + Ex))‘z.

Fe¥ Fe¥

We also use the shorthand notation &L = WL + EXx and 1}? A= =) rey 8F1/7L
This last expression is equal to Y g 8T Y + Exif @ € F and oY peg $Fyf
otherwise.

Step 1. Proof of the first estimate on Wf’H . We appeal to a trace estimate in form of

/ [y — (e + O —xar))| N/ (V)2 (i = (k + O (x —xa,0))) |,
aln.L

In.L

and the conclusion then follows from Poincaré’s and Korn’s inequalities.

Step 2. Proof of the second estimate on af’H in the case n ¢ H. As af H
O(W(F &> Z’H), a trace estimate yields

¥7.H ¥7.H 37 H
/ loj. —cId|2§/ |(V)2V1ﬂ } +‘ —c)’
3In,L (In L+> PB)\In L
(3.16)
Given n ¢ H, as the uniform separation assumption in (H““if) ensures that no other
particle intersects I,,,; + pB, we note that (1//37 H Ef H) satisfies
—AyT T vl =0, inl,p + pB. (3.17)

By the local regularity theory for steady Stokes equations, e.g. [25, Theorem IV.4.1],
we deduce for all m > 0, for all constants x € R? and ¢ € R,

—¥.H ¥.H
VYL gmtir, , +1pmy) T IEL™ = cllameia, ,+108)
—¥.H ¥.H
S " —«llava, +om HIZL —clizg, [ +08)-
Choosing ¢ := fln L +pB Ef H and using a local pressure estimate for the steady
Stokes equation, e.g. [19, Lemma 3.3], we find

¥ ,H ¥ .,H
”EL _C”LZ(In.L-‘r-pB) < ”VWL ||L2(In,L+pB)’
so that the above reduces to
¥ ,H ¥ ,H
IVyL ||Hm+l(1n.L+%pB) +IELT c”H”’JFl(In,L-i-%pB)

—%.H
S —kllava, +o8)-
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Further choosing « := fln L +pB lpr and applying Poincaré’s inequality, we con-
clude ’

- ¥.H F.H
”VWL ||H’"+1(1n,L+%pB) + “EL

— 7 H
SIVYL iz, +oB)-

~Cllamra, o+ om)

In particular, combining this with (3.16) and noting that the Cauchy stress tensor
Gf H s unchanged if we add a rigid motion to 1//f’H, the conclusion follows from
Korn’s inequality.

7.H
o,

Step 3. Proof of the second estimate on in the case n € H. The starting point

- ¥ ,H ¥ ,H
L ’ 2:L

is again (3.16). Now, given n € H, we note that (¥ ) satisfies, instead

of (3.17), o .,
Ay sl " =0, in(Iyp + pB)\ Iz,

and 1}5 H s affine in I n,L- By the local regularity theory for the steady Stokes equa-
tion near a boundary, e.g. [25, Theorem IV.5.1-5.3], we obtain for all m > 0, for all
constants k € R? and ¢ € R,

-~ ¥ H ¥ ,H
INVL N gmttty g+ doBngn ) T IZL T = Clamet, 4+ 30BN )

—F H —%.H
S 7 —«ll , T I ™ = kllmr (@, 1 +pBN I 1)

3
H" 201,

¥ .H
+ 127 —clli2u, 40BN 1)

Choosing ¢ := f( I, L+pBNL, L Ef’H and using a local pressure estimate for the
steady Stokes equatibn, e.g. [1!9, Lemma 3.3], we find

¥ ,H —%,H
IZ27" —cllzqt, p+oB0in) S WVVL 2ty L4080 1)

so that the above reduces to

-~ ¥ H ¥ .,H
INYL Mm@+ 3oy TIZELT = clamerqa, 4+ LoB)gn2)

—F H — 5. H
S . —«ll , T Iy ™ = klar (@, 0B\ )-

3
H" 201, 1
- H . .
As 1//f’ is affine in [, 1., we have

—% H —%.H —¥%,H
Iy ", —«ll y S = wllgmeza, =1V —cllaia, -

3
H" 201,

and the above then becomes

-~ ¥ .H ¥,H
INUL M m+r (a4 domg, ) T IZEL = Clamera, + 10BN 1)

— % H
S —«llara, +o8)-
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Further choosing « := fln L +pB JL(F H and applying Poincaré’s inequality, we deduce

— ¥ H ¥ ,H

VYL N m+r ity + S omga ) T IZEL = Clam+rqa,  + 108010 1)
¥ ,H

SIVYL T 2w, 408y

In particular, combined with (3.16), this yields the conclusion as in Step 2. ]

3.4 Cluster formulas

This section is devoted to the proof of Theorem 3.1. We start by establishing the
validity of the expansion (3.5) with coefficients given by formula (3.8) and with the
explicit remainder (3.9). The proof is similar to its counterpart for the conductivity
problem in our previous work [15].

Lemma 3.6 (Finite-volume cluster expansion). Under Assumptions (H,) and (H3"),
finite-volume approximations of the effective viscosity can be expanded for all L

andk > 1as
k

_ 1 —;
By =1d+) —B] + R[*, (3.18)

j=17

where the coefficients {1_3;;} ;i and the remainder RI’iH are given by formulas (3.8)
and (3.9), respectively.

Proof. Given E € M§™ with |E| = 1, we recall that we drop the corresponding
subscripts in the notation. We split the proof into three steps.

Step 1. General strategy. The starting point is formula (3.2) for the finite-volume
approximation of the effective viscosity,

E:BLE =1 +IE[][Q ;D(m)}z].

The energy identity for the corrector equation (3.3) takes the form
2
2 / RIS / E(x —xnL)- 0LV, (3.19)
or n YOl L

and thus, further decomposing o7, = Ulin} + (o1 — Uin}), we obtain

E[z/QL |D(¢L)|2} = ;E[/BIM E(x—xn,L)-U,E"}v}
+ ZE[/BI ) E(x—x,,1) (oL —ain})v:|.
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In addition, we shall prove below that for all k > 1,

3 ZE[ /a WP 4 B =) (o —of)v]

#F =k neF
= Yy Z]E[/ 5F\{"}1//,‘?~0Lv] (3.20)
$F=k+1neF Mn.L

We note that (3.19) already proves the claim (3.18) for k = 0. Next, we proceed by
induction: if (3.18) holds for some k > 0, formulas (3.8) and (3.9) for R¥ ™1, Bk +1
allow us to decompose

E:RH'E=_—— _E:BIE
L (k 4 1)| L
1 _
+5L 4N ZE[/ (SF\{"}(wf+E(x—xn,L))'(0L—Uf)V]-
$F=k+1neF 0ln.L

Inserting identity (3.20), noting that for f F = k + 2 there holds
sy P = 6PN (Y 4+ E(x —xa1)),
and recognizing formula (3.9) for Rlli“, we deduce

k+1 — 1 ]_sk-f-l
L k+ 1) L

hence the claim (3.18) follows with k replaced by k + 1. It remains to prove (3.20),
which we do in the next two steps.

k+2
+ REF2,

Step 2. Proof that forall fF =k >1and G C F,

Z /3[ (wLG—'_E(x_xn,L))'(UL—Of)U

=y / WL —vQ)-owv. 3.21)

n¢F Mn.L

On the one hand, testing equation (3.14) for 1//1? with the difference {7, — wlf , and
using the boundary conditions for vz , Wf , 1//LG on d/, 1 withn € G C F, we find

/QL VL —vf): Vg = —Z/BIH’LWL—wf)-oEv —0. (2

neG

On the other hand, equations (3.14) for ¥z and 1//5 entail
- AL — wf) + V(EL]IQL\IL - EILV]lQL\If)
== b1, ,0Lv— Y oz, (oL —0f v,

n¢F neF
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and thus, testing with wf and using the boundary conditions for vz, 1//,5: , WLG on
0l, 1 withn e G C F,

/Q VYO V(L — v F)

:_Z/a ‘”E'“L”_Z/a ¥g (o —of

ngF 0n.L neF Y.L
G G F
—-Y [ o= > [ S -ofy
ngF 7/ n.L neF\G "’ n.L
Yy / E(x = xn,1) - (01 —0f ).
neG .1

Combined with (3.22), this entails

3 /a ¥8 (o1 —oF

neF\G " n.L

=Y [ Ee-mn-Gi-ofw-3 [ wf o
aIn.L n¢F d

neG In.L

or alternatively,

Z /8[ L(wLG'i'E(X—xn,L))'(GL—Uf)v

neF\G
= Z/ E(x—xn,L)-(aL—af)v— Z wLGerv. (3.23)
nefF 7/ n.L n¢F oy, 1

For G = F, the left-hand side vanishes, hence
> [ Ee-moe-ofw=Y [ vl
neF aIn,L an BInVL

which allows us to reformulate (3.23) into (3.21).

Step 4. Proof of (3.20). Denote by Ty ;, the left-hand side of (3.20). By the defini-
tion (1.10) of the difference operator, we have

Ti== Y5 3 0POE [ f B =)o -af

#F=kneF GCF\{n}

or alternatively, after changing summation variables,

Tew=— Y Y. (—1)'F\G'E[

tF=k GCF

Z /a (Vg + E(x—xn,1)) (oL —0f v |.

neF\G In.L -
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We now appeal to (3.21), to the effect of

Ti=-3 Y 1)'“‘”&2[2/ f =) oun |

§F=k GCF n¢F

Using that ) ;- p (=)IF\Gl = 0 for F # & and recalling the definition (1.10) of the
difference operator, this implies

Te= ) Z(—l)lF\GE[Z/ WE'O’LV}
n¢F Mn, L

#F=k GCF

ze(x ), i)
ﬁF k n,L

n¢F
and the claim (3.20) follows after changing summation variables. |

In the above result, we have naturally come up with the definition (3.8) of cluster
coefficients {I_}]’; }j. We now further establish the alternative formulas (3.6) and (3.7).
Note that (3.6) coincides with the periodized version of the expected cluster for-
mula (1.21).

Lemma 3.7 (Equivalent cluster formulas). Under Assumptions (H,) and (H;‘,“i"), for

all L and j > 1, the finite-volume cluster coefficient ]_32 defined by formula (3.8) is
equivalently given by (3.6) and (3.7).

Proof. We split the proof into two steps.

Step 1. Equivalence of (3.7) and (3.8). It suffices to prove that for all finite ' C N,

Z/ sF\m (VP + E(x—xn,1)) - of v

neF Y In.L
= Z/ E(x —x,1) - 87\ gty (3.24)
ol
neF n.L

Decomposing SF\{”}WLQ = SF\{”}wén} — SFng for n € F and using the boundary
conditions, we find

Z/ SF\{”}lﬁ —|—E(x—x,,)) oLv— Z/ §Fy L ofv
InL

neF nef Jn.L

Testing equation (3.14) for 1//{ with 8% ng, this becomes

Z/IHLSF\{”}W + E(x — xp)) - O'LV—/ vsEy? . vyfk.

neF oL



Cluster formulas 55

Now testing equation (3.15) for § 1//5’ with wf , and using the boundary conditions,
we deduce

Z/ PN (Y2 4 E(x—xy)) -0f v ==Y yF . sF\mgin,

nefF n.L nefF 0In.L
=2 / E(x = xn.) - 87\ o["y
ner

that is, (3.24).
Step 2. Equivalence of (3.6) and (3.7). It suffices to prove for all finite F C N,
|
][ s¥ D ?)|* = 5L a3 / E(x —xpp)-8F\0alty  (325)
oL neF 7 0In.L
Recalling the definition (1.10) of the difference operator, we can write
2
F 8" DPE = 3 0P f )P,
or GCF oL
which entails, in view of the energy identity for WLG , cf. (3.19),
][ s¥IDwP)|* = —L DI G Vi / E(x —xp1)-0lv.
oL GCF neG n.L

After changing summation variables and using again the definition (1.10) of the dif-
ference operator, this yields the claim (3.25). ]

To conclude the proof of Theorem 3.1, it remains to establish the control (3.10) of
the remainder, which is inspired by a recent work of Gérard-Varet [26] and which we
prove in the slightly refined form of (3.26) below. This extends the argument of [26]
toall k > 2.

Lemma 3.8 (Control of the remainder). Under Assumptions (H,) and (H3""), for
all L and j > 1, the remainder term defined in (3.9) can be estimated by

|Rk+1|<]E|: dz/

> o6 vP| |

nL ﬁF k
n¢F
k
3 E[L‘dZ/ ( 3 D(aFwL@)) :( 3 peten )} . (326)
T k!

where in view of (1.10) we have defined, with a slight abuse of notation,

§FGI = 3 (cp)F\GIg o,
n
GCF
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where for all H C N and n € H we denote by {/;fL the solution of the following
Neumann boundary value problem in the inclusion I |, (unique up to a rigid motion),

~AYH, £ VEH, =0, inl,L,
div (y;1,) =0, inlyp. (3.27)
a(@fL,flf,L)v =oHfv, ondl, .

In particular, this yields the bound (3.10).

Proof. We split the proof into two steps, first showing that (3.27) is well posed, and
then proving the bound (3.26).

Step 1. Proof that the Neumann problem (3.27) is well posed for all H C N and
n € H, and that the solution satisfies

/ D) < / D) + E. (3.28)
Iy, L I, 1 +pB

In addition, the proof yields similarly
~ 2
L1 ¥ et < [
In,1

§F=j—1 In.L+pB ‘ BF=j—1
n¢F n¢F
This last estimate entails that the bound (3.10) follows from (3.26).
We turn to the proof of (3.28). The weak formulation of equation (3.27) reads for
all p € H' (I, 1) with div(¢) = 0,

2

D(sF (i + Ex)))

N(GH Y\ _H
2/1,,,L D(¢) : D(¥, ) = /BIH,L ¢-o7 V. (3.29)

Let us analyze the linear functional defining the right-hand side. Using the incom-
pressibility of ¢ in form of [ L ¢ -v = 0, we can add any multiple of the identity

matrix to UIfI . Further noting that the boundary conditions for wf’ on 0/, 1 with
n € H allow to subtract a rigid motion from the test function ¢, we are led to

‘ / ¢ - ULHv
aIn.L

1

2
inf — ® — Xy 2
= (KERd,lgeMskew /Bln,L |¢ (K +O(x —x ,L))\ )

1

2

x(inf/ |a,{’—c1d|2) .
ceR oL, 1.

Appealing to the trace estimates of Lemma 3.5, this becomes

oft % o)
‘/aIn.LqS oLy (/In,L |D(¢)| ) (/In.L+pB |D(WL . Ei ) ‘ G-30)
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This proves that the right-hand side in the weak formulation (3.29) is a continuous
linear functional with respect to D(¢) € L2(1,,1)?*¢. The Lax-Milgram theorem
then ensures that equation (3.27) is well posed in the sense that it admits a unique
solution D(W 1) € L2(1,.2)%*%, and the a priori bound (3.28) follows.

Step 2. Proof of (3.26). Inserting the energy identity (3.19) and the formula (3.7)
for the coefficients, the cluster expansion (3.5) yields the following formula for the
remainder,

k
E:RME=E: BLE—I—Z —E: B E

=/

_ _g7—d

_LE[Z/InL

— —L4 E(x —x,1 §F\n} A, ,
z S [ B 87

#F=jneF

E(x—xu,1) 'ULU]

or equivalently, changing summation variables,

E:RE
1
= EL_dIE|:Z/ E(X —Xn.p) - (UL_Z > sfo {”}) } (3.31)
n L =14F=j—1
n¢F
Consider the cluster expansion error
k
=y -y Y sFyp, (3.32)
J=14F=j
k
mk . _ F
BL = Silgng, — ) ), 87 (5P 1g,\s2).
J=1§F=j

and note that in view of (3.15) it satisfies the following equation in Q7 ,

—~AVE L vEr = Zaa,n . <0L - Z > 5F0£"})v. (3.33)
j=14F=j-1
i n¢{‘7

Testing this equation with 17, and using the boundary conditions, the identity (3.31)
for the remainder becomes

E:RMIE = E[][Q D(Y7) : D(\p’g)].
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Adding and subtracting Zj-czl D ohF— SFWLQ to ¥, we deduce by (3.32),

k
|E:R§+1E|§E[][Q (D(\p’g)}Z]JrZ E[][Q D(¥F): Y D(awa)]‘.

J=1 fF=j

The conclusion (3.26) then follows from the estimate

2
/ Pl Z / > D"y (3.34)
nL BF = =j—1
n¢F
and from the identity forall 1 < j <k
| pwh: ¥ perup)
QL ﬂF ]
—Z / Z D(SFW?)) (> D(aFw{”} ) (3.35)
Int yr=j- 4F=)-
n¢F n¢F

which we prove in the next two substeps, respectively.

Substep 2.1. Proof of (3.34). In view of (3.33), the cluster expansion error \Ilf satis-
fies
—AVF 4 vEk =0, div(¥¥)=0, inQp\ 1L,

which entails

/QL ID)|” = Z/IL ID(¥)| +/QL\IL ID(¥)|
1
=Y [ pabP-3> [ ekowh g

Hence, using the boundary conditions and the incompressibility constraint to smuggle
in arbitrary constants in the different factors, as in the proof of (3.30), and appealing
to the trace estimates of Lemma 2.5, we find

Jo, PObFST ] b ([ 1owbP) (], pebf)

n,L

from which we deduce by Young’s inequality,’

/Q IDWH|* < Z/I ID(WH)[. (3.36)
L n n.L

3 As argued in [26], this estimate (3.36) can alternatively be deduced from minimizing prop-
erties of Stokes equations for ‘I’E in Qr \ I with prescribed symmetric gradient in I7. We
rather give a PDE argument that is more in line with the other arguments of this memoir.
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Next, the definition of \Ilf and the rigidity constraint for ¥z, in I, 1, yield

k
D(Vf)=—-E—-Y > D@ yp) inl,L. (3.37)

J=1§F=j

Distinguishing between the cases n € F and n ¢ F, and noting that for n € F we can
decompose
8FWLQ — 8F\{n}w£n} _ SF\{n}wg,

we find
Y D@y =Y DTy + Y. D@y - > DEyp).
§F=j $F=j fF=j—1 $F=j—1

n¢F n¢F n¢F
and thus, in view of the rigidity constraint for § wén} inl, ,

> D@ yP)=-Elji=1+ Y D@y — D DEFyP) inl,r.
BF=j HF=j BF=j—1

n¢F n¢F

Inserting this into (3.37) and recognizing a telescoping sum, we deduce for all n,

DY) =— > D@ yP) inlyr. (3.38)
fF=j—1
n¢F
Combined with (3.36), this yields the claim (3.34).

Substep 2.2. Proof of (3.35). Testing equation (3.15) for SFwLQ with \I’I’f, and chang-
ing summation variables, we find

2/QL DS : Y D@y =- )" Z/ wh . g\ ginh,

$F=j 4F=jneF ’ 0In.L

=— §F oy,
-2/, L

ﬂF =j—1
n¢F

In view of equation (3.29) for D(§F w{n}) this can be rewritten as

/Q D(¥h): 3 p6Fuf =-Y [ ph: ¥ pe o).

HF=j n JnL HF=j—1
n¢F

Combined with (3.38), this yields the claim (3.35). ]
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3.5 Uniform £! — £2 energy estimates

In order to prove uniform cluster estimates, cf. Theorem 3.2 (i), our main analytical
achievement is the following hierarchy of interpolating £! — ¢? energy estimates for
corrector differences, inspired by our previous work [15] on the conductivity problem
(which also considers the case of “overlapping particles”; see [20,30] for refinements
in that direction). More precisely, we consider the following quantities, forall H C N,
all L,and k, j > 0,

2
stk =Y £ | ¥ perouhf,
#G=k" 2L 4F=j
FNG=g
2
ik j):=174 Y Z/ ‘ Y DpEFUsy |
#G=k n¢GUH * In.LTPB F=j

FN(GU{n)=2

and we prove the following result. The novelty with respect to [15] is that we further
identify here the optimal dependence on the minimal distance

t=4P) 21,

which appears to be surprisingly challenging and relies on a fine use of elliptic regu-
larity via a duality argument.

Theorem 3.9 (Uniform ¢! — ¢2 energy estimates). Under Assumptions (H,) and
(H;')‘]i"), we have forall H C N, all L, and k, j > 0,
_d . s
Pz o rke=s=0
(Ceay®HN=Tifk j =0, k+j =1,
_2d . s
E <l o pk=g=0
(CL=4)2k+D+1 ik j >0, k+j > 1.

The proof is split into two parts in the following two subsections: to simplify the
presentation, we first give a short proof in the spirit of [15] without keeping track of
the £-dependence, and then we establish the estimates in their stated optimal form.

3.5.1 Proof of Theorem 3.9 without £-dependence
This section is devoted to the proof that forall H C N, all L,and k, j > 0,
SH(k, j) + T (k, j) < C*F, (3.39)

For notational convenience, we set S LH (k,j) = TLH (k,j)=0for j <Oork <0.
We split the proof into three steps.
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Step 1. Reduction to Sf: forall H C N and L, k, j,
T (k. ) < Sk ) + S (k. j = 1), (340)

which entails in particular that it suffices to prove the bound (3.39) for S [I .
First note that for all maps f and all n ¢ G we have

Y fFuG = > fFUG+ Y f(FuGUn).
$F=j §F=j #F=j—1
FNG=g FN(GU{nhH)=2 FN(GU{n)=2

(3.41)
Using this identity to decompose TLH (j, k) and changing summation variables, we
find

> pEreyf|

st Y Y |

#G=k n¢GUH nL“B ﬁF J

Y x|

#G=k+1neG\H L+PB ﬂF =j—1
FNG=o

> peEroyf|

and thus, using the disjointness of the fattened inclusions {/, 1 + pB}, and recog-
nizing the definition of S H the claim (3.40) follows.

Step 2. Energy estimate for correctors: for all H C N,
SH©,0)<1. (3.42)

As in (3.19), the energy identity for the corrector equation (3.14) for Wf takes the

form
/ DIZAEEDS / E(x =xn1)-0f v (3.43)

neH

Using the incompressibility constraint tr(£) = 0 to add an arbitrary constant to the
pressure in (ILH , as in the proof of (3.30), and then appealing to the trace estimates of
Lemma 2.5 (ii), we obtain

H\ |2 H 2 %
/QL ’D(WL )| & Z (/In,L+pB ‘D(WL )+ E| ) .

neH

Since the fattened inclusions {/,,; + pB}, are disjoint, the Cauchy—Schwarz in-
equality then yields, recalling the choice of the periodization (3.1),

/Q D <tine H:xy e 01} (3.44)
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As the right-hand side is bounded by C L4, the claim (3.42) follows. For future refer-
ence, we also note that this bound entails, when taking the expectation,

5| Ipwl | 2 (345
oL

Step 3. Key recurrence relation: forall H C N and k, j > 0,

SE (k. j) S Tkrjer + S+ 1) =D+ Sk j = 1)
+ Sk =1 )+ Sk j =D+ S{T(k—1,j—1),  (3.46)
which then leads to the conclusion (3.39) by a direct double induction argument.

Let a finite subset G C N be momentarily fixed. In view of (3.15), the following
equation holds in Qr, forany F C N with FN G = &,

—A8FOy 4 VPV (S 1y, \ i) = = D 81, 87V
neH

— 3 by, SFMDUG G HUI,
neF\H

neG\H

Hence, after summing over F and changing summation variables,

—A( Z SFUGw{I)_‘_V( Z SFUG(EEHQL\ILH))

fF=j BF=j
FNG=2 FNG=@
H
=—Z5aln.L( Z 8FUGO_lI:1v)_ Z 531“( Z SFUGUL U{n}v)
neH HF =] n¢GUH HF=j—1
FNG=g FN(GU{n})=o2
S (3 srueumglny)
neG\H BF=j
FNG=g

Testing this equation with the solution ) yr_ ;. rrg=gp §FYGyH jtself, we obtain
the energy identity

)
oL

> DY = ALG. )+ ALG. )+ ALG. ). (34D

BF=j
FNG=2
in terms of
Ai(G,j):z—Z/ ( 3 5FUG¢{1).( 3 5FUGoLHu), (3.48)
neq VML " yp—; 4F=j

FNG=o FNG=g
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26 )=— Y /3 3 SFUG¢I{1>,( 3 SFUGGfU{n}v)

n¢GUH In,L HF=j BF=j—1
FNG=2 FN(GU{n}))=2
ARG )=~ ) / 3 5FUG¢5>.( Yo sFUGG L)
neG\H ' 0In.L ~ yp_; oy
FNG=2 FNG=g2

We analyze these three contributions separately and we start with the first one. In
view of the boundary conditions for §¥ UthLH on d/, 1 withn € H, we can rewrite

AL(G, ])_Z/ D A | E(x—an)) ( Y §FVGof )

neH HF=j BF=j
FNG=2 FNG=g
=16=g,j= OZ/ E(x—xn,L)-va.
neH ’n.L
Summing over G C N with §G = k, and using the energy identity (3.43), we deduce
L™ Y AL(G.j) = Li=j=0 5[ (0.0). (3.49)
HG=k

We turn to the second term AIZJ in (3.47). Using the boundary conditions and the
incompressibility constraints to smuggle in arbitrary constants in the different factors,
as in the proof of (3.30), and then appealing to the trace estimates of Lemma 3.5, we
find

426G )< Y (/, > 1)(5“%{’))2)é

n¢GUH HF=j
FNG=g
1
2\ 2
x(/ ‘ > D(3FUG(wa{”}+Ex))() . (3.50)
1, 1.+pB $F=j—1

FN(GU{n})=2

Decomposing the second factor via the following identity, for alln ¢ F UG U H
and FNG =g,

8FUG(wLHU{n} + Ex)=1lgop_gEx + SFUG%{J + SFUGU{n}wl{LI’

summing over G C N with §G = k, using the Cauchy—Schwarz inequality, and using
the disjointness of the fattened inclusions {/, 1, + pB},, we get

L™ )" 471G, )]
HG=k

< (SH k. ) (Lgmojmr + THGj— D) + SHK + 1.5 —1)2. (351
S Wk, k=0,j=1 Lk, )+ S (k+1,) )) (3.51)
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We turn to the third contribution Az in (347). Forne G\ H and FNG = &,
decomposing

SFUGl//lI:I — SFU(G\{n})l/IlI:IU{n} —SFU(G\{H})W{I,

and using the boundary conditions, we can rewrite

A6 ) = liomjmo Y [ EG =)ol
neG\H .

+ Z /31 ( Z 5Fu(G\{n})¢i‘1)_( Z 5FU(G\{n})OI{-IU{n}U).
n,L

FNG=2 FNG=g

Using the boundary conditions and the incompressibility constraints to smuggle in
arbitrary constants in the different factors, as in the proof of (3.30), and then appealing
to the trace estimates of Lemma 3.5, we find

1

2

43(G. )| = Tugorjmo 3 ( / |D(w£’“{”})+E|2)
I)1,L+pB

neG\H
1
2\ 2
e 3 (] X paremy)
neG\H “/InL ' yp—;
FNG=2

|
2\ 2
D(SFU(G\{n})(I//ZJU{n} + Ex))‘ ) . (3.52)

(ol

Decomposing the first right-hand side term and the last factor of the second term via
the following identities, foralln € G\ H and F N G = @,

HF=j
FNG=g

v =yl syl
SFU(G\{’!})(WLI:IU{”} + E)C) — ]lﬁG=1,ﬁF=OEx + SFU(G\{n})wLI:I
+ UG D gindy (3.53)

summing over G C N with §G = k, and using the Cauchy—Schwarz inequality and
the disjointness of the fattened inclusions {/,, 1, + pB},, this becomes

L™ Y~ 416, ))]

tG=k
1
< Lg=1,=0(1 + SF(0,0) + S (1,0))>

H NS H - Hi \\3
+ (T, (k—1,/))? (Lk=1,j=0 + T (k = 1, j) + S;7 (k. j))%.  (3.54)
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Inserting this into (3.47), together with (3.49) and (3.51), we obtain

1
SH(k, j) < Lgo,j0 SE(0,0) + Ly, j=o(1 + SF(0,0) + SF (1,0))2
1
+ (SH Kk, )2 (Mgmo jmr + TH e, j =)+ SHK + 1,7 — 1))
1 1
(T =1, )2 (Lkmy jmo + TH k= 1, ) + SH (K, )2

D=~

Using Young’s inequality to absorb the occurrences of S 5 (k, j) in the right-hand
side into the left-hand side, we are led to

1
SH (k. j) < Lkeo,j=0 SF(0,0) + Lo j=1 + Lk=1,j=0(1 + SF(0,0))>
+SHk+1Lj-D+T ke j -+ Tk =1,)),.

and the claim (3.46) now follows in combination with (3.40) and (3.42). ]

3.5.2 Proof of Theorem 3.9 with optimal £-dependence

It remains to refine the proof of the previous section to capture the optimal depen-
dence on the minimal distance

(=) 2 1.

The proof involves a new intricate induction argument that combines both S LH and
TLH , and the optimal scaling is then captured by a suitable application of elliptic
regularity via a duality argument. By the result of the previous section, we may
assume £ > 1, in which case the uniform separation assumption in (H;““\) holds in
the stronger form of

| 1 1
E nlsrélii':n dlSt(In,La [m,L) Z EE - 1 Z ZK 2 107 (355)
and the definition (3.1) of the periodization further ensures
1
infdist(/,,1,001) > £ —1> EZ > p.
n

We split the proof into four steps.

Step 1. Energy estimate for correctors: for all H C N,
sf.0 = |pwiHP e, (356)
oL

T70.0)=L7 ) / D <2, (3.57)
¢H Iy, 1. +pB
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By the £-separation property (3.55), the number of points of the process #r in Qp is
bounded by C(L/£)?, so that the first estimate (3.56) follows from (3.44). It remains
to prove (3.57). For that purpose, first note that for n ¢ H the {-separation prop-
erty (3.55) entails that the following free steady Stokes equations hold in 1, 7 +
HWBCOL\IE,

1
Ay vsH =0, diviyf)=0, inl, L+ 1B

Elliptic regularity in form of Lemma 2.6 then yields

[ pemPsed [ puih)
Iy, 1. +pB I, .+4{B

o

Summing this over n ¢ H and using the £-separation property (3.55) in form of the
disjointness of the fattened inclusions {/,, 1 + %KB},,, we deduce

D < ¢4 D(vH
n;[/,m; ol <o | It

and the claim (3.57) now follows from (3.56).

2
)

Step 2. Recurrence relation for § f :forall H C Nandk,j >0,

Sk, j) STpqjcrt™ + S+ 1.7 —1)
+THK, j) +TH Kk, j - 1)
+ TH k-1, j). (3.58)

This provides a refined version of the recurrence relation (3.46), which can indeed be
recovered by appealing to (3.40) to bound TLH in terms of S LH . The present refined
version will be combined with a recurrence relation for TLH in the next step.

Let G C N be momentarily fixed. As in the proof of (3.46), the starting point is
identity (3.47), that is,

)
or

where we recall that A}J, A]%, Az are defined in (3.48). We analyze these contribu-
tions separately. The first one satisfies (3.49), and thus, combined with the energy
estimate (3.56),

S DEFUCY = ALG. j) + 4G, ) + 4G ). (59

HF=j
FNG=g

L™ 3" AL(G.j) = Tk=j=o SF(0.0) S Ti=jmol ™. (3.60)
#G=k
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It remains to prove refined versions of (3.51) and (3.54) for AI% and Az, and we start
with the contribution of A%. The starting point is the trace estimate (3.50) used in the
proof of (3.51), that is,

26 Y (/1

n¢GUH

> pareout[ )’

BF=j

FNG=2

1

2\ 2

([ | x wereaeof),
Iy, 1. +pB $F=j—1

FNn(GU{n})=2

which we shall now analyze more carefully. Using identity (3.41) to decompose the
first factor, and decomposing the second factor via the following identity, for all n ¢
FUGUHad FNG = @,

8FUG(w£IU{n} + EX) — ]1G=F=®Ex +5FUG\)01{{ +8FUGU{n}waI’

we find
2
26 Hs Y (/ > Doyl
n¢GUH 7V In.L BF =/
FN(GU{n) =0
[
2\ 3
+‘ Z D(SFUGU{n}wlI:I)‘ )
§F=j—1

FN(GU{n})=2

<&
2
><]1=~=+/ D(SFYG y H
( §G=0,j=1 In.L+PB‘ > ( V)

BF=j—1
FN(GUin})=2

®
1
oy owremyf),

BF=j—1
FN(GUin})=2

&

Summing over G C N with §G = k, using Young’s inequality, using the separation
property in form of the disjointness of the fattened inclusions {/, ; + pB},, using
that the number of points of the process $7 in Qy is bounded by C(L/£)?, and
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reorganizing the terms, we conclude
L7 Y 426 )| S 6 oot + SE R+ 1./ — 1)
tG=k
+ Tk, ) + T (ke j = 1), (3.61)
where the last three right-hand side terms come from <, &, @, respectively.
We turn to the contribution of AZ. The starting point is the trace estimate (3.52)

used in the proof of (3.54). Further, using the decomposition (3.53), this estimate
becomes

42(G. )]

S Lyg=1,j=0 Z (1+/

neG\H In.L+p

+ Z (/1 ., Z D((S’FU(G\{n})wI{J)‘Z)z

neG\H BF=j
FNG=g

(] X versewmyn | perepnf)
n.Ltp

HF=j HF=j
FNG=g FNG=g

1

D) + DGyl >|2) i

(3.62)

Summing the first right-hand side term over G C N with G = 1, using the Cauchy—
Schwarz inequality, recalling that the number of points of the process &, in Qp is
bounded by C(L/£)?, and appealing to the energy estimate (3.57), we find

H\|2 S{n} H\ |2 %
E(H/IMW D) + DEmy )| )
<1%¢% (Ldz— +y DI / |D(8{"}w"’>|)

n¢H In.L+pB n¢H
<L ¢ e—ds,f’(l,()))f.
Now summing (3.62) over G C N with G = k, inserting the above estimate for the
first right-hand side term, and using the Cauchy—Schwarz inequality, we find
1
L™ Y AL(G. )] S Te=,j=o(¢> +€798{1(1,0))2
1G=k

F(TH (=1 D)2 (TH k1. j) + SH (k. )2
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Inserting this into (3.59), together with (3.60) and (3.61), we conclude

SH (k. j) S im0,y + Tamr,j=o (€24 + 074511 (1,0))2
+ S+ 1) =D+ T k) + Tk j = 1)
H V2 (T H - H )2
+ (T k=1, ) (T (k= 1, j) + S (k, ).
Using Young’s inequality to absorb the occurrence of S fl (k, j) in the right-hand side
into the left-hand side, the claim (3.58) follows.
Step 3. Recurrence relation for TLH :forall H C Nandk,j >0,
T{ (k. ) < Limjmol 29+ Ly jm 7
+ 2T K-, )+ THEGK - D)+ THK+1,j-2)
+ Sk ) +SHUk+1.j - D+ Sk +2.j-2). (3.63)
Letk, j > Obe fixed with k + j > 1 (the case k = j = 0 already follows from (3.57)).

For G C N and n ¢ G, the £-separation property (3.55) implies that the following free
steady Stokes equations hold in 7,,,7, + %ZB,

—a( Y ) ev( Y PO g, ) =0,

BF=j BFr=j
FN(GU{n})=2 FN(GU{n))=2

. . 1
av( 3 ST =0 il ot geB
{F=j
FN(GU{n})=2
so that elliptic regularity in form of Lemma 2.6 yields
2
THk s Y Y / 1 ‘ Y DEFYyH| L e
#G=k n¢GUH In.L+3tB HF =]
FN(GU{n)=2

In order to analyze the right-hand side, we shall appeal to elliptic regularity a sec-
ond time, now via a duality argument. For that purpose, we use the following dual

representation
X [T peref
4G=k n¢GUH * In.LtztB §F=j

FAGU) =0

—sup 1@ h?: 3 Y Janal = 1.
o,h

#tG=k n¢ GUH

1
/‘mmF=wamﬁcuL+#&VmG} (3.65)
or
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where for any o« = {ay,g}n,c CRand h = {h,,g}n,c C LZ(QL)fyi;d we have set for
abbreviation

Iah:=Y Y a,,,G/Q h,,,G:( Y DEFYoyH ) (3.66)

tG=k n¢GUH HF=j
FN(GU{n)=0
Let o = {on.gln,g CRand h = {hpGln,c C LZ(QL)fyﬁld be momentarily fixed,
satisfying the constraints in (3.65),

1
> Y lewcP =1 [ ol =1. supphug Chuit B VnG.
$G=k n¢ GUH QL
(3.67)

For n ¢ G U H, consider the periodic solution wy_, ¢ of the following auxiliary
steady Stokes problem,

—AWpp6 + VPhnc = div(ha,g), inQp \ I7,

div(wp,n,c) = 0, inQp\ IH,

D(wp,n,6) = 0, in I, (3.68)
falm,L o(Whn.G» Phnc)v =0, Vm e H,

faIm’L('D(x—xm,L) - 0(Whn.Gs Phng)v=0, VYOeM*v Vme H.

Note that this problem is well posed since %, g is supported in
1
Inp+ 0B C 0L\ 7.
The same argument as for (3.14) shows that wy, , ¢ satisfies in O,

—AWhn,G + V(Prnclg,\pi) = divhng) — > 8010 WhnG» Phn.G)Vs
meH

and, appealing to (3.15) and changing summation variables, we also find in Qg ,

a0 Y ) v Y PO g, )

Fm(Gu?ﬁ):@ Fﬂ(GU{sz})=®
=— Z 831m’L( Z (SFUGOZJV>
meH j

fF=j
FN(GU{n)=o

_ Z 831m.L( Z SFU(G\{m})OZIU{m}v)

meG\H HF =
FN(GU{n})=2

— Z 831m,L( Z 5FUG0LHU{'"}1)).

m¢GUHU{n} HF=j—1
FN(GU{n,m})=2
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Testing the second of these two equations with the solution of the first one, and vice
versa, and using the boundary conditions, we can reformulate /(c, &) in (3.66) as
follows, provided k + j > 1,

Hah ==Y Y 2ae [ Dwnne):( Y DEFOuM)

#G=k n¢GUH 0 HF—j
FNO(GUn)=2

= I(ct, h) + Lx(a, h), (3.69)

where we have set

I(a, )
H
=Y Yoo X [ wmaer( X a7
§G=k n¢GUH meG\H * Im.L BF=j
FN(GU{n)=2
I(a, h)
H
=Y Y we / wnno- (Y 8FUOGHL).
§G=k n¢GUH  m¢GUHU{n}” 0Im.L BF=j—1

FN(GU{n,m})=2

We only treat /1 («, k) in detail since the argument for /,(«, ) is similar. Appealing
to identity (3.41), we can rewrite

I (o, h)
H
= Z Z / < Z Oln’Gwh’n,(_;).( Z SFU(G\{m})OL U{m}v)
#G=k meG\H " Im.L " n¢Gun 4F
FNG=g
H

- Z Z On,G Z / wh,n,G-< Z FUG\mhUtn) | U{m}v)’

§G=k n¢GUH  meG\H " 0Im.L HF=j—1

FN(GU{n})=2
or equivalently, after further changing summation variables in the second term,

Ii(a,h) = Z Z /31 ( Z Otn,Gwh,n,G)

#G=k meG\H n¢GUH

: ( 3 5Fu<c\{m>>0LHu{m}v>

HF=j
FNG=g

- Z/a (X oncmwimeum)

#G=k+1meG\H ’ m.L " ,eG\(HU{m})

( 3 5FU(G\{m})0£fu{m}v).

4F=j-1
FNG=g
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Now using the boundary conditions and the incompressibility constraints to add arbi-
trary constants to the different factors, as in the proof of (3.30), and appealing to the
trace estimates of Lemma 3.5, we are led to

|Ii(. h)| S Tia(e b)) + Tnp(a, b)), (3.70)

where we have set

RICAOEE ( /I 1 > ozn,GD(wh,,,,G)(z)é

#G=k meG\H né¢GUH
1
([ ] v g,
I, +pB HF=j
FNG=o

1

Laah)y:= Y Y (/1 ‘ > an,G\{n}D(wh,n,G\{n})‘z)2

4G=k+1meG\H m.L " peG\(HU{m))

. (/ |
I, +pB

We start by estimating /; 1 (@, ). Decomposing the second factor via the following
identity, forallm e G\ Hand FN G = @,

1
D(§FUOMmD (y 1 4 E ) ]2) g

4F=j-1
FNG=2

5FU(G\{m})(W£1U{m} + Ex) = lygo14r—0Ex + 5FU(G\{m})wlI:I + 5FUGW£-I’

noting that the £-separation property (3.55) entails that Zn¢GU H On,GWh G satisfies
the free steady Stokes equations in I, 1, + %ZB for all m ¢ H, and appealing to
elliptic regularity in form of Lemma 2.6, we find

RICRORI D (e-d /I WB( > oen,GD(u»,,n,(;)12)é

tG=k meG\H néGUH
2
X(]lk=1,j=0+/ ‘ Z D(5FU(G\{m})K/fJfI)‘
Im,L+PB HF=j
FNG=2
2\ 2
+/ ( 3 D(SFUwa’)‘) . 3.71)
I 1 +pB HF=j
FNG=g

Next, the energy estimate for (3.68) yields

an,cD(Whn,G) ’ < on,Ghn,G
> >
or or

HG=k n¢GUH HG=k n¢GUH

2

’
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and thus, using the constraints (3.67) on «, &, and noting that the £-separation prop-
erty (3.55) entails that the /1, G s have disjoint supports for different n’s,

Z/ > Oln,GD(wh,n,G)’zs > |06n,G|2/ hnGI* = 1.
oL oL

tG=k n¢GUH #G=k n¢GUH

Inserting this into (3.71), using the Cauchy—Schwarz inequality, the {-separation
property (3.55) in form of the disjointness of the fattened inclusions {7, 1, + %EB}m,
using that the number of points of the process £y in Q is bounded by C(L /)¢,
and changing summation variables, we deduce

L™ 1 () S Mgmjmol 2+ NTH (K -1, ) + SH (K, j)).  (3.72)

We turn to a corresponding estimation for /; (e, #). For that purpose, we first note
that the disjointness of fattened inclusions {/,, 1, + %EB}m allows us to decompose

Z Z / Z an,G\{n}D(wh,n,G\{n})‘z

1
4G=k+1meG\H * Im.L+2tB " cG\(HU{m))

2
< > /Q ‘ > an,G\{n}D(wh,n,G\{n})‘
L

#tG=k+1 neG\H
2
+ Y ) lemovml? / ID(Whm,6\im))| -
$G=k+1meG\H oL
and the energy estimate for (3.68) then yields

> Z/ > “n,G\{n}D(wh,n,G\{n})‘z

1
8G—k+1meG\H * Im.L+2tB " G\ (HU{m))

s > /QL‘ Y nG\mhnG\im

#G=k+1 neG\H

+ Z Z IOlm,G\{m}lz/Q m, G\
L

#G=k+1meG\H

2

from which we deduce, using the constraints (3.67) on «, & and recalling that the
hyn,c’s have disjoint supports for different n’s,

Z Z/ Z an,G\{n}D(wh,n,G\{n})z

1
8G=k+1meG\H * Im.L+2tB " G\ (HU{m))

< Z Z |an,G\{n}|2: Z Z |an,G|2= L.

#G=k+1neG\H #G=k n¢GUH
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With this estimate at hand, we may now repeat the same argument as for (3.72) and
we obtain

L™ (e, h)? < ]1k=0,j=1€_2d
+NTHE K, j -1+ SEK+1,j-1). (3.73)
Likewise, the second term I, («, /) in (3.69) is easily estimated as follows,
L™ (o, h)? < Lgmojm 2 + 74T K j - D)+ Tk + 1./ —2)
+SHKk+1,j —1)+SHKk+2,j-2)). (3.74)

Combining these different estimates, that is, (3.70), (3.72), (3.73), and (3.74), insert-
ing them into (3.65), and recalling (3.64), the claim (3.63) follows.

Step 4. Conclusion. By a direct double induction argument, starting with (3.57), the
recurrence relation (3.63) entails, forall H C N and k, j > 0,

TH(k, j) S Tpmjmol 29 4 gy jur (CL79)2EFDT

k+j—1 2(I+1)
+ YD N S ki~ 1) —i). (3.75)
=0 i=0

Combined with the other recurrence relation (3.58), this yields

SHE Uk, j) S Tgmjmol ™ + Tgg s (CON2EFNTL L gHGe 11,5 — 1)

k+j—1 2042

+ Y (IO SHk+i—1.j—i)
=0 i=0
k+j—2 2143

+ Y (€PN SH i —1—1,j —i).
=0 i=0

For £ > 1, occurrences of S {I (k, j) in the right-hand side can be absorbed into the
left-hand side, and we are then left with

Sk, j) S Tkmjmol™ + Tiy jor (CEOPEFDT 4 g (ke 1,5 — 1)
k+j—1 21+2
+SHKk+2.j -2+ Y (CD?IDN SHG+i—1.j—i)

=1 i=0

k+j—2 2143
+ Y€ DN SH e +i—1—1.j —i).
=0 i=0

By a double induction argument, this relation leads to the conclusion

¢ ifk=j =0,

SHk.j) < ~
L (k. J) {(Ce—d)Z(k+J)—1 ifk,j >0, k+j>1
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Combining this with (3.75) further yields

, (24 ifk=j =0,
T (k. j) < _ St e .
(CL2k+DFL f ke j >0, k+ j > 1.

Recalling that the case £ ~~ 1 was already covered in (3.39), this finally concludes the
proof of Theorem 3.9. u

3.6 Uniform cluster estimates

This section is devoted to the proof of Theorem 3.2 (i), based on the interpolating
¢! — {2 energy estimates of Theorem 3.9. We focus on the bound (3.11) on the
remainder RI]fH, while the corresponding bounds on cluster coefficients follow along
the same lines. For k > 1, after changing summation variables, the definition (3.9) of
the remainder can be written as

E- Rk“E_ dZIE[/ ( 3 SFw,‘?)-oLv].
aIn.L ﬁF;{V_I

Using the boundary conditions and the incompressibility constraint to smuggle in
arbitrary constants in the different factors, as in the proof of (3.30), using the Cauchy—
Schwarz inequality, and then appealing to the trace estimates of Lemma 3.5, we find

|E : RETIE|

=

1

D(st/f?)\z]ZE[Z/I bt + E|2T
n n,LTpP

1, L BF = =j—1
n¢F
Recalling the disjointness of the fattened inclusions {/, 1 + pB},, recognizing the
definition of Sz and T2, and using that in case £ >> 1 the {-separation property (3.55)
entails that the number of points of the process $7, in Qy, is bounded by C(L /)4,
we are led to
|REF1 < E[TP(0,K)]? (e-d +E[S.(0, 0)])

and the conclusion (3.11) then follows from Theorem 3.9. ]

3.7 Convergence of finite-volume approximations

This section is devoted to the proof of the convergence result (3.13) in Theorem 3.2.
The idea is as follows: if {B }; could be viewed as derivatives of B; in some sense,
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then the convergence of B, as L 1 oo and the uniform bounds on derivatives {l_Si }i
would ensure the convergence of the latter. We split the proof into two steps, first
appealing to a probabilistic argument to view {1_3]{ }; as true derivatives, and then
concluding by means of standard real analysis.

Step 1. Dilution by random deletion. Taking inspiration from [53], given p € [0, 1],
we consider a sequence {b,(,p )}n of iid Bernoulli variables, independent of &, I, with
parameter

p =P =1],

and we define the corresponding decimated process

PP = nbpenw. 1P = | L. NP :={n:p =1} (376)
neN ()

Similarly, in the periodized setting (3.1), we set

PP = {xn Lhpenim, I = U In,L.
neNw@)

By definition, the decimated processes Pw@) 1) satisfy (H,) and (H;‘,‘“f) whenever
P, I do, and their periodized versions !PL(p )1 ip ) satisfy the same separation and
stabilization properties as &, Iy in Section 3.1. We use the notation B®), E(LP ),
{I_B(Lp )J s {R(Lp )k+1 }x for the effective viscosity, its periodized approximation, clus-
ter coefficients, and cluster remainders associated with decimated processes I »),
IEP). As a corollary of [18, Theorem 1], as in (3.4), we have for all p € [0, 1],

lim BY”) = B, (3.77)
Ltoo

In the next two substeps, we shall further prove for all k, j > 1,

B/ = p/B], (3.78)
R < (Ccpm (3.79)

Combined with the cluster expansion (3.5), this yields for all L and k > 1,

k .
=(p) 1,
BV —(Id+§ FBL)
j=1

< (Cpdyk+1, (3.80)

which entails that ]_3£ can be seen as the jth derivative of the map p I_il(f’ ) at
p = 0. (Note that this estimate further shows that this map is real-analytic; we shall
later come back to this observation as part of Theorem 5.4.)
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Substep 1.1. Proof of (3.78). By definition of decimated processes, the cluster for-
mula (3.6) for B(Lp )7 can be written as

= j . 2
E:BPYE=j1y" E[]chN(m][ s (D) + E| )]
HF=j Or
As N P is independent of I and as
P[F c NP]=P[b{P =1, Vn e F| = p*F,
we get
E:BPYE=j1pl Y E[][ §F(Ipwp) + E|2)] = p’'E :BJE,
ﬂF=j QL
that is, (3.78).

Substep 1.2. Proof of (3.79). Let k > 1. By definition of decimated processes, the
remainder formula (3.9) for R(Lp )k+1

, Je+1 14
E:RP*E - 5L > ZE[ﬂchm /al SF\{”}wf'aép)v},
n.L

can be written as

#F=k+1neF
or equivalently, using the constraint F C N @ to replace ol(f’ ) = UI{V @ by aiv PUF ,
. pp)k+1
E:R; E
1 _ »
=5l DI IE|:]1FCN(/’) / §ENy P o UFV]
oln.L

tF=k+1neF

In this expression, the integral
»
[ sy
8In.L

does not depend on the value of {b,(,p )}ne r and is thus independent of

1 = ]—[ 1 ,
FCN® b =1
ner

hence we are led to

E:RPH*E

1
— Epk-l—lL—d Z Z ]E|:/al 8F\{n}wl? . U£V<p)UFVi|' (381)
n,L

#F=k+1neF
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It remains to estimate the right-hand side and deduce (3.79), which is easily done by
adapting the proof of Theorem 3.2 (i) in Section 3.6. For that purpose, we first note
that, for all F C N, using that ZH,CH(—1)|H/| = 0if H # @, we have

256 (p) _ Z Z(_1)|G\G’|Uiv(P)UG'

GCF GCF G'cG

=Y (X e

G'CF GCF\G’
()
— Uiv UF’

so that formula (3.81) can be decomposed as follows, after changing summation vari-
ables,

1
E:RP*1p _ 5pk+1L—ar Y % IE[/ §FyP . 560, }
§F=k n¢F GCFU{ny ©-70In.L

Using the following identity, for all maps f and alln ¢ F,

Yo fG) =) f(G)+ Y f(GUuin),

GCFU{n} GCF GCF
we deduce

E : R(P)sk+1E

_1 k+1L —d Z Z Z [/ LSFW (850 4 SGU{n}O.]EP))vi|’

HF =k GCF n¢F
or equivalently, further changing summation variables,
E:RP*E

Epk-l-lL—di 3 ZE[/%.L( 3 SFUGwLQ)

J=04G=j n¢G HF =k—j
FN(GU{n})=0

. (5%3’) n 8Gu{n}0£17))v:|.

Using the boundary conditions for

»)
SGJE’) + SGU{n}GIEp) — SGoiv P yin}

and using the incompressibility constraint to smuggle in arbitrary constants in the
different factors, as in the proof of (3.30), and then appealing to the trace estimates of
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Lemma 3.5, we find

|E : RP*E

Sp"“L“’i 2 ZE[/I1 > D(aFUwa’))T

J=04G=j n¢G BF =k—j
FN(GU{n})=2

1

2

X]E|:]].]=0+/ |D(8Gw£p))’2+’D(SGU{H}WIEP))|2] )
In,L+PB

Recalling the disjointness of fattened inclusions {/,,7, + pB},, recognizing the defi-
nition of IEp ) and TLz , and using that in case £ > 1 the £-separation property (3.55)
entails that the number of points of the process $7 in Q is bounded by C(L /)¢,
we deduce

|E: RPFHE
k
< S UE[TEG K — )] (1 2ot +E[SP (L0 +E[SP G +1,0)])%.
j=0

Now appealing to Theorem 3.9, the claim (3.79) follows.

Step 2. Conclusion. While the uniform estimates of Theorem 3.2 (i) ensure that the
sequence {l_Si }1>1 converges as L 1 oo up to extraction of a subsequence, we shall
use their interpretation as derivatives of the map p — I_S(Lp ) at p = 0, together with
some real analysis, to deduce the convergence of the full sequence. We argue by
induction: given k > 0, we assume that the limits B/ = limy 400 l_Si exist forall 1 <
Jj < k, and we shall then prove that the limit
B! — 1im EIZH
Ltoo

also exists. As I_SIZH is bounded uniformly in L by Theorem 3.2 (i), it has a limit C¥*1
as L 1 oo up to extraction of a subsequence. Passing to the limit along this sub-
sequence in (3.80), with k replaced by k£ + 1, and using (3.77) and the induction
assumptions, we get for all p,

(p) . P‘i—' Pk+1 ~k+1 k+2
BY — | Id —B/  + ——C < (C ,
+;j! TS = (Cp)

which proves that C*¥*1 satisfies

k .
cirt _ o kDU 20y P
C _}}i‘(} e B Id+Zj!B ,

j=1
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where in particular the limit exists. Since the right-hand side does not depend on
the choice of the extracted subsequence, we deduce that the limit C¥*! is uniquely
defined, hence the limit B¥t1! ;= Ck+1 = limz 400 ]—311i+1 actually exists. By induction,
this concludes the proof of the convergence result (3.13) in Theorem 3.2. u

3.8 Non-uniform cluster estimates

This section is devoted to the proof of Theorem 3.2 (ii). Taking inspiration from [12,
Section 5.A], we proceed by a direct analysis of Green’s representation formulas
for corrector differences. More precisely, we introduce operators {#7 .y }n,a that
describe the fluid velocity generated by localized force dipoles in the presence of a
finite number of rigid inclusions: these are viewed as Stokeslets for the problem with
rigid inclusions and lead to a useful decomposition of corrector differences, cf. (3.82)
below. The following lemma defines such operators and states their optimal decay
properties, which are shown to coincide with the decay for the explicit Stokeslet asso-
ciated with the problem in free space without rigid particles. This result is a particular
case of Lemma A.1, the proof of which is postponed to Appendix A.

Lemma 3.10 (Decay of Stokeslets with rigid inclusions). Let Assumptions (H,) and
(H;“if) hold, let H C N be finite and n ¢ H, and let ({, P) satisfy the following Stokes
problem in a neighborhood of 1, 1.,

—AL+ VP =0, in(Inp + pB)\ In.1,
div(¢) =0, in(In, +pB)\ In,L,
D(¢) =0, inly,,

faln!L G(§7 P)]) = 0,
Jor, , O = xn.1)-0((, P)v =0, VO € M,

Denote by §7. ¢ € leer(Q 1)? the solution of the following Stokes problem,

—AJP 5 s+ VA gt =81, , 0 Py, inQr\ If,

diV(ﬂZ;Hé') =0, in Or \ IH,
D(47.u%) =0, in TH,
Jor,, . 0 @8 Qg by =0, Vm € H,

falm,L O —xm,1)-0(d].5¢ QF . yOv =0, Vm e H, VO € M*¥,

Then, we have forall z € Qp,

([ pataol) s e ([ per)”
B(2) In.1+pB
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The above definition of operators {J Z; g Jn,H 1s motivated by the following obser-
vation: for all ', H C N with F finite and nonempty, equations (3.15) for corrector
differences entail, in these terms,

5 vl = 3 9T + Ex). (3.82)
neF\H

Iterating this identity allows us to write §F f’ as a combination of iterations of
&7.y’s, which are viewed as elementary single-particle contributions. With the above
result at hand, we may now conclude with the proof of Theorem 3.2 (ii).

Proof of Theorem 3.2 (i1). We focus on the bound (3.12) on the remainder Ri“,
while the corresponding bound on cluster coefficients follows along the same lines.
We split the proof into two steps.

Step 1. Estimation of corrector differences. For all finite F', H C N with F' nonempty,
and for all n € N, recalling the decomposition (3.82) for corrector differences, Lemma
3.10 yields

(/ ID(sF i”)!z)z
I, 1 +pB

_ —d F\{m}, HU{m} 2 3
SeH Z ((xn,L — Xm,L)L) (/Im,L+pB ID(8 Yy +Ex))’) .

meF\H

Iterating this bound, and recalling that the energy estimate (3.44) gives for all finite
G CN,

/ D) < 16.
oL

we deduce for all n, setting k := #{F > 1,

([ mrept s
n,LTP

+
<k Z ((xn,L_xnl,L)L)_d((xnl,L_xnz,L)L)_d"'((xnk_l,L_xnk,L)L)_d~
13 T nkGF
(3.83)

Step 2. Conclusion. The starting point is the estimate (3.10) in Theorem 3.1 for the
cluster remainder,

k
|E:R{VVE| S AR+ Ajk (3.84)
j=1
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in terms of

s=s[iy [ ZDWL)”

InL ﬁF

n¢F

Ajp =B L Z (/1 Z DG YL ‘ ) (3.85)

n,lI +pB

n¢F
We shall prove forall 1 < j <k,

DEF i + Ex))‘z)z}.
fF=j-1
n¢F

k

A} Sk Y diesr41(P)(log L) (3.86)
[=0
j—1

Ajie Sk Y Meri1(P)(log LY HF=I+L (3.87)
=0

Inserting this into (3.84), the conclusion (3.12) follows. We split the proof into two
further substeps, separately proving (3.86) and (3.87).

Substep 2.1. Proof of (3.86). Let k > 1. The deterministic bound (3.83) yields

> ( /1 IDET Y| + [DETy i )

#F=k
> DLl X La--o Xny L), (3.88)
Nyeesf
where we have set
k—1 4
Dr(yo.y1.---.y6) = [ [ {(vj = yi+1)L)
j=0

Inserting this in the definition (3.85) of A}, expanding the square, separating the
different intersection patterns, and reformulating in terms of multi-points densities,
cf. (1.15), we are led to

k
AZ <k ZL_d ‘/(QL)k'H-H Dp(x,x1,...,x)Dp (X, X1, ..o, Xk—1, Y1s--+» V1)
=0

X fe4t+1(X, X100 Xk Y1, Y dxdxy - -dxg dyy - dyy,
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hence, in terms of multi-point intensities, appealing to Lemma 1.1 (iii),

k

AS < A (J”)L‘d/ Dr(X, X1, ..., XK)

k ~k k+14+1 L s Al s Xk
,; (Qu)f !

X Dp(x, X1, Xp—1, Y1, -+, y1)dxdxy -+ -dxg dyy---dy;.

First evaluating integrals over xx—;+1,..., Xk, V1, - .-, V1, and noting that
—d
/ ((x—y)L) " dy <logL,
oL

we find

k

AR Sk ) Megr1(P)(log L) L4
1=0

D e Xk1)? s dXp—y.
< PP

Now evaluating the remaining integrals, noting that the square yields an integrable
decay, the claim (3.86) follows.

Substep 2.2. Proof of (3.87). Let k > j > 1. Inserting (3.88) into the definition (3.85)
of A; x, expanding the square, and separating the different intersection patterns, we
now find

-1
< —d .
A],k ~k IZL /(QL)k+l+1 DL(xsxl""ﬂxk)DL(-x7xl""’x]—l—l’yly"'syl)
=0

X frerr41(X, X1, .. X, Y1, oo Y dx dxy - dxg dyy -+ - dyy,

where for notational convenience we define Dy (x) := 1. This integral can be evalu-
ated exactly as in the proof of (3.86), and the claim (3.87) follows. ]






Chapter 4

Renormalization of cluster formulas

This chapter is devoted to the proof of infinite-volume cluster estimates with optimal
dependence on multi-point intensities {4, ()},. It amounts to improving on the non-
uniform cluster estimates (3.12) in Theorem 3.2, which captures the “short-range”
dependence on multi-point intensities but displays a logarithmic divergence in the
large-volume limit. This requires a better understanding of cluster formulas and of
the underlying compensations that make them well defined in the large-volume limit.

4.1 Main results

We explore two different routes for the renormalization of infinite-volume cluster
formulas, leading to two complementary results, cf. Theorems 4.1 and 4.3 below. We
also discuss the optimality of our cluster estimates, cf. Theorem 4.4.

4.1.1 Implicit renormalization

Our first route relies on a slight algebraic quantification of the convergence of periodic
approximations, cf. assumption (QPE) below: it implies a corresponding convergence
rate for periodized cluster formulas, cf. (4.2) below, which in turn allows to remove
the logarithmic divergence in the non-uniform cluster estimates of Theorem 3.2.
This result is particularly general given that the quantitative periodization assump-
tion (QPE) holds under a mere algebraic o-mixing condition for I, cf. Remark 4.2
below. The obtained cluster estimates (4.1) differ from the canonical short-range set-
ting of Lemma 1.2 by some logarithmic factors, which are expected to be optimal
in general in link with the long-range nature of hydrodynamic interactions, cf. Theo-
rem 4.4 below. The proof is displayed in Section 4.2.

Theorem 4.1 (Implicit renormalization of cluster formulas). On top of Assumptions
(Hy) and (H;‘)”if), let the following hold:

(QPE) Quantitative periodization assumption: There exist C,y > 0 such that we have
|B(Lp) —BP) | <CL7 forall L > 1 and p € [0, 1], where sz), BP) refer to
the random deletion procedure introduced in Section 3.7, cf. (3.76).

Then, we have the following estimates for the coefficients and the remainder of the
infinite-volume cluster expansion defined by (3.13) in Theorem 3.2: for all k, j > 1,

B/| < 2 (P)|log ()] ", (4.1)
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2k+1

I-1
IR Sk D M@ |log bk (P)]
I=k+1

In addition, the convergence result (3.13) for finite-volume approximations can be
quantified: forall L and k, j > 1,

B] —B/| <; L7277, |REHL - RRH < L7 4.2)
where y is the exponent in (QPE).

Remark 4.2 (Quantitative periodization assumption). The validity of (QPE) can be
shown to follow from a slight quantitative mixing condition for the inclusion pro-
cess I, such as the following:

(Mix)  Algebraic a-mixing condition: There exist C, B > 0 such that for all Borel
subsets U, V C R? and all events A C o(I|y) and B € o(I|y) we have

|P[A N B] - P[A]P[B]| < Cdist(U, V) 2. 4.3)

More precisely, this condition (Mix) implies (QPE) for some 0 < y <« B (depending
on ,d) and for all 0 < p < 1 (since random deletion preserves (4.3)). This follows
from by-now standard quantitative homogenization theory: we refer to Appendix B,
where we adapt the techniques developed by Armstrong, Kuusi, Mourrat, and Smart
in [3-5] to the present fluid context.

The above result provides optimal cluster estimates and its proof is extremely
short, cf. Section 4.2. Yet, it has three main disadvantages, which call for a more
detailed analysis.

— No explicit renormalization: While infinite-volume cluster formulas take the form
of diverging series, cf. Section 1.3.4, cluster coefficients are defined as limits
of finite-volume approximations, cf. (3.13). Using straightforward cancellations,
we showed that the first-order cluster coefficient B! can be represented by a
summable integral, cf. Proposition 2.2. A similar explicit renormalization was for-
mally performed for the second-order coefficient B> by Batchelor and Green [7],
based on more subtle cancellations. The implicit renormalization approach sheds
no light on such questions. We aim to recover the Batchelor—Green renormalized
formula for B2 rigorously, as also discussed in [26,27,29], and to investigate how
explicit renormalizations can be pursued to higher orders.

— Mixing assumption: In view of cluster formulas in Theorem 3.1, bounds on the
cluster coefficient B/ should only require assumptions on the j-point density.
Likewise, in view of (3.10), bounds on the remainder Rf“ should only require
assumptions on the 2k -point density. Instead, assumptions (QPE) and (Mix) bold-
ly involve the whole law of the inclusion process I, which we aim to refine.
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— Convergence rates: As the above approach builds on a convergence rate for peri-
odic approximations of the effective viscosity B, cf. (QPE), it does not exploit
the fact that cluster formulas only involve a finite number of particles at a time
and are thus significantly simpler than B itself. In particular, convergence rates for
periodic approximations of cluster coefficients are not expected to be worse than
for approximations of B (on the contrary!), while the above result (4.2) displays
an exponential degradation of the rates for higher-order coefficients.

4.1.2 Explicit renormalization

Our second route to renormalization of cluster formulas aims to remedy the above
three issues and we proceed by an explicit analysis of cancellations. As in Proposition
2.2, we assume for convenience that particles have independent shapes, cf. (Indep),
which makes cluster formulas somewhat simpler. While for B! and B? relatively
simple cancellations are enough to turn cluster formulas into summable integrals,
higher-order coefficients require a much deeper analysis: we are led to introducing
a diagrammatic decomposition of corrector differences that allows to capture rele-
vant cancellations. This fully resolves the higher-order renormalization question that
was still open in the physics community. We refer in particular to Section 4.4 for an
explicit display of renormalized formulas for B2 and B3, cf. Propositions 4.9 and 4.10:
we recover the Batchelor—Green formula for B2 and provide the first renormalized
formula for B3. Incidentally, these results only require assumptions on finite-order
multi-point densities (instead of mixing assumptions) and Dini-type decay (instead
of algebraic), which is beyond the reach of quantitative homogenization methods
(and thus of the implicit renormalization approach). Renormalized formulas allow
to recover the same cluster estimates (4.1) as obtained above via implicit renormal-
ization and to further prove essentially optimal convergence rates for finite-volume
approximations: the convergence rate (4.4) for B/ below only degrades logarithmi-
cally when increasing j (as opposed to the exponential degradation in (4.2)), and it
is always better (as it should) than the rate for approximations of the effective viscos-
ity B itself (cf. y & B in Remark 4.2). The proof is displayed in Section 4.4.

Theorem 4.3 (Explicit renormalization of cluster formulas). On top of Assumptions
(H,) and (H;‘)““.), let the independence assumption (Indep) hold for particle shapes,
as well as the following, for some rate function v € Cp° (RT):

(Mix,) «-Mixing condition with rate w: For all Borel subsets U,V C R4 and all
events A C 0 (I|y) and B € o (I|y), we have

|P[4 N B] — P[A]P[B]| < w(dist(U, V)).

Then, the following hold.
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(i) Forall j = 2, provided w satisfies the Dini-type condition
o0 .
/ t~Ylogt)! 2w(t) dt < oo,
1

the infinite-volume cluster coefficient B/ can be described by means of
summable integrals as detailed in Section 4.4.

(i)  In case of an algebraic mixing rate w(t) < Ct=* for some C, p > 0, renor-
malized formulas lead to the same cluster estimates (4.1) for all k, j > 1.
In addition, the following holds for finite-volume approximations: for all L
and j > 1,

(log L)/ ™!

Tan (4.4)

B —B/| <;
In addition, (Mix,) can be replaced by a corresponding assumption on the j-point
density for results on B/, and on the (2k + 1)-point density for results on Rk+1,

4.1.3 Optimality of cluster estimates

The following result states that logarithmic factors in cluster estimates (4.1) are opti-
mal in general. These factors contrast with the prototypical short-range setting of
Lemma 1.2: they are related to the long-range nature of hydrodynamic interactions
and appear due to the lack of L°°-boundedness of Calderén—Zygmund operators. We
focus on the second-order coefficient B2 for illustration, but, starting from renormal-
ized formulas, the argument could be extended to higher orders as well. The proof is
displayed in Section 4.5.

Theorem 4.4. About the optimality of estimates on Bo, the following statements hold.
(i) Isotropic setting: On top of Assumptions (H,), (H3""), and (Indep), assume that
the 2-point correlation function hy(x,y) := f2(x,y) — AM(P)? satisfies the following

decay assumption,
I il =a(x-y), @3)
B(x)xB(y)

with some rate  satisfying the Dini condition || loo t7w(t) dt < oco. If in addition the
point process P is statistically isotropic, which entails that the correlation function
is radial, then the following improved estimate holds,

IB2| < A2(P).

(ii) Optimality in the general setting: There exists an inclusion process I that sat-
isfies Assumptions (H,), (HZ““'), (Indep), and (4.5), as well as the local independence
condition 25(P) >~ M(P)* K A(P), such that we have

|B?| = A2(P)[log A2(P)].
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4.2 Implicit renormalization of cluster formulas

This section is devoted to the short proof of Theorem 4.1, which we split into two
steps. We start with the quantitative convergence result (4.2) for finite-volume approx-
imations of cluster coefficients, which we obtain by quantifying the argument for
the corresponding qualitative result (3.13) in Section 3.7. The claimed cluster esti-
mates (4.1) then follow by optimization.

Step 1. Suboptimal convergence result: proof of (4.2). Starting from the cluster ex-
pansion (3.5) in Theorem 3.1, the triangle inequality yields for all £ > 0,

k
|REFY — REFY < B, —B|+ ) [B] —B/|,
j=1
so that the convergence rate for the remainder in (4.2) follows from Assumption
(QPE) together with the convergence rate for cluster coefficients. It remains to prove
the latter, that is, for all j > 1,
B —B/| 5, L7277, (4.6)

For that purpose, we quantify the induction argument in the proof of the correspond-
ing qualitative convergence result (3.13) in Section 3.7. Let kK > 0 and assume that
(4.6) holds for all 1 < j < k. Taking the same notation as in Section 3.7 for the
random deletion procedure, we recall the cluster expansion (3.80), for all L, p,

k+1 pj
r(P) nJ
- (w5 2)
]=

Hence, comparing to the corresponding estimate in the large-volume limit, we find

< (Cp)k+2.

k+1

R _p p’ ni_Rpi k+2
’(BL” —B) =) S BB = (Cp)FT
=1
Isolating the difference Eﬁ“ —BF*! and using Assumption (QPE) and the induction

hypothesis to estimate other contributions, we deduce

pk+1 _ pk+1 (k +1)! k+2 (@) _ R : pj R/ _RJ
IBX*1 —B lEW (Cp)* ™2 + B —B |+ZF|BL—B|

j=1
k . .
Sep+ ) p L
j=0

The choice p = L™2"“"'7 then yields IBET —BFHL| <, L=27*7'7_ and the claim
(4.6) follows by induction for all j > 1.
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Step 2. Uniform cluster estimates: proof of (4.1). Combining the non-uniform esti-
mates (3.12) of Theorem 3.2 with the suboptimal convergence result (4.2), we find
forallk > j > 1,

B/| <5 L7277 +4;(P)(log LY,
k
k+1| <. 7 —27ky 2 P l
IR 55 L + > A1 (P)(log L)
=k

and the conclusion (4.1) follows from the choice L2777 = A, () or L2V =
Ak+1(P), respectively. ]

4.3 Preliminary to explicit renormalization

Before turning to the explicit renormalization of cluster formulas and to the proof
of Theorem 4.3, we start with some preliminary definitions and technical tools: we
define multi-point correlation functions, which provide a convenient framework to
weaken the o-mixing condition, we revisit the decomposition (3.82) for corrector
differences in terms of elementary single-particle contributions, and we state several
crucial estimates on the latter.

4.3.1 Multi-point correlation functions

Multi-point correlation functions {/;}; of the point process & can be defined induc-
tively from the multi-point densities { f; },, cf. (1.15), via the following relations:' for
all j > 1,

fiGsnx) =Y [ heuem), (4.7)
n Henm
where 7 runs over all partitions of the index set {1, ..., j}, where H runs over all
cells of the partition s, and where for H = {iy,...,i;} we set
XH = (Xip, ..., Xq).

For the first values of k, these relations read

f1(z) = h1(z) = A(P),
f2(y.2) = MP)? + ha(y.2).
f3(x,9,2) = MP)? + AM(P) (h2(x,y) + ha (. 2) + ha(z, x)) + hs(x,y,z),

Incidentally, these relations are known as Mayer’s cluster expansions—although unrelated
to the kind of cluster expansions otherwise studied in this work.
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from which Ay, Ky, h3 are easily extracted. More generally, note that the inductive
definition (4.7) can be explicitly inverted: for all j > 1, we find

hj(xp....xp) =Y (= DV D [T few Gem), (4.8)
/4 Hem
where 7 runs over all partitions of the index set {1,..., j} and where §x stands for

the number of cells H € w. The j-point correlation function /; is thus a symmetric
function on the product (R?)/ and is a polynomial combination of multi-point densi-
ties ( f;)i<;. The definition of multi-point intensities (1.16) then entails the following
bounds on correlations, for all j > 1,

sup hj| <5 A5 (P). 4.9)

215z ][QZ(ZI)X“'XQZ(Zj)
where we recall the notation (1.17). It is easily checked that the «-mixing assump-
tion (Mix,,) implies the decay of correlation functions in the following quantitative
sense. Since we could not find any precise reference in the literature, we include a
short proof below for completeness.

Lemma 4.5. Assume that the point process P satisfies the o.-mixing condition (Mix,,)
with a non-increasing rate function w € C;° (R™). Then, correlation functions satisfy
forall j >2and xy,...,x; € RY,

; 1
/ |h,-|gcfj!minw((—,|x,-—x,|—2) ) (4.10)
B(x1)x-+xB(x;) i#l ] +

In this view, it is natural to consider a “truncated” version of the «-mixing con-
dition (Mix,) in form of the decay of a finite number of correlation functions only.
This is the natural setting for cluster estimates.

Mix?)  Mixing assumption with rate w to order n: Multi-point correlation func-
tions satisfy forall 2 < j <nand xy,...,x; € RY,

/ |h;| < minw(|x; —x;]).
B(x1)x-xB(x;) i#l

Proof of Lemma 4.5. We argue by induction: given j > 2, we assume that the claimed
decay estimate (4.10) is already known to hold for 45, ..., h;_, and we prove that
it also holds for 4. Let x1,...,x; € RY be fixed. The conclusion (4.10) is trivial
when max; %lxi — x| < 2, and we may thus assume max;; %|x,~ —x;| >2.Up
to relabeling the points, we may further assume that there is 1 < j, < j such that

|x1 — x| = max |x; — x;],
i#l

! @11
|xi — x| > 7|x1—xj| >2 foralll <i < j,<[<j.
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(The latter condition is obtained by dividing the space between x; and x; into j
stripes of width %|x1 — Xx;|, by selecting the one that contains none of the points
{xi }1<i<;, and by distinguishing the points on either side of this stripe.) Let

¢ € C((RY)7*) and ¢ € C((RY)/ /%)

be supported in B(x1) x --- x B(x;,) and in B(xj,+1) X --- X B(x;), respectively,
with [|@([ co(ra)ixy = 19 l[Loo(ra)i—ixy = 1. Appealing to a standard covariance
inequality, see e.g. [11, Lemma 1.2.3], the -mixing condition (Mix,, ) then yields

# #
COV|: Z SXnysee s Xny,)s Z ¢/(xnj*+l,...,xnj):H

..... Ny Nyt 155l
/ 1
<4w(dlst<UB(x, U B(x;) )) §4w(—.|x1—xj|—2). 4.12)
i=1 i=jx+1 J

Now we expand the covariance in terms of multi-point densities: by (4.11) and the
support condition for ¢, ¢’, we find that the product

dCnysees X, IO Ky v Xny)

vanishes whenever n; = n; forsome 1 <i < j, <[ < j, hence

# #
v|: Z ¢ XnyseenXn,,) Z ¢’(x,,j*+1,...,xnj):|

R,y Rjgt15--505

— [ @6® - S e f @13
R4/
Recalling the relation (4.7) for density functions in terms of correlations, we get

(f _f}* ® f}—j*)(zlw-- Z')

= Z]laﬂen HOL j @A HOGu A1) | | Per (Za).
Hem

Combining this with (4.12) and (4.13), and isolating the contribution of the j-point
correlation /1 (obtained for fiwr = 1), we are led to

‘/ (¢ ®¢)h;
(R4)J
< Y l3Hem B j A BEHO s+ 1) H/ |hym|
mfr>1 Hen

1
+4w(—.|x1 x| —2),
J
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where for H = {iy,...,i;} weset B(xg) := B(x;;) x -+ X B(x;,). In view of (4.11),
the induction hypothesis for {/;};<; entails

‘/ (P @@ )h,

Rd)J
SRS R Ny (G
< ) . C""is!w(—_lxl—le—Z) )
(=2i1++ip=] S RN s=1 J

1
+4a)(—,|x1 — x| —2),
J

from which we easily infer | f(Rd)j (¢ ® ¢')h;| < C7j! w(%|x1 —xj| —2). By the
arbitrariness of ¢, ¢’ and of x, ... , Xj, the conclusion (4.10) follows for /;. [

4.3.2 Estimates on single-particle contributions

For notational simplicity, we henceforth assume that particles are spherical with unit
radius, I, = B(x,); the adaptation to the general case (Indep) with independent par-
ticle shapes is straightforward. As we shall see, the explicit renormalization of B/ is
particularly intricate for j > 3 since cancellations are not as apparent as they are for
the first two orders: it will require us to decompose corrector differences into elemen-
tary single-particle contributions in the spirit of (3.82). We start by slightly changing
the point of view for correctors, focussing on particle positions rather than on particle
indices in the notation: given a set Y C Q. of “background” positions such that

dist (B(y), B(y")) >2p. dist(B(y),001)>p, forally,y'eY, y#y', (4.14)

we denote by ¥ Z € leer( Q1)? the solution of the following periodic corrector prob-

lem, using the shorthand notation a{ = 0(1//{ + Ex, ZZ),

—Ay[ +VE] =0, in 01\ Uyey BOY).
div(yz) =0, in 0\ Uyey B0,
Dy + Ex) =0, inUyey BOY)

Josey) ofv =0, Vy ey,

Joy @Cx =) - ofv=0, VOeM¥*¥ VvyeyV.

Next, similarly to (1.10), for any z € Q1 and any finite subset Z C Qp, provided that
the union set {z} U Z U Y satisfies (4.14), we can define corrector differences

Y
§E Y =y gl sZy = Y () AWy Y
wcz
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Compared with the notation that we use elsewhere in this memoir, this means for all
index sets F, H C N,

I/ff = ixn,L}neH, Sle{-I = S{XH’L}HGFWL{,xn’L}nEH'
ForY ={y1,....ym}and Z = {z1, ..., z,}, we shall also write for convenience
WZI,...,ym = wl)l” 821,...,2;1W{1,...,)’m = SZwZ (415)

Recall that Lemma 3.4 states that the corrector difference §% wZ satisfies

—A8ZYY +VSZEY == Saps?\Fo Yy in 0\ | B(). @4.16)
zeZ yey

together with the rigidity constraint D(§% Z ) =0in J,cy B(y) and with associ-
ated boundary conditions. In view of this equation, as in (3.82), we can decompose
corrector differences into elementary single-particle contributions that we express in
terms of operators {7 .}y defined as follows: given a “tagged” position z € Oy,
given a pair (¢, P) € H! (Bl+p(z))d x L2(B14,(2) \ B(2)) satisfying the following
Stokes equations in a neighborhood of B(z),

—Al+ VP =0, in Bi4p(2) \ B(2),
div(¢) =0, in Bi1p(2) \ B(2),
D(¢) =0, in B(z), 4.17)

fBB(z)a(§7 Py =0,
faB(z) Ox—z)-0(,P)rv=0, VO e Mskew

and given a finite subset Y C Qp of “background” positions such that {z} U Y sat-
isfies (4.14), we denote by 7., ¢ € leer(Q )¢ the solution of the following Stokes
problem,

—AFL .yt +VQ] .y = —8yo (&, P)v, in QL \U,ey BOY),

div(#Z .y ) = 0, in 02\ Uyey BO).
D(é”z’yé‘) = O’ in Uer B(y)v
faB(y) U(#i;yé" (Qi;y;)‘) =0, Vy ey,

Josey) ©(x =) - 0(9f 40, QF .y OV =0, VO € M*™, Vy €Y.

These operators {J7.y }-,y describe the fluid velocity generated by localized force
dipoles in the preseﬂce of a finite number of rigid inclusions and are thus viewed
as Stokeslets for the problem with rigid inclusions. In view of our upcoming analy-
sis (see in particular cancellation properties in Lemma 4.6 below), we further need
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to extend the definition of 7., when the support B(z) of the force dipole inter-
sects rigid inclusions Uer B(y) or the cell boundary dQj, which was excluded
above by assuming that {z} U Y satisfies (4.14). A convenient way to proceed is
as follows: given z € QO and Y C @ with only Y satisfying (4.14), we define
$r.yl € leer(Q )% as the solution of the following Stokes problem,

_Ag[ZJ,Yé' + VC{ZIZJ,Yé' = _SaBL(Z)O-(C’ P)”’ in QL \ UyEY B(y)v

div(g7.y¢) =0, in 01\ U, ey BOY).
D(Ly¢) =0, in Uyey\y, B,

Japoy 0 (FLy S QLyOv =0, VyeY\7Y,,

Jop) @ =) -0(d5.48.QF 4y OV =0, VO eM*™, VyeY\V,,
Fryl = Ve +0:(x=2). inUyer. BO),

for some V, € R%, 0, e Mskev,
Y ver. Japo) 031y 8 QF ¥V
=Y yev. JppynasLz) . Pv,
> yev. faB(y) O(x —2)-0(Jf.y8 QL ¥V
=Y yev. Jppynaprz) @ —2) -0 (L, P)v, VO € M,

(4.18)
where BL(z) := (B(z) + LZ%) N Q1 stands for the periodization of the ball B(z)
in Qr, where we have set Y, := {y € Y : B(y) N BL(z) # @}, and where we have
implicitly extended (¢, P) periodically to Bi1,(z) + LZ%. We emphasize that these
equations are equivalent to the previous simpler ones when {z} U Y satisfies (4.14)
(hence Y; = &). The solution 7., ¢ is only defined up to a rigid motion in Qp,
which we fix by further choosing

/ Fiy =0, / VdiyteMy™
oL oL

Note that §7 ., depends of course on the pair (¢, P), not only on ¢, but we leave the
pressure field implicit in the notation for convenience. We further define

gié‘ = gi;@év
for which the defining Stokes problem (4.18) reduces to
—AJI L+ V[ = —8ypr (o, P)v, div(§f¢) =0, inQp. (4.19)

and we define ¢3¢, §°¢ as the corresponding operators on whole space, that is,
with BL(z) and Qy replaced by B(z) and R¥, respectively, in (4.18) and (4.19).
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In these terms, as in (3.82), given Y, Z C Qp, provided that ¥ U Z satisfies (4.14),
equation (4.16) for corrector differences allows us to decompose

82y =" 454822 Y 4 Ex). (4.20)
zeZ

The above definition (4.18) of g7 ., with the particular choice of the extension to
all z € Qyp, is dictated by the follo’wing key observation. This constitutes the precise
cancellation property that we shall repeatedly use for the explicit renormalization of
cluster formulas.

Lemma 4.6 (Cancellation property). Forany Y C Qp satisfying (4.14), and for any
Junction ¢ satisfying (4.17) around z = 0, we have for {* := {(- — z),

/ (#.yE)dz =0
or

Proof. Integrating equations (4.18) for §7 ., ¢* over z, noting that

/QL ( Z /B(y)naBL(Z)o(gZ’ PZ)v) dz = {Y|B]| /830(; P)v =0,

yeY:
and similarly noting that

/ (8982 \Uyey B3O (E7. PP)v) dz

/QL /BL(z)O(EZ v dz _/L ( Z

yeY;

=|o:\ U B(y)(/ o(. Py =0,

yeyY

/ o(;Z,PZ)v) dz
B(y)NdBL(z)

the conclusion easily follows from the uniqueness of the solution to the Stokes prob-
lem (4.18). ]

Next, we establish optimal decay estimates for these operators {7 .y }-,y, which
are shown to coincide with the decay for the explicit Stokeslets {5({}2 associated
with the problem in free space without rigid inclusions. This result corresponds to
Lemma 3.10 and the proof is postponed to Appendix A in form of Lemma A.1.

Lemma 4.7 (Decay of Stokeslets with rigid inclusions). Let z € Qp, let (¢, P) sat-
isfy (4.17) at z, and let Y C Qp satisfy (4.14). Then, we have for all x € Qp,

z 2 % _ —d 2 %
([, Pitl) st ([ poP)
_ .y A%
( / |D(gzyz>;) <y fr—2) ( / 1+p(2)|D(§)|)
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Finally, since we aim at finite-volume approximation error estimates, we need to
quantify the difference §;.,, — 5 between periodized and whole-space Stokeslets.
The proof is postponed to Appendix A in form of Lemma A.3. We emphasize that the
stated bounds are not optimal, but will be good enough for our purposes.

Lemma 4.8 (Periodization error). Let z € Qp, let (¢, P) satisfy (4.17) at z, and
let Y C Qp such that {z} U Y satisfies (4.14). Then, we have for all x € Qp,

([, _Ip@se-g00)
B, ,(x)

1+o*

ol )
1+p(Z
X (Lo £ = 2)) ™ 1y dist (Y \ {x,21,000) ™),

where we set for notational convenience dist(@, 0Q1) := L, and where we denote
by BE(z) = (Br(z) + LZ%) N Qy the periodization of the ball B,(z) in Qr. In
addition,

([, 10t =v"P) sar (s, 000) + fais(y (1. 201))

1+0(

4.4 Explicit renormalization of cluster formulas

This section is devoted to the proof of Theorem 4.3. We first describe the explicit
renormalization of the second and third cluster coefficients B2 and B3, cf. Proposi-
tions 4.9 and 4.10 below, before turning to the general case, cf. Proposition 4.11.
For notational simplicity, we assume that particles are spherical with unit radius,
I, = B(x,), but we emphasize that the general case follows along the same lines
under the independence assumption (Indep). More precisely, it suffices to replace
each occurrence of spherical particles below by iid random shapes and to further take
the expectation with respect to the latter; we omit the detail.

4.4.1 Explicit renormalization of B2: Batchelor-Green formula

We start with the analysis of B2 and rigorously establish the so-called Batchelor—
Green formula [7].

Proposition 4.9 (Batchelor—Green renormalization of B2). Let (H,) and (H"(‘)“if) hold,
and assume for simplicity that particles are spherical with unit radius, I, = B(x,).
Let also the mixing assumption (Mix’})) hold to order n = 2 with some non-increasing
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rate w € C£°(R™) satisfying the Dini condition [~ 1 w(r)dt < oo, as well as the
doubling condition w(2t) ~ w(t) for all t > 0. Then, the infinite-volume second-order
cluster coefficient B? defined in (3.13) can be expressed as follows,

E :B’E = /]Rd (/BB s -O'Ov)hz(o,z)dZ +/Rd (/33 Vad -SZoov)fz(O,z)dz,

(4.21)
where both integrals are absolutely converging and where we use the notation (4.15).
In addition, the following estimates hold:
(i) Uniform cluster estimate:

B2] < A2(P) + /1 " L) A s dr,
hence, in case of an algebraic weight w(t) < Ct=P for some C, 8 > 0,
IBZ| < A2(P)|log A(P)].
(i1) Periodization error estimate:
|I_3i —-B?| < (a)(L) + l) log L + /00 L w(t)dt.
L 1 t+ L

(iii) Uniform remainder estimate: If (Mix!) further holds with n = 3, then

o0 OOI
|R§|5A2(ﬁ>)+/l %(w(t)/\)uz(ﬂ’))dl—k/l %t( (1) A A3(P)) dt.,

hence, in case of an algebraic weight w(t) < Ct™P for some C,p > 0,
IR2| < 22(P)[log A(P)| + A3(P)|log A(2)[*.

Proof. We split the proof into four steps. Given E € My with | E| = 1, for notational
convenience, we write Bi, B2, and R% for E : B%E, E :B2E,and E : RiE.

Step 1. Reformulation of B2 :

B? = L™ // (/ Vi -OLyU) ha(y,z)dydz
QL,pXQL.p dB(y)
ey ( vE -5Zozv) f(y.2)dydz
OL.oXCL.p dB(y)

—A(J’)zL_d// (/ wg-aLyv) dydz, (4.22)
OL.px(QL\QL p) 9B(y)

where we recall the shorthand notation Qr,, = Or_2(v(14p))» cf. (3.1).
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By definition, cf. (3.8), the finite-volume approximation 1_3% is given by
i e ppet]
men 0B(xp, 1)

Decomposin
P s {m,;n} _ _{n} §im} {n}
oy =0, + o;’,

this turns into

oy s [ o]
£ Z aB(xn,L) L L

m#n
+ L7 Z ]E|:/ wim} . S{m}cré"}v]
st 0B(xn.1)

In terms of multi-point densities, cf. (1.15), recalling the choice of the finite-volume
approximation with £y = {x, : x, € QL ,}, cf. (3.1), and using the notation (4.15),
we can rewrite

B? = L™ // (/ Vi -UZv)fz(y,z) dydz
01.0%QL.p \JIB()

+ L7 //Q . ( . )\/le, -SZoLyv)fz(y,z) dydz, (4.23)
L.pX<L.p y

and it remains to further analyze the first right-hand side term. For that purpose, we
note that 7 = ¢ (- —z) and 0] = op (- — y), so that

| wicotv=[ witey-2-ap
dB(y) 0B

Integrating over z, using the periodicity of wg, and recalling that

/ O'LOV =0,

0B

/ (/ Vi -oZv)dz =0. (4.24)
01 \J3B()

fo(y,2) = MP)* + ha(y. 2)

in terms of the 2-point correlation function /,, and then using this cancellation prop-
erty (4.24) to reformulate the first right-hand side term in (4.23), the claim (4.22)
follows.

we deduce

Decomposing
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Step 2. Uniform estimate: proof of (i). Using the boundary conditions and the incom-
pressibility constraints to smuggle in arbitrary constants in the different factors, as in
the proof of (3.30), and appealing to the trace estimates of Lemma 2.5, we find

[0 2|2 ' Y112 2
‘/83@) VioLv| = (/B(y) |D(¢L)‘) (/Bl+p(J/) |D(¢L)|) ’

z gz Y 22% z yz%
Vi 80l s(/w |D(wL>|) (/BIW) DG wL)|) .

9B(y)

Hence, applying the decay estimates of Lemma 4.7 to ¢/ = 47 (¥; + Ex) and
to 8°yy = gi.,(¥7” + Ex), combined with the energy estimate (3.44), we get

/ Yol
dB(y)

‘ / yi 8o v
9B(»)

Formula (4.22) for I_S% can then be estimated as follows,

<(—2r)

k]

g (4.25)
).

(-2

B2 <L //Q ) (v — ) ha(y. 2)| dydz
Ny //Q (=20 2 v

+ A(P)?L™ // (v - z)L)_d dyd:z.
01 x(QL\OL.p)

In terms of the two-point intensity, recalling that A5 () = A,(#) by Lemma 1.1 (ii)
in view of (Mix]) ), we can estimate the 2-point correlation function as follows: appeal-
ing both to (4.9) and to the decay assumption (Mix))), and arguing as in Lemma
1.1 (iii), we find

I (=20 .| ave:
0r.x0r
s (- el -2 Aa@) dydz. @26
0r.x0r
The above then becomes

B2 < L //Q ) (v = L) (@(ly — 2I) A A2(P)) dyd=

+ kz(ﬂ’)(L‘d //Q . (v —2)L) > dyd:z

+ L7 // (- Z)L)_d dydz).
Q1 x(Q1L\QL.p)
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As w is non-increasing and as |(y — z)r| < |y — z|, the first right-hand side term is
bounded by

L= //QLXQL (& —Z)L)_d(a)(|y —2|) A Ao (P)) dyd:z
=L //QLxQL (v = 2)) (0| (v = 2)i]) A X2(P)) dydz
5/ ()7 (@(I21) A A2(P)) dz
or

S /loo zl(w(t) A da(P)) dt,

and the conclusion (i) follows after similarly estimating the other terms.

Step 3. Convergence result: proof of (ii). Comparing identities (4.21) and (4.22), we
have

IBZ —B?| < A} + A2 + 43, 4.27)

where we have set for abbreviation

Ap = ‘L‘d // (/ Vi -O'IJjV) ha(y,z)dydz
OL.0X0L.p 0B(y)
—/ (/ wz-aov)hz(o,z) dz|,
R4 \ JoB
A? = ‘L_d // (/ Vi -820Lyv) fo(v,z)dydz
QL,,UXQL,,O 0B(y)
—/ (/ /ad -SZaov)fz(O,Z) dz|,
R4 \ JoB
A3 = /\(:P)ZL—d// / vi-opv|dyd:z.
01.0x(Q1\CL.p) | JOB(y)

We estimate these three contributions separately and we start with Ai. Noting that
stationarity yields h>(y, z) = h2(0, z — y), and using that ¥* = ¥#~Y(- — y) and
0¥ = 0%+ —y), we can write

L_d// ( L/ -oyv)hz(y,z) dydz
Or.0%XC@L.p 9B(y)

=L //Q 0 (/33 Yy -oov)hz(O,z —y)dydz
L,px L.p

- [ L—d\QL,pm(QL,p+z)|( / W-o%)hz(o,z)dz,
R4 0B
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and thus, setting for abbreviation yz’p(z) =LY OrLp,N(QL,p + z)|, we get by the

triangle inequality,
abx [ =, @) [ v ot
R4 ’ aB
| wi=vropy
0B(y)

S U7t

X |ha(y,z)| dydz. (4.28)

112(0, 2)| dz

Appealing to the trace estimates of Lemma 3.5, decomposing

V=V =JLWL + Ex) - §° (Y7 + Ex)
=F WL —v) + L —F)HWL + Ex).

using the decay estimates of Lemma 4.7, the periodization error estimates of Lemma
4.8, and the energy estimate (3.44), we find

/ Wi —y7) ol
dB(y)

zZ _ ..z 2 % y 2 %
<(f, i) (], o+ 2o

: (/ D& Wi = v + D(@F ~ #)vi + Ex))|2)
B(y)

< (v —z>—d(/B _ Ipwi —W)!z)z
1402

+ (]lly_zl>11((y — z)L)“’ + ]1|y—z|s{;L_d)(/QL ID(wi + Ex)|2)2

—d —d
Sy g =22) " 1y L7

/ Yo%
9B

‘/ V(@) — ¥y
0B(y)

Inserting these estimates into (4.28), we get

1
2

and similarly,

SL ™y -z

Al < /Rd (1= yZ.,(2))(z)"|h2(0,2)| dz

+ L_d //; 0 (]l\y—z|>%((y - Z)L)_d + ]l|y—z\§%L_d)|h2(y7Z)| dydz
LXYL
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Using the decay assumption (Mix’)) for 45, noting that

- |
L=y () =1-L700, N (Qrp+2)| S T AL (429)

and using that |, 0, (y)~@dy < log L, we conclude after straightforward simplifica-
tions,

A} < /Rd (li—| A 1)(2)_dw(|z|) dz +w(L)logL + L™ / w(|z]) dz

(9533

o0
1
<w(L)logL — . 4.
< w(L)log +/0 t+Lw(z)dt (4.30)

We turn to the estimation of the second term A% in (4.27). By stationarity, as above,

we find
AL 5 / (1-v,() / Y7 870%| £2(0,2) dz
R4 ’ 9B

7 [ (o =950

X fa(y,z)dydz.
Recalling ¥ — v * = ¢2 (Y —¥?) + (§f — #°)(¥[ + Ex), further decomposing

5y — 8y = 95, (W17 + Ex) — d5 (% + Ex)
= JEWLT =Y + (91, — $DW]T + Ex),

+

Y- (8%0; — 8707
0B(y)

and using the trace estimates of Lemma 3.5, the decay estimates of Lemma 4.7, the
periodization error estimates of Lemma 4.8, and the energy estimate (3.44), we find

| v sat| 5 a7

3B

‘ / Wi —v?) - -Fopv| <y — Z)L)_d (do(y) + dL(Z))_d
0B(y)

¥ (8207 =870 | < (y—2) 2 (dL () +dL(2) "+ L7y — 2)) 7.

‘ 9B(y)

where we have set for abbreviation dy (z) := (dist(z, Q1 )). Inserting these estimates
into the above, we get

A= /]Rd (1=yZ,,)(2) 7 £2(0,2) dz
_d . _d _d
+ L //QLXQL((y D) 4dr () f (v, z) dydz.
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In terms of the two-point intensity, appealing to Lemma 1.1 (iii), recalling (4.29), and
using that [, (y)~4dy < log L and Jo, dr(y)~%dy < L4, we deduce

2 < Aa(P) /Rd ('i-' A 1)(2)_2ddz

4 a(P)L //Q (=2 vz

log L
7

< A2(P) (4.31)

It remains to estimate the last term Az in (4.27). Using again the trace estimates of
Lemma 3.5, the decay estimates of Lemma 4.7, and the energy estimate (3.44), we
find

Sy - Z)L)_d,

yi-opv

0B(y)
and thus

A3 S MP)? L // (v - Z)L)_d dydz
0r.0x(QL\CL,p)
S appEl.

Combining this with (4.27), (4.30), and (4.31), the conclusion (ii) follows.

Step 4. Uniform remainder estimate: proof of (iii). The starting point is the refined
estimate (3.26) on remainders, which reads in this case

|RL|<E[ dZ/
m:m#n

el (2

where we recall that 1%"2 is defined by (3.27). Expanding the square and separating
the different intersection patterns, this can be rewritten as follows, in terms of multi-
point densities,

w0 ([ PDE) At

/ (/ D(WZ) : D(Wz))fs(x, y,z)dxdyd:z
(Qr.p)3 \J/B(x)

(/ D(y}) : D(&f,L))fz(X»J’) dxdy|,
(©1.,)* \/Bw)

> pwi™)| ]

B(xy, L)

pwi™) : D] |

m:m#n
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. . ~ ot T it .
where we use the obvious notation for Wff, 7, such that Vel L =Y 1- Replacing f>,
f3 by their expansions (4.7) in terms of correlation functions, and noting that several
contributions can be turned into boundary terms using identity |, 0, D(l//z )dy =0,
we obtain

2 —d yy|2 dxd
wse [ ([ PeDE) aedxa
Il ( | bwp: D(wz))(x(f)hz(y,z)m(x,y,z)) dxdyd:

(QrL.p)3 B(x)

/I ( / D(vfz):D(&;‘,m)hz(x,y)dxdy‘
(QL.p)? B(x)
o\ —d Yy . z
L A@)L / /( b oo ( /B D) Do/fL))hz(x, y) dxdyd:
/// (/ D(w{):D(wz))dxdydz

01 px(QL\0OL p)? B(x)

Jl ( / D(wz):DoZ;,L)) dxdy‘.
0L.ox(Q1\OL.p) B(x)

Using (3.28) to estimate 1}; ,, in terms of Y7,

+ L7

+ L7

+ AP L™

+ A(P)* L™

~ 2 2
[ p@ols [ pwp+ef s
B(x) Bi4p(x)
and appealing to the decay estimates of Lemma 4.7, we deduce
— —2d
R [ () ey dxay
(QL,,O)2
- —d —d
e Il = - o)
(QL.p)3
X (MP)|h2(y. 2)| + |h3(x. y.2)|) dxdyd:

—d _ —d

oy —d . —d . —d
AL ///(QL.D)zx(QL\QL,p) ((X J’)L) ((X Z)L)
X |ha(x,y)| dxdydz

o\37 —d . —d _ —d
+ A(P)°L ///QL,,,x(QL\QL,,,V ((x y)L) ((x Z)L) dxdyd:z

+ A(P)2L~H // ((x - y)L)_d dxdy.
01.0x(Q1\CL.p)
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In terms of multi-point intensities, appealing to Lemma 1.1 (ii)—(iii), and using (4.9)
and the decay assumption (Mix]) to estimate correlation functions as in (4.26), the
conclusion (iii) follows after straightforward computations. ]

4.4.2 Explicit renormalization of B3

The explicit renormalization of B above is solely based on the simple and neat can-
cellation property (4.24). Higher-order cluster formulas require more subtle cancel-
lations, which can only be captured after suitably decomposing corrector differences
in terms of elementary single-particle contributions as in (4.20). Before turning to
the general case and proving Theorem 4.3, we start with a detailed account of the
third-order cluster coefficient B3, which contains all the necessary new ingredients.

Proposition 4.10 (Renormalization of B3). Let (H,) and (HU") hold, and assume for
simplicity that particles are spherical with unit radius, I,, = B(x,). Let also the mix-
ing assumption (Mix!!) hold to order n = 3 with some non-increasing rate function

w € C°(R™) satisfying the Dini-type condition [° 10Tgta)(t) dt < oo, as well as the

doubling condition w(2t) ~ w(t) for all t > 0. Then, the infinite-volume third-order
cluster coefficient B3 defined in (3.13) can be expressed as follows,

E :BE

— 3//]Rded (/ (#7¢:(W* + Ex)) -0 )(A(JP)hz(o,z) +h3(0,y,2)) dydz

YgzZ8y.,2y . ~0 . >
w3l ([ 5590 %) (h0.00 - 2@ 0. 2) dv
(#2742 (¥* + Ex)) -5ya%)

/jl;’&]Rd
x (f30,,2) = A(P) £2(0,y)) dydz

(1,
//Rdx]Rd (/ (§787y7%)- 870" v)f3(0 y,z)dydz
//Rded (/ (§74:879*%) - 80 v)f3(0 y,z)dyd:z

—// (/ 8§72 -Sy’zoov)fg(o,y,z) dydz, (4.32)
2 JJraxrda \ JoB

where all the integrals are absolutely convergent and where we use the notation
(4.15). In addition, the following estimates hold:

(i)  Uniform cluster estimate:

Bl @)+ [ w0 Ara@)ar



(i)

(iii)
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hence, in case of an algebraic weight w(t) < Ct=P for some C, B >0,
[B}| < Aa(2)[log ().
Periodization error estimate:

— = log L *® logt
B} - B3 < == L)(log L)? /
B, |"L+”()(°g)+1z+

w(t)dt.
Uniform remainder estimate: If (Mix[)) further holds withn = 5, then

5 o -2
B2 2@+ Y [ QDT ity n s ()
j=3

hence, in case of an algebraic weight w(t) < Ct™P for some C, 8 > 0,

IR}| £ 23(P)[log A(P)|? + Aa(P)|log A(P)|* + A5(P)[log A(P)]|*.

Proof. We split the proof into four steps. Given E € szm with | E| = 1, for notational
convenience, we write B} , B*, and R} for £ : B3 E, E :B*E,and E : R} E.

Step 1. Reformulation of I_izz

B = £

et fIf (] 9D o)

X ()L({P)hz(x, z)+hs(x,y, z)) dxdyd:z

3L ///(QL,D)3 (/B(x)(ngL Lz Vi) ﬁzv)

X (f3(x.3.2) = M(P) fo(y.2)) dxdydz

+317 ///( o ( /a G ES .5yagv)

X (f3(x.y.2) = M(P) fa(x, y)) dxdyd:z

+ 3L~ // ( (197917 .syagv) f3(x,y,2) dxdydz
(QL.p)? \JOB(x)

_d ' o
+3L ///(QL e ( o (x)(gLo((L 7. RSN ULU)f3(X,y,Z) dxdydz

3
+zL7¢ /// ( §¥F YR . 877 oy )f3(x,y,z) dxdydz, (4.33)
2 (Qr.p)3 B(x)
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where we henceforth use the shorthand notation

-Y . Y

Vi =V + Ex,
and where E; stands for boundary terms,

E}

= 30(P)° L7 /// (/ (F795.,V5) - agv) dxdydz
01.0x(Q1\QL.p)? 0B(x)
—sue I ( | @isi,00-0 v)hzoc, y) dxdyd:
(QL.0)2X(Q2\QL.p) \JIB(x) |
~sen |l ([, @285, oiv ot dxdy:
(QL\OL p)X(QL p)? 0B(x)

—AP)L™ /// (/ G195, 90200 ")
(QL\OL . p)X(QL p)? dB(x)

X f2(y,z)dxdydz

~saer flf ( | @i, i0-90 ) fo(x, y) dxdyd:=.
(OL.p)?*xX(QL\QL.p)\ JIB(x)

By definition, cf. (3.8), the finite-volume approximation ﬁi is given by

_ 3 s
B{:EL—d > E[/a

n.,m,p

§lmp)y @ . oi”"”’l’}u].
B(xn,L)

Decomposing

Uin,m,p} — Gin} + S{m}olin} + 5{1)}02"} + S{m,p}azn}’

this becomes by symmetry,

— 3 7
B =-L7 ) IE[/B

n,m,p

S{m’p}l/ng -ain}v]
B(xn,L)

#
+3L71 Y E[/a glm-ply 2 -8{”’}0;”}\)]

n,m,p B(xn.L)

#
3
+5L > E[/8 §im-phy @ -s{m’P}oi”}v].

n,m,p B(xy,L)
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In terms of multi-point densities, cf. (1.15), recalling the choice of the finite-volume
approximation with #;, = {x, : X, € QL ,}, cf. (3.1), we can rewrite

= 3
B} = it /// (/ §VFy P ~oi‘v)f3(x,y,z) dxdydz
2 (QL,p)3 0B(x)
+3L—d/// (/ 592y .gyggv)jg(x,y,z) dxdydz
(QL,,O)3 BB(x)

3
+ EL_d ///(Q ; (/BB( )8y’ZwLQ’ -Sy’zai‘v)fg,(x,y,z) dxdydz. (4.34)
L.p)" x

It remains to further analyze the first two right-hand side terms and we split the
proof into two further substeps. To capture cancellations, we shall expand §7°% 1//1‘?
and 67 in terms of single-particle contributions as in (4.20).

Substep 1.1. Proof that

L /// (/ &y 'Uic‘))fz»(?c,y,z) dxdydz
(QL.p) dB(x)
=t [l ([ @0 o)
Q1.0 \JIB(x)

X (A(P)ha(x,2) + h3(x, y.z2)) dxdydz

it [ ([, 05.500)
(Q1.0)3 \JOB(x) A

X (f3(x, v,z) — AMP) f2(y, z)) dxdydz, (4.35)

where we recall the shorthand notation 1}{ = W{ + Ex, and where EZ’I stands for
boundary terms,

E}' = 2A(:P)3L—d/// (/ (F297.,97) -ogv) dxdydz
Or.ox(QL\QL.p)?> \JIB(x)
eyl ([, @232, 70)-0iv )intey) dndydz
(Q1.,)?%(QL\Q1.) \J3B(x)

eyl ( | @807 0y Yol dxdyd
(QL\QL p)X(QL p)? dB(x)
—2AM(P)L?

) /// (/ (ﬂé’iwé’i;zﬁ’z)-oiv)fz(y,z) dxdyd:z.
(QL\QL.p)X(Q1 . p)? \JOB(x)

In view of (4.20), corrector differences can be decomposed as

87yl = 9187w + 978 Vi
= $191,V1" + L1 (4.36)
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and thus, further writing
Vit = Vi SV =vi+ 9T
=yl + 8y =] + 47,917
we deduce
2y
= J1E Vi + FiL VL + 195 VL + Fi 9L E VT (43T)

From this decomposition, we get by symmetry

L ///(Q )3 (/33( )5y’Z¢L® 'UZV)]%(X,)/,Z) dxdyd:z
L.p X

_ oy —d e o
-2 ///(QL./))3 (AB(x)(ngL;wa) oL U) f3(x,y,z)dxdyd:z

+ 2L_d///(Q , (/a (91.97597..917) -Ui‘v) Sf3(x,y,2)dxdydz. (4.38)

B(x)

We are now in position to exploit cancellations properties. First note that Lemma 4.6
yields, recalling ¥7 = y?(- — z),

/Q ($i.,Vi)dz =0, (4.39)

and thus, forall x, y € RY,

/QL (/&)B(X)(gzgz;y‘zi) : va) dz = 0.

In addition, similarly to what was done in (4.24) for the renormalization of B2, writ-
ing

/ (G295, 05) - ofv = / (292, T5)(+ ) - 0P,
dB(x) JB

and using the condition faB ULOU = 0, we find

/ (/ (F295:3V0) -ai‘v) dx =0, (4.40)
or 9B (x)

and likewise,

/QL (/813(;5)(gz gi;y%;zﬁ’z) 'va) dx =0.

Turning back to (4.38), replacing f3 by its expansion (4.7) in terms of correlation
functions, and using these three cancellation properties, the claim (4.35) follows.
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Substep 1.2. Proof that

L /// (/ 8y 'SyUfV)ﬁ(x,y,Z) dxdydz
(Qr.p)3 \JOB(x)
_ g2y /// (/ (9797, 5) .5y0£cv)
(QL.p)? dB(x)

x (f3(x.y.2) = M(P) fo(x, y))dxdydz

+ 17 ///(Q ; (/BB( )(3’1{5‘{;217/{!2) . (Syozv)]%(x,y,z) dxdyd:z
L.p x

[_d /]/(Q . (/aB( )(3{3i;yﬂi;21}i’sz) . SYva)]g(x, y’Z) dXdde,
L.p X
(4.41)

where EZ’Z stands for a boundary term,

3,2 . _
E}? =

—aerf]f ([ @tz 00-9aiv) ey dxayd.
(Q1.0)*xX(Q1\QL.0) \ /3B(x)

Inserting this into (4.34), together with (4.35), the claim (4.33) follows.

We turn to the proof of (4.41). As this term benefits from some additional decay
due to the factor 6”0}, we only need the following (asymmetric) simpler version
of (4.37),

s g _ gy 0 Yy Y.z y y Y.z
SyZ‘/IL - nglZ,;y‘/le, +glz,g[,;z L + nglZ,;yf(T’L;z L >

which leads us to

L4 /// (/ 8§72y 2 .SYUEU) f3(x,y,z)dxdydz
(Qr.0)3 \JB(x)
L /// (/ (gzgz;y‘ﬁ)‘SyUZV)fa(x,y,z) dxdyd:
(QL.0)3 \JB(x)
L /// (/ (FLd7:91) Syoifv) f3(x,y.z)dxdyd:
(Qr.0)3 \JB(x) ’

L1 ///(Q . ( /aB( )(4{zi;yszz;zlzg,z).5yggu) £(x, . 2) dxdydsz,
L.po X

and it remains to analyze the first right-hand side term. For that purpose, we use again
the elementary cancellation property (4.39), now in form of

/QL (/33(){)(%{?2,)";[2,) : Syo—zl))dz =0,
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which entails

L4 ///( o ( /a B(x)(%&’i;yﬁ).ayggv) f5(x, y.z)dxdyd:z

= o U 5070 57012)

x (f3(x.7.2) = M(P) fa(x. y)) dxdydz

—/\(!P)L_d/// (/ (5!{5»’2;yﬁ)~5yGZV)
(Q1.0)2x(Q12\0OL p) 0B(x)

X fa(x,y)dxdydz,

and the claim (4.41) follows.

Step 2. Uniform estimates: proof of (i). As in the proof of Proposition 4.9 (i), appeal-
ing to the trace estimates of Lemma 2.5, the decay estimates of Lemma 4.7, and the
energy estimate (3.44), formula (4.33) for B} can be estimated as follows,

B} | < |E7|
+ L_d///(gm ((x—y)L)‘d((y—z)L)—d (A(P)|ha(x.2)| + |h3(x.y.2)|) dxdyd:z
+L /ﬂ(gm (=)L) =) £ 9.2) = AP faly. 2)| dxdydz

+L ///(QL)3<(X ) (=) {»—=x)) " falx.y.2)dxdydz

_ —2d iy
+L d/ﬂ (=) U = 2)1) 7 falx, . 2) dxdydz,
Q)3
and, for boundary terms,

E3 < AP)3L — U = 2 dxdyd
s saere Il e o o) dxava:
o\ 7 —d _ —d _ —d
+ A(P)L ///(QL\QL,p)x(QL)Z ((x y)L) ((y Z)L) |h2(y,z)’ dxdyd:z

waew flf oo - 2 vy

In terms of multi-point intensities, appealing to Lemma 1.1, using both (4.9) and the
decay assumption (Mix])) to estimate correlation functions similarly to (4.26), we
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deduce after straightforward computations

B S 1EE 4 ha@) + [ ) A da()d
(4.42)

L
|E}| s —= 7 (x (P) +/ ;(a)(t) AA3(:P))dz),
and the conclusion (i) follows.

Step 3. Convergence result: proof of (ii). In terms of yz’p(y, z):=L"4 |_QL,p N+
QL) N(z + OLp)|, using stationarity and recalling that §”¥? = g3 ¥”*%, the for-
mula (4.32) for the infinite-volume cluster coefficient B> takes the equivalent form

B’ =E}

+3L79 ///( o ( /a B(x)(ﬂyfp’; ¥7) 'va)

()L({P)hz(x z) + ha(x, y,z)) dxdydz

y ¥,z
et Il ([, @ F i)
X (f3(x,y.2) = M(P) f2(y. 2)) dxdydz

I ///<QL )3 B(x)(gyg V- e U)

x (f3(x.y.2) = A(P) f2(x., y)) dxdydz

Y,z y
+ 3L~ ///(QL 0)3( B(x)(él JIv7) - 80 v)f3(x y,z)dxdyd:

+ 3L MQL 0)3 B(x (3Y¥L ygz l//y Z) Syo‘ v)f3(x y, Z) dXdde

+ EL ///(Q ; B( )Syz y2 .8 Zoxv)f3(x y,z)dxdydz,
L.o X
where

E} = 3//Rded(1 — Vf’,,p(y,Z))(/aB(ély%\/_fz) -OOV)

X (A(P)h2(0, 2) + h3(0, y, z)) dydz

_ 3 YgZ8Y 2 . -0
+3//RdXRd(1 VL,p(va))(/aB(g §287y7) -0 v)

x (f30.y.2) = M(P) fo(y.2)) dyd:z

-y Yqz 2y .8V ~0
+3//Rdx]Rd(1 VL,p(yaZ))(/aB(g élyw ) 5V o \))

X (f3(0,y.2) = A(P) f2(0, y)) dyd:z
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- 28V %Y. 8V g0
+3//}1§de61(1 VL,p(y,Z))(/aB((?’ 8¥y%)-80 V)f3(0,y,2)dydz
+ 3//Rded(1 —Vi,p(y,Z))(/aB(glygjsyW) .5y00v)f3(o,y,z) dydz

43 // (1—y2,,(y,z)>( / sy’zw@-Sy’Zo"v)fs(o,y,z)dydz,
2 JJrdxRrd ’ 9B

so that the identity (4.33) for B} entails

B -5 = £} - £}

—d Ygz 1.z CAX Yagz Tz  x
i ///(QL.p)3 (/GB(x)(ngL;wa) opv = (V7)o U)
X (A(P)ha(x,2) + h3(x, y,2)) dxdydz

—d yqz Y TVIN X gV IV VZY . A X
ot ///(QL,D)3 (/BB(x)(ngL;ygL?zwL ) opy — (7 Fydzv77) 0 ")
X (f3(x.y.2) = A(P) f2(y.2)) dxdyd:z

—d Yz IV 8V Xy (dY 72 . 8Y X
i /[/@L.p)s (/aBu)“‘Lg‘L;y‘”L) 8 opv— (#9597 80 )
X (f3(x.3.2) = M(P) fa(x. ) dxdydz

3L /// (/ (%SIZ;MZ’Z) . (S'ngv — (gzggwy,Z) . 3y0xv)
(Qr.p)3 9B(x)
X f3(x,y,z)dxdydz

L ///(QL,DP (/BB(X)(ﬁ&’Z;yg{;Zﬁ’Z) S ofv— (7 g5 I2V77) - Syaxv)
x f3(x,y,z)dxdydz

3
+ EL_d ///(Q s (/aB( )Sy’zlﬂf-Sy’zazv—Sy’zx//z.Sy’Zaxv)
L.p)" x

X f3(x,y,z)dxdydz. (4.43)

The first boundary contribution Ez is already estimated in (4.42). Noting that

(y) (z)
L=y, na) S AT+

using the trace estimates of Lemma 3.5, the decay estimates of Lemma 4.7, the energy
estimate (3.44), and Lemma 1.1 (iii), and further using (4.9) and the decay assump-
tion (Mix])) to estimate correlation functions similarly to (4.26), we obtain for the
second boundary contribution in (4.43),

A,

oo

logt

1 L
Ef 5 Z/l (log?) w(t) dt +/L Tw(z) dt.
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It remains to estimate the remaining six right-hand side terms in (4.43). We focus on
the first term, which is the most involved, and we skip the detail for the last five ones.
We split the proof into two further substeps.

Substep 3.1. First periodization error term in (4.43): proof that

X (A(P)ha(x,z2) + h3(x,y.z)) dxdydz

1 L
< w(L)(log L)? + 7 / (log ) (t) dt. (4.44)
1
Decomposing

(29 VD) -ofv — (37 507) o™
= ($191:V1) - (0f =0 + (9] — §)FL, Vi - 0™V
+ 3 (Fiy — IV 0Ty + VIS WL — YT o,

and appealing to the trace estimates of Lemma 3.5, we find

/ (F292.,05) - ofv — (9 §297) - o™
dB(x)

Yagz Tz\|2 % v 5 %
S (/B(x) |D(5ZLgL;yWL)’ ) (/BH_D(X) ‘D(WL W )‘ )
’ (/B<x) p(L - f‘f’y)&’i;w/_fi)f)z ( /| e |D(w)‘)12)2
+ (/B(x) ’D(gy(gi;y o g;)&iﬂz) (/B1+ - |D(Wx)|2)
o ([ p@wsei vl ) ([ pwor)”

We then appeal to the decay estimates of Lemma 4.7, to the periodization error esti-
mates of Lemma 4.8, and to the energy estimate (3.44), in form of

(/ DYF - W)|2) <1
Biyp(x)

(/ |D(&’Z?r’i;ylﬁ)|2) ’ < {(x— y)L)_d((y — Z)L)_d,
Bi1p(x)
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1

(/ ID((¢7 — ﬂy)ﬂi;yﬁ)lz) 2
Byyp(x)

S - Z)L)_d(]l\x—y|>%<(x - y)L)_d + ]llx—yls%L_d)’

(/I;Hrp(x) |D(gy(gi;y - 3;)1}2”2)

S =) (W (=) 1 LY,

( [ @i W))P) < L — )5 — o)
B]+p(x)
so that the above becomes

‘ / (G 95.,T5) - ofv — (9 9257) - 0%
dB(x)

< ﬂ|x—y|>%((x - J’)L)_d((y - Z)L)_d + ]l\x—y|§%L_d((y — Z)L)_d
o TR R el (R VA o TR Ay CE

Further, using (4.9) and the decay assumption (Mix/)) to estimate correlation func-
tions similarly to (4.26), we get by symmetry

‘L_d ///(QL.0)3 (/aB(x)(ngz;yﬁ) cofv = (#9597 ,(;Xv)

X ()t(!P)hz(x, z) + h3(x.y,z)) dxdydz

sL ///(QL)3 Ly @ =) (0 = 22) o(lx — 2]) dxdydz

e ///(Q )3 Lm0 1) o (|x - z[) dxdydz. (4.45)
L

We start with the first right-hand side term, which is the most delicate one to estimate.
By properties of @, we may decompose

a)(|x — Z|) S ]l|x—z|>%w(L) + ]1|x_z‘§%w(|x - Z|).
The first contribution with [x — z| > % is easily estimated,

AL ///(Qm Lomypo s (G = 0] (0 = 02) ™ dxdyaz
< o(L)(log L)?,
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and we turn to the contribution with |x — z| < %. For that purpose, we interpolate

between two bounds for the integral with respect to y,

/Q Lyt by zi<t L((x=yr) ((y_Z)L)_d dy

S e (= 2)2) ™ log (2 + [ (x = 2)e ) A {dist({x. 2}, 001))
< ((x —z) + dist ({x, 2}, 8QL))_d log (2 + |x — z|).

where we further used that (x —z)p, = x —zif |x — z| < %. By symmetry, we then
get

L ///(QL)3 ]llx y|>L]l|x —z|<& ((x - J’)L> ((y —Z)L)_da)(|x —Z|) dxdydz
<L //QL)2 ((x — z) + dist ({x}, BQL))_d log (2 + |x — z|)w(|x — z|) dxdz

1 L
< T / log(t)w(t) dt, (4.46)
1
where the last bound follows from a straightforward computation, carefully distin-
guishing between the cases (x — z) > dist({x}, dQr) and (x — z) < dist({x},dQr).
Indeed, on the one hand, the part with (x — z) > (dist({x}, dQ)) can be estimated
by
L // Taisi((x},00, ) <(x—2) (X —2) @ log (2 + |x — z|)w(|x — z|) dxdz
(QL)?
sL [ L)) g 2+ D)) dy
021
1 /L
<7 [ tognawar
L Jy
and on the other hand the part with (x — z) < dist({x}, Q) is estimated by

/ (dist({x}. 901)) ™
or

X / log(2+ |x—z|)a)(|x—z|) dz) dx
{zeQr:(x—z)=<dist({x},0Q01)}

L—r
/ —d (/1 541 (log s)w(s) ds) dr

L L—r
114/1,/2<L —r)_d(/1 d_l(logs)a)(s) ds) dr

L
+L_d/ sd_l(logs)a)(s)ds
1

2/\

2/\
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1 L/2 Jei L—s 4
< Z/1 s (logs)a)(s)(/L/2 (L—r) dr) ds

L
-I-L_d/ 547 (log s)w(s) ds
1

1 (L
< —/ (logs)w(s) ds,
L Jy

which yields the bound (4.46). It remains to estimate the second right-hand side term
in (4.45), for which we directly find

_ —d
L Zd/// 311|x_y|5%((y—z)L) w(|]x — z|) dxdydz
QL)
L 1 L
< (logL)L™ / 4w de < T / (logt)w (1) dt.
1 1
Inserting these different estimates into (4.45), the claim (4.44) follows using the dou-

bling property of w.

Substep 3.2. Conclusion. The next four terms of (4.43) are estimated similarly to the
first periodization error term, and we skip most details for brevity. We solely briefly
comment on the last term in (4.43), which is slightly different as it involves second-
order corrector differences. We claim that

L—d/// (/ Syﬂﬂf . Sy,zazv—gy’zwz .gy,zaxy) f3(x,y,z)dxdydz
(Qr.p)3 \JOB(x)

S 1a(P)7 (447)

By (4.36), and arguing similarly to the case of 67>/, we can decompose
7P = 3 95 LT + 91U
Sy’z‘ﬁf = 3z;x¥i;x,y‘ﬁ’y’z + gi;x#{;x;zll_fz’y’z’

so that, proceeding as in Substep 3.1 above, we can write §7-2 2 - §Z o7 — §Zy? .
8Y%2a* as the difference of four terms, which can each be written as a telescopic sum
of six terms involving “elementary” periodization errors. The most delicate of those
terms is the following one,

L ///(QL)3 (/B(x) |D(3y3)z,1;yz)|2)é

x (/ ID(F5d3 . (" — Wx’y’z))|2) 2fz,(X, y,z)dxdydz.
Bi4p(x)
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By the decay estimates of Lemma 4.7, the periodization error estimates of Lemma 4.8,
and the energy estimate (3.44), and further appealing to Lemma 1.1 (iii) to control f3
in terms of the multi-point intensity, this term is bounded by

L™5(P) ///Q ; (x—y) 4 x—2)"y - z)_Zd(dist(y, 8QL))_d dxdyd:z
S /\3(3))2.

All the other terms can be bounded similarly, and the claim (4.47) follows. This con-
cludes the proof of (ii).

Step 4. Analysis of remainders. Starting from (3.26), expanding the products, and
separating the different intersection patterns, we are led to the following, in terms of
multi-point intensities,

([ pw=ve)ipe =)
(QL.p) B(x)

x fs(x,y,z,y",2))dxdydzdy'dz'

IR} < L™

/ D(8” 7y 2) D8 33 ))f4(x v.z,z")dxdydzdz'
B(x)

QL p)4

[ D@YE) D6 ) ) fite .z dvdydzd
B(x)

L p)3

/ L p)g

(QL.p)g
/ ( / D2y 2) D(lz;;L)) f3(x,y,z)dxdydz|.
(QL.p)3 B(x)

N~

/ . |D<8y’zwf’>|2)f3(x,y,z)dxdydz

/N

/B ( )D(&y’zwf) : D(&W{L)) f3(x,y,z)dxdydz

+ L7

As in the analysis of ]_Sz in Step 1, cancellations are unravelled by decomposing
87y 2 in terms of single-particle contributions. We leave the details to the reader. m

4.4.3 Higher-order explicit renormalization

Finally, we turn to the general higher-order case. The obtained renormalized formulas
are not displayed in the statement as they take the form of intricate diagrammatic
expansions and require notation that will be introduced in the proof.

Proposition 4.11 (Higher-order renormalizations). Let (H,) and (Hgmf) hold, and
assume for simplicity that particles are spherical with unit radius, I,, = B(x,). Let
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also the mixing assumption (Mix])) hold to order n = k + 1 > 2 with rate w €
Cpe (RY) satisfying the Dini-type condition floo %(log O w(t) dt < oo. Then, the
infinite-volume (k + 1)th-order cluster coefficient BFt1 cf. (3.13), can be expressed
by means of absolutely convergent integrals. In addition, in case of an algebraic rate
w(t) < Ct™ for some C, B > 0, the following hold.

(i)  Uniform estimate:
B < i1 () [log A(P)[*
(ii)) Convergence result:

k
pk+1  pk+1 (log L)
B —B | < TR

(iii) Uniform remainder estimate: If (Mix[)) further holds with n = 2k + 1 with
algebraic weight w(t) < Ct=P, then

2k
IRET <) Ai41(P)[log A(P)|
j=k

Proof. Let k > 1 be fixed. By definition, cf. (3.8), the periodic approximation I_SIZ“
is given by

— 1
k —d
A P YL R 2

#F=k+1neF
and thus, decomposing 0{ = Zch\{n} SGGS'} forn € F, we get by symmetry,

pk+1 _
B," =

k +
k+1 (k)L_d Z E|:/ 5{n1 ..... nk}wg . 5{n1+1,..,,nk}o,l{dno}vi|‘
2 ! 0B (xny.1)

=0 N1, i)

In terms of multi-point densities, cf. (1.15), recalling the choice (3.1) of the finite-
volume approximation, and using the notation (4.15), this becomes

k
Ek-{—l — k+1 Z(k)L_d/ (/ le,...,kag .8x1+1,...,xk0xov)
L 2 [ @151 \JaB(x0) L

=0
X fr+1(X0, .., Xg) dxg---dxg. (4.48)

We now need to capture enough cancellations to make these integrals absolutely
summable uniformly in the large-volume limit. For that purpose, similarly to what
we did for ]_32 in the proof of Proposition 4.10, we shall proceed to a suitable expan-
sion of §*1--*k 2 in terms single-particle contributions. For general order k, it is
conveniently expressed in terms of diagrams. We split the proof into six steps.
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Step 1. Diagrammatic decomposition of §*1:--*k wf’ . We start with some terminol-
ogy and notation:

— We use the standard notation [k] := {1, ..., k} and for any subset S C [k] we
define x5 := (x;)ies.

— Given a sequence I = (i1, ..., i;) of indices, the first index i; is called the root
of I, the last index i; is its endpoint, and [ is its length. The associated index set
is denoted by (1) := {iy,...,i;} and we define the cardinality of I as {1 := f{{1).
An index i is then said to belong to I (for short, i € I) if it belongs to the index
set (1), and we define x; := x(7) = (x;);e(r). TWo sequences / and J are said to
be disjoint if there is no index belonging to both, thatis, () N (J) = @.

— The concatenation of two sequences I = (i1,...,i;) and J = (j1,..., jm) 18
denoted by I W J := (iy,....i, j1+---+ jm)-

— A string of indices is defined as any sequence of distinct indices with length > 1.

— Given a string I = (iy, ..., i;) and an index set S, we define the elementary
contribution of I given S as the following composition of operators,

Ris (1) = Frg o, Froey oy~ Py - (449
where we recall that the gi,y ’s are defined in (4.18).
— A block is defined as any sequence B of indices that takes the form
B=b)WlhLHy---WI,,
where » > 0 (for r = 0 we simply have B = (b)) and where I1, ..., I, are strings

of length > 2 with the following property: for all 1 < j < r, the endpoint of /;
belongs to (b) W I; W --- & [;_; but other elements of /; do not.

— Given ablock B = (b) W [ W--- W [, and an index set S, we define the elemen-
tary contribution of B given S as the following composition of operators,

€ (xp)
e qXx 1 I I,
1= I Ry CEDR L wywr) (00) - R ywry w01,y (K1) (4:50)

In these terms, we claim that §*1-*/ ng can be decomposed as follows,

8x1 oo Xk wl?
k
B B B —XB,
= Z €L;1®(x[k])€L;2(B1)(x[k])'”'C)L;(Br,l)(x[k]) v (4.51)
r=1 B] ..... Br
where we recall the shorthand notation lsz "= sz " 4+ Ex, and where the sum
_B,...., tuns over all r-tuples of disjoint blocks By, ..., B, such that

(BiW---W B,) = [K].
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Note that this sum (4.51) is obviously finite, uniformly in L. Any sequence of indices
of [k] can be viewed as a walk on the vertex set [k], thus inducing a (traversable) graph
on [k] where edges are defined by successive elements of the sequence (with possible
multiplicities). In this view, each term in (4.51) can be conveniently represented by a
corresponding diagram, cf. Figure 4.1; as we shall see, these graphical representations
will prove crucial in estimating the different terms. This decomposition of corrector
differences can be understood as a variant of the method of reflections [37]: while
the latter allows us to decompose multi-particle solutions as an infinite expansion
involving iterations of single-particle operators, the present decomposition is always
finite, it still involves multi-particle solutions, but it has a simple enough structure to
unravel explicit cancellations.

We turn to the proof of (4.51). More precisely, we shall prove the following seem-
ingly simpler statement: for all disjoint index sets S, T C [k] with S # &, we have

SXSWZT ngb §XS\(b) wxb + Z Z‘RIU(C) st\“)wxl,xr (4.52)
beS I string ceT ‘
(rcs

We quickly argue that this indeed implies (4.51). First, we iteratively replace the
corrector difference & in (4.52), using (4.52) itself, to the effect that

8xS wZT

=2 X 2

>0 Iy,...,1; disjoint strings b€S\ (I W--W1;)

(I1)....{I;)CS
I1Y(cy1) I>)W(co)
X Z Reor DR Kk
C1 5eensC]
VjZC_/'GTU(IlU-"UI/' 1)
1;¥(c;) XS\(I W1 6(D)) o[, FD
RL S TU(LH YW ) ( )gL SXT U W U11)8 WL
I1¥(c1) I ¥(c2)
+ Z Z Z Rer - CwD R0,y Kk
[>1 Iy,...,I; disjoint strings C15.+45C]

(I1)u-U{I;)=S Vjic;eTU(I1WWI;_1)
Il@(cl) TXSUT
"RL;TU(II&J.--&JI,_I)(x[k])WL e

In particular, recalling the notation (4.49) for elementary contributions !Ri; g» and
recognizing the definition (4.50) of block contributions, we deduce for all disjoint
index sets S, T C [k] with S # @,

Xp XS\{bY ], %Xb
D Ik 80

beS

Y et T 5 5T+ 3 elronl
e vesiin s
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(D)
(O— \@

Figure 4.1. Each term in (4.51) can be represented by means of a directed graph on the index set
{0} U [k], where edges are given by pairs of consecutive elements in By & - - - & B, with possible
multiplicities and where we include the edge (0, b) with b the root of Bj. In this way, an edge to
i corresponds to an operator gi' xr in (4.51). For instance, the above diagram is associated with
blocks B; = (1) W (2,1), B> = (3) W (4,5,3) W (6,7,5), B3 = (8),and B4 = (9) W (10,11, 9).

Iterating this identity, starting from (4.20) in form of
§xs sz — Z gzhgxs\{b;lpzb’
besS

the claim (4.51) follows.
We are left with the proof of (4.52). Given disjoint index sets S, T C [k] with
S # @, in view of (4.20), corrector differences can be decomposed as

ST = 30 S O
beS

Decomposing ¥; 2" = ;% 4+ (Y7277 — ¢7?), this becomes
§ Sy = Z gzl;vXTSXS\w: sz + Z gz?XT(SxS\(b}(wa’xT —y), (453)
beS besS

and it remains to further decompose the last right-hand side term. For that purpose, in
view of Lemma 3.4, forall D C S with D # @, we note that §¥$\P (Y727 — y77)
satisfies

— ASES\P (Y P T — P

+ V&S (277 Lo, \Ure por B = 227 L0, \Upe p Bn))

Xp,X x
== Z 89B(x,)8 \P (0" — 0 ”)
beD

x iy (~XDXi XT XD X X XD,XT
- Z 88B(xl~)5 S\DU“"(UL ! — 0y ) — ZSBB(xi)S S\DUL )
ieS\D ieT
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which then allows us to write

FES\D (YT — )

X P XD sXj X XD ,X; X; TXD X
= 2 Bl SO WP =P + Y, 8
ieS\D ieT

Using iteratively this identity for D exhausting S, we obtain upon recognizing the
definition (4.49) of elementary contributions,

, 1y ’
I ST =y = DY RGeSOy
beS I string ceT

(I)cS

Inserting this into (4.53), the claim (4.52) follows.

Step 2. Estimation of block contributions and graphical notation. Let B be a block of
indices with root » and endpoint f. By definition of elementary block contributions,
cf. (4.50), for any index set S that is disjoint from (B), Lemma 4.7 yields

(/ |V€[Iis(x[k])§|2)2 < —Xb)L>_dDB(xB)(/ |V§|2)2, (4.54)
B(2) B(xr)

where for any sequence C = (cq, ..., cy) we define

De(xe) = (e, = Xen)r) ™+ ((Kepyy — Xew)) ™. (4.55)

As such contributions will be combined in intricate ways in the sequel, we introduce
a convenient graphical notation. Integration variables are represented by small black
circles and frozen variables by small white circles. The index of a frozen variable
is occasionally indicated inside the corresponding white circle. A solid line between
two vertices i and j represents a factor ((x; — x;) £)™%. In particular, multiple edges
correspond to powers of this factor. For instance, we have

0(‘ (4) = /(Q . ((x1 = xz)L)_d((xz - X3)L)_2d(()€3 — xl)L)_d

—d
X (()Cg, —)C4)L) dXQdX:),.
When evaluating integrals with borderline factors ((x; —x;)z, )~¢, we naturally obtain
logarithmic factors, for which we shall use the shorthand notation

L1((zi)ies) :=1log (2 + max |(zi — zj)L])-

This is combined into our graphical notation as follows: a symbolic prefactor &£ in
front of a diagram indicates that a factor £, (xs) is to be included into the correspond-
ing integral, where S stands for the set of all implemented indices. For instance, for
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any power i > 0, we have

£+ 0(‘ e = /(QL)2 Lr(x1, X2, X3, X4)M((X1 - Xz)L)_d((xz — X3)L)_2d
x ((x3 — X1)L)_d((x3 - X4)L)_d dxydxs.

Noting that for any y > 0 and p > 0 a direct evaluation of integrals yields

, ey, M = L) =)L) dy

((x— Z)L)_diL(x,z)“ ify >d,
S =) e, ify = d,
((x—2)L) " EL(x, )"+ ify <d,

we deduce with our graphical notation
LH < oo

:CMGO—Ofcho—o

(4.56)

which allows for instance to estimate graphically

= < = ((xl —X4)L)_d.

The counting of logarithmic factors in the sequel will be quite trivial as we shall
notice that at most one logarithmic factor appears each time a vertex disappears in the
graphical representation. This rough bound can often be improved, but it suffices for
our purposes.

We need to add one more ingredient to our graphical notation. Indeed, in the
sequel, we replace the density function fz4 in (4.48) by its expansion (4.7) in terms
of correlation functions, and we estimate the latter by appealing both to the decay
assumption (Mix/)) and to the uniform bound (4.9). This leads us to combine products
of the form D¢ (x¢) with products of factors of the form

o((xi = x;)L) A Ap, (P)

for some p; > 0. In our graphical notation, such a factor is represented by a dashed
line between vertices i and j. In principle, the value p; should be included in the
notation to precise the value of the edge. For convenience, we rather use a simplified
notation: for a diagram with s dashed lines, a symbolic prefactor A} indicates that the
dashed lines correspond to factors (w((-)2) A Ap,; ())1<i<s Withany py,..., ps > 1
satisfying

p1+-+ ps =k,
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and we take the sum over the different possible choices of such p;’s. For instance,

Ho(Jo

= > / (@(Cr1 = x2)L) A Ap, (P)) (@((x2 = x3)L) A Ap, ()
pr.paz1 7 (QL)?
pi+p2=k —d —d —d

X ((Xz - X3)L) ((xa - Xl)L) ((x3 - x4)L) dxzdxs.

In addition, a symbolic prefactor A;{ in front of a diagram with s dashed lines indicates
that the whole expression is multiplied by a factor A,,($#) and that the dashed lines
correspond to factors (w((-)r) A Ap, (P))1<i<s With any po, ..., ps > 1 satisfying
po + -+ ps = k, where we again take the sum over all possible choices. In other
words,

k
(M) = D Ap(P) x (3_,)-
p=1
As obviously w((-)2) A Ap; (P) < Ap, (P), we get with our notation

)tz <> < A‘;c o0 = A} (P) o—o 4.57)

Next, we combine this with the notation &£ for logarithmic factors: in front of a dia-
gram with a prefactor A7, a symbolic prefactor &£ indicates that either a factor £ (xg)
is to be included into the corresponding integral, where S stands for the set of imple-
mented indices, or that one of the factors w((x; — x;)1) A Ap; () is to be replaced

by
(@((ri = x)L)LL(xi, X)) A (Ap; (P)|log A(£)]),

and we take the sum over the two choices. Powers of £ are defined accordingly: for
instance, for any p > 0,

i"’l}i= Z Z /(Q " L1(x1, X2, x3, x4)10
* L

HosM1,42=0  po,p1,p2=1
mo+ui+u2=u po+p1+pr=k

 ((@((r1 = x2)L) £L(x1. X2)"1) A (Ap, (P)[log A(P)|*"))
x ((@((x2 = x3)L) £(x2, %3)"2) A (A, (P) [log A(P)|"?))

X ((xz - xs)L)_d<(X3 - xl)L>_d((x3 - X4)L)_d dxadxs;.

When £ is in front of a diagram with a prefactor A/, we add the possibility of multi-
plying the whole expression by a factor |[log A(#)]: for all u > 0, this means

wo ok
(Z92%) =Y " Ap(P)|log A(P)|" x (£ Ap_,).

v=0p=1
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In case of an algebraic rate () = Ct~# for some B € (0, d), a direct evaluation of
integrals yields, for all A > O and u,v > 0,

/; Lr(x,y, Z)/‘((x — y)L)_d((a)((y _ Z)L)ofL(y, Z)v) A (l|log}k|v)) dy
S (@((c = 2)L)LL(x — 2/ 1) A (Aflog A[“ T,

With our graphical notation, recalling Lemma 1.1 (ii), this estimate and similar com-
putations yield for all u > 0,
LHAL o—e- -0 < i’*“)&}’c o= =0
IMXOO---O S EHAS == o
, . (4.58)
i’,ulk CSe—o S LM Ak o—o
LHAR om0 S EFFIN om0

which allows for instance to estimate graphically

o (JoEr Ao o R TeY

< 2 (P)(x1 = xa)) " ([log A(P)| + L10x1, x4))" >

This notation will be used abundantly in the sequel.

Step 3. Partial integration on blocks. Let B be a block of indices with root » and
endpoint f. We shall establish the following key estimate for partial integrals on B:
forall o, B € (B),

Dp(xg)dx
/(QL)ﬁ(B)\{b.f.oc.ﬁ} () X\, )

<B iL(xb,xf,xa,xﬁ)ﬁ(B)\{b,f,a,ﬁ}
~d
x (Db, 1,6)(x1) + Dea, £0.8) te){(¥6 — x7)L) )

—d
A (Do 15.8)(X1k1) + D, 1:8) i) (X6 — X)) ). (4.59)

With the above graphical notation, if b, f, «, 8 are all distinct, this can be written as

R

(4.60)
where henceforth gray squares stand for integration on a generic block. As these
estimates will be abundantly used in the sequel, we also display the important special
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case when one further integrates over b or f, which is deduced by applying (4.56),

()
(1) < £~ 3 (4.61)
(8)

and we further display the special cases when o = f3,

!S (4.62)
0 O—
(4.63)

5 iﬂB—?’ e

(4.64)

OR i O0—0 (4.65)

We shall in fact prove a much more precise estimates, see (4.67) below, but the above
convenient estimates will be enough for our purposes. Powers of the logarithmic
factor in each of these estimates is equal to the difference between the numbers of
vertices in the left-hand side and in the right-hand side: indeed, in view of (4.56),
each vertex that is integrated yields at most one logarithmic factor. This could in fact
be improved in (4.62)—(4.65) based on (4.67), but we shall not need such refinements.

Before turning to the proof, we make a notational comment. A special role is of
course played in the above estimates by the root b and by the endpoint f of the block.
In the sequel, even when vertices are not labeled explicitly, as e.g. in (4.67), we take
the convention that the root and the endpoint are always drawn respectively on the
left and on the right sides of the square (or at one of these two locations in case they
coincide), while all other distinguished vertices are drawn indistinctly on the upper
and lower sides.

We turn to the proof of (4.59). For that purpose, we shall study geometric proper-
ties of the graph & associated with the block B. Letting

B = (b1,bs,....B))

with by = b and b; = f, we recall that we define vertices of & as the elements
of the index set (B) = {b;}1<i<;, and edges of & as pairs of consecutive indices
(bi, bi+1) with 1 <i < [. Note that & is connected and may have multiple edges
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but no self-loop. We shall repeatedly use the following observation: as edges of &
are defined from the block B, we note that » and f have odd degree > 3 and that
other vertices have even degree > 2 (where the degree of a vertex is the number of
unoriented edges containing that vertex; see e.g. Figure 4.2). We split the proof into
three further substeps.

Substep 3.1. Cyclic estimate. In the spirit of (4.55), for a graph $ on the index set
[k], we define
Dg(xy) = l_[ ((xi —Xj)L)_d,
(i,)e$
where the notation (i, j) € $ means that (i, j) is an edge of $. Provided that $ is
Eulerian (that is, provided that & is connected and that each vertex has even degree),
we claim that for all vertices «, 8, y € (9),

Dg(x[xy) dx
/(QL)ttB\{rx,ﬁ.y} & (X[k1) AX(9)\ (0.7}

S\ pr O (5) (8) (5)
<o £IOV@ 0‘00/ 00-0 ) (4.66)

We will use standard terminology from graph theory, which we recall here for clarity:
a walk is a sequence of edges joining a sequence of vertices; a trail is a walk in which
all edges are distinct (taking edge multiplicity into account); a path is a trail in which
all vertices are also distinct; a circuit is a trail in which the first and last vertices
coincide; a cycle is a circuit in which only the first and last vertices coincide.

We turn to the proof of (4.66) and we argue by induction on the size of $. Assume
that o, B, y are distinct (the cases @ = 8 # y and @ = 8 = y can be treated similarly
and are skipped for brevity). The result is straightforward if 1$ = 3 as no integral is
performed in that case. We turn to the case §$ > 3. As & is Eulerian, there is a circuit
that covers $ (that is, a circuit that visits every edge of $ exactly once). Removing
some subcircuits, we deduce that one of the following two possibilities must hold up
to a permutation of «, 8, y:

(a) either there is a cycle € visiting «, 8, y;
(b) or there is a cycle €; visiting «, § and a cycle €, visiting «, y such that
vertices of €; and €, are all distinct except «.
Both cases can be treated similarly and we focus on the first one for brevity. Let € be
a cycle visiting «, 8, y. Denote by &’ the (possibly empty) subgraph of $ induced by
the complement of the edge set of the cycle €. As $ is Eulerian and as € is a cycle,

we notice that $’ is the union of Eulerian subgraphs £, .. ., 9/ that are edge-disjoint.
We may then decompose

Dg(xpk) = De(x() Dy (X[k) -+ Dy, (X[k))-
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Forall 1 <i <, there is a vertex j; of $ that also belongs to the cycle €. Summing
separately over repeated variables, we may then estimate

Dg(xpx) dx
/(QL)ﬁf»\(a.B,y} & (X[k]) dX()\(@.B.r}

S
S Dg(x Dgi(x dxigwriny | dx .
/(QL)M‘E\{O!J%.V} o [k])(n/(QL)m;—l o} (X)) (5,>\{J,}) (E)\{e.B.7}

i=1
As the $’s are strict Eulerian subgraphs of $, an induction argument allows to
assume that the claim (4.60) is already known to hold for $ replaced by any of the
$:’s. In particular, upon integration, this entails

., Dy ) dxggn gy < L5971
(QL)M‘B:' 1 i /

The above then reduces to
Dg(xpxy) dx
/(QL)nsb\{a.B,y} & (X[k]) dX()\(@.B.v}

SiZi(m;_l)/ D¢ (xpx) dx ,
(QL)FC\ (.87} € (X1k)) dX(6)\er.B.)

where the right-hand side is now simply an integral of the form

Using (4.56) to evaluate the integrals, noting that the number of appearing logarithmic
factors is bounded by the length of € minus 3 and that the length of € is bounded
by the total number of vertices minus the number of vertices not in the cycle (that
is, Zi (1185;. — 1)), the claim (4.66) follows. More precisely, we obtain in this way the
first right-hand side term in (4.66), while other terms correspond to case (b) above.

Substep 3.2. Path decomposition of the graph & associated with a block B. We show
that, if b # £, there exist three edge-disjoint trails £, £2, £3 that cover & (that is,
the union of their vertex sets is the vertex set of & and the disjoint union of their edge
sets is the edge set of &). We refer to Figure 4.2 for an illustrative example.

As b and f have odd degree > 3 and as all other vertices of & have even degree,
we can find a trail £! from b to f. Without loss of generality, we can assume that b
and f are visited only once by £!. Then consider the subgraph &’ of & induced by
the complement of the edge set of £!. By construction, all vertices of &’ now have
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(2)
-
GY}(G

Figure 4.2. This graph represents the block B = (1) W (2,3,1) W (4,3) W (5,2) W (6,4) W (7,6).
The path decomposition of Substep 2.3 can be chosen in this case as ! = (1,2, 6), 2 =
(1,4,7,6),and 83 = (1,3,2,5,3,4,6).

even degree, and the definition of the block B ensures that &’ must be connected.
This allows to find two other disjoint trails €2, £3 from b to f in &”.

Next, assume that a vertex « € (&) is not visited by any of the three constructed
trails &1, £2, £3. Recalling that & is connected, a degree argument as above ensures
that there exists a circuit & from « to itself that is disjoint from the trails £', £2,
£3 and that crosses at least one of them. A detour via & is then easily added to those
trails in such a way that they remain disjoint and that at least one of them now visits «.
Repeating this construction, we are led to edge-disjoint trails €1, £2, £3 that visit all
vertices of &

Finally, consider the subgraph &” of & induced by the complement of the union
of the edge sets of £1, £2, £3. By construction, all vertices of &” have even degree,
which allows us to write &” as a union of edge-disjoint circuits. Adding detours via
these circuits, we can assume that the trails !, £2, £3 cover the whole graph &, and
the claim follows.

Substep 3.3. Proof of (4.59). Let &', £2, £3 be three covering edge-disjoint trails
from b to f as constructed above. Given a vertex «, distinguishing between the
number of paths from b to f to which « belongs, and removing cycles, we get the
following four possibilities:
(a) either there exists a cycle € from b or from f that visits o and there exist
three paths K, K2, &3 from b to f, such that €, &!, &2, &3 are edge-
disjoint and cross each other only at b or f';
(b) or there exists a path & ! from b to f that visits & and there exist two other
paths K2, &3 from b to f that do not, such that & !, K2, & are edge-disjoint
and cross each other only at b or f';
(c) or there exist two paths &', K2 from b to f that visit o and there exists
another path &2 from b to f that does not, such that &, K2, K are edge-
disjoint and cross each other only at «, b or f;
(d) or there exist three paths K!, K2, K from b to f that visit & and that are
edge-disjoint and cross each other only at «, b and f.
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Given another vertex 8, and distinguishing between corresponding cases, we obtain
three distinguished paths &!, &2, &3 from b to f that may visit or not & and B, in
different possible orders, and we obtain up to two cycles €', €2 from b or f visiting
a or . The subgraph of & induced by the complement of the union of the edge sets of
those three paths and possible cycles is necessarily a disjoint union of Eulerian graphs
and can be removed by duplicating variables as in Substep 3.1. It remains to consider
the union of those three paths and possible cycles. Considering different patterns and
using (4.56) to estimate consecutive edges along each path between frozen vertices
b, f,a, B, we are led to

W (O O G G Grom)

(4.67)
where for brevity “sym.” stands for the sum of all other graphs obtained by reflecting
the six pictured graphs with respect to the vertical axis, the horizontal axis, or both
(which corresponds to permuting @ and §, b and f, or both). In fact, the analysis of
all possible patterns produces a larger number of terms, but we claim that all others
are bounded by the above. For instance, another possible pattern corresponds to the
case of three paths &', &2, &2 from b to f visiting both & and B, where K, K2
visit a before B while &2 visit them in reverse order: we claim that the corresponding
contribution can be bounded as follows,

D=
which is indeed bounded by the right-hand side of (4.67). This bound follows from
SN
which is itself nothing but the triangle inequality
((x1 = x3)2) < ((e1 —x2)1) + ((x2 — x3)1),
post-processed into
((r1 —x3)2) < 2((x1 — x2)L){(x2 — x3)L)

and raised to the power —d. A straightforward similar inspection of all other possible
patterns shows that the bound (4.67) indeed holds; we skip the detail for brevity.

Finally, removing a few edges in (4.67), we are led in particular to the claim
(4.60). The claims (4.61)—(4.65) further follow as straightforward corollaries after
integrations using (4.56).

Step 4. Approximate cancellation of translation-invariant averages on given blocks.
Let B be a block of indices with root b and endpoint f, and let S, T' be disjoint
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index sets with (SUT) N (B) = @. Letm := {{B and s := {S. For all xp, xg, let
Z;ng € leer(Q )% satisfy (4.17) at z = Xr, and assume that {7 is equivariant under
translations in the sense that

+
é’foB[_i][i]B (+2)= Z;SXB, for all z € R¥,

where [z] (resp. [z]s) stands for the element of (R?)” (resp. (R?)*) with all coor-
dinates equal to z. Then, for any function 2 on (Q)™** that is translation-invariant
in the sense that i(xg + [z]p, xs + [z]s) = h(xp, xs) for all z € R4, we have for
any linear functional F : leer( 01)¢ - R,

'/(Q - Fl€fr(xpers,, |h(xp. xs5) dxpdxs
L m-s

< Flelr (xm)irse,]
/QL (/(QL-H%)’"J”l\(QL)erSl | ’ B |

X ({hL(xB,Xs)| + |h(xB,xS)|)dx<B)\{b}dxs) dxp, (4.68)

where we have defined the periodization Az (z) := h(zr) where zz, € (Qr)™ 1S stands
for the reduction of z € (R?)™*S modulo (LZ4)™*S. Note that we do not obtain an
exact cancellation in general for such a symmetric average on a block, but this bound
reduces it to a boundary term.

We turn to the proof of (4.68). Set for abbreviation C := (B) \ {b}. By definition
of elementary block contributions, cf. (4.50), we can write

CLr CUNLL Sy = F1er E15S, (4.69)

for some function Szcxbxs that satisfies (4.17) at z = xp and is such that &7 is equiv-
ariant under translations. The left-hand side of (4.68) then becomes

| FLERr ()i, Ihtm xs) dxadss
(Qr)yn+s
= [ FI S5 it v, x) dpd s,
and thus, using the equivariance of £ under translations,
| TR, I, xs) dxadxs
(Qr)yn+s

- /(Q S L 1o e TR () [ (ep. xe . xs) dxpdxcdas.
L
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Replacing £ by its periodization /7, (which we can on (Q1)™*1%), changing variables
and using periodicity, the above becomes in these terms,

/( o s FICER ), it x5) dxpd s
L m-s

= 0 (65575 (= )
J o Pl )
X hL(xb,xc + [xb]c,xs + [xb]s) dxpdxcdxs.

If hy (xp,xc + [xp]c,xs + [xp]s) were replaced by 4 (0, xc, xs) in the integrand, the
cancellation property of Lemma 4.6 would precisely entail that the integral vanishes
(this would have been the case if we had considered a periodization in law of I rather
than (3.1)). Adding and subtracting 2(0, xc, xs), we deduce

/ FIE€Lr (8L S, 1 h(xB, xs) dxpdxs
Qp)ymnts
= Iroer (B157 (= xp)
I )
X (hL(xb,xc + [xplc, xs + [xb]s) — h(O0, XC,Xs)) dxpdxcdxs.
If xp, xc, xs are such that

(xXp, XC + [xp]c. x5 + [xp]s) € (QL)" T,

then the definition of the periodization sy and the translation invariance of & imply
that the integrand vanishes. This leads us to the bound

’/(Q - Fl€Lr ()¢S, 1 h(xp. xs) dxpdxs
L m-s

< xC,xS B
- /QL (‘/(QL)m+S_1\(QL_xb)m+s—1 } [gL xT( ( xb))]|

|hL(Xb xc + [xplc. xs + [xp] )| + |h(0 Xc, xs)| dxp \{b}de) dxp.

Using again (4.69) and the equivariance of £, the claim (4.68) follows.

Step 5. Uniform estimates: proof of (i). The starting point is the decomposition (4.48)
of Bﬁ“ . For brevity, we shall focus on the term corresponding to / = k in (4.48), that
is,

k+1
+ _L—d/ (/ §X1sees ka?'ULxOV)fk+1(XOv-"»xk)dXO"'dxk,
2 (QL,D)k+l 3B(x())

ck+1 . _
CL



Explicit renormalization of cluster formulas 135

while the other terms are simpler to estimate due to the additional decay given by the
factor §¥/+1%k Uzo. Inserting the diagrammatic decomposition (4.51), we get

Ek“:kHZ > G (By..... By,

r=1 By,...,By

where we recall that the sum runs over all r-tuples of disjoint blocks Bj, ..., B, such
that (B; W--- W B,) = [k], and where we have set for abbreviation

Cktbr(By,...,By) =

L / ( / (CL s (X)L () - € (pe) VL) 'UZOV)
(QL,0)k 1\ J3B(x0)
X fre41 (X0, X[x]) dXod X[k

Let such By, ..., B, be fixed. Replacing fry1 by its expansion (4.7) in terms of
correlation functions, we find

Ck+Yr(By,..., By)

=X g ([Tt

) (/BB(x ) (Eﬁl@(x[k])tfﬁ%&)(x[k]) o BZ?Br—l)(x[k])JzBr) ‘ OZOU) odxps
0
(4.70)

where 7 runs over all partitions of the index set {0} U [k] and where H runs over all
cells of the partition .

We shall say that a partition 7 of {0} U [k] is covering for By, ..., B, if there
is no separating index 1 < a < r such that each cell H € m is included either
in {0} U Ul_l ) orin | J;_, (Bi). We denote by K (By, ..., B,) the set of such
partitions. Using the approximate cancellation property (4.68), and further noting as
in (4.40) that

/Q (/BB( )( Lg(x[k])g (By) (X)) (B, ) (i) W) op v)dxo =0,

we note that only covering partitions produce nontrivial terms in (4.70): contribu-
tions from non-covering partitions either vanish or are reduced to boundary terms.
Therefore, we naturally decompose

|ICs ™5 (By,..., By)|

< Y CY®BL.L B+ Y | (B By
weX (By,...,Br) w¢ K (B1,...,Br)
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where we have set for abbreviation

CKHEr(By, ..., Brim)
=L / hyr (xE)
(QL,p)k'H ([11,;[” )
X0

We split the proof into two further substeps, separately considering the two types of
contributions.

Substep 5.1. Main contributions: in case of an algebraic rate w(t) < C t=# for some
C,p > 0, we have forall m € X (By,..., By),

CEHEr By, .., B )| S ey (P)[log A(P) [ @.71)

Without loss of generality, we may assume 8 € (0, d) (so we can appeal to (4.58)).
Using the boundary conditions for ¥ and the incompressibility constraints to smug-
gle in arbitrary constants in the different factors, and then appealing to the trace
estimates of Lemma 2.5, we find

ICET5"(By, ..., Bri )|

<L™ /(QL . ( I1 |hﬁH(xH)|>

Hern
1

B B B, —xp, 12>
X (/B( )|VfL;§a(X[k])fL;2<Bl>(x[k])"'foB,.,l)(x[k])WzB | ) dxodX[g).
X0

For all 1 <[ < r, denote by b; the root of B; and by f; its endpoint, and set for
notational convenience fp := 0. Iterating the bound (4.54), we then get

ICE™(By, ..., Byim)|

sL7 /<QL.p)k+‘ (1}1 |hﬁH(XH)D

X (1_[ ((xfl—l — xbl)L>_d Dp, (XBI)) dxodx[x). 4.72)

=1

Next, we examine the structure of the product of correlation functions. Given a cover-
ing partition = € X (By,..., B;), we can construct a sequence of intertwined pairings
(mi,mg)lsifs (for some integer s > 1) such that

/ s s _— I ..
— (mj)1<j<s and (mj)lsjss are increasing, m; = 0, and m}, = r;

_m/

iy <mjypforalll <i <s,andm; <mj_, foralll <i <s;
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— for all i there is a cell H € & such that H N (B,,;) # @ and H N (Bm;,) e
(with the understanding that By = {0}).

The construction is as follows: Starting from m; = 0, we define m as the maximum
index m such that there is H € & with {0} N H # @ and (B,,) N H # &, which is
well defined by the covering assumption for = with index o = 1. Once m; and m/, are
defined for some i > 1, if m;. < r, we define m: 4188 the maximum index m such that
there is H €  with ({0} U ;< (B1)) N H # @ and (By,) N H # &, which is well
defined by the covering assumptilon for 7 with index @ = m} + 1 < r and satisfies
m; 1> m] by construction. Next, we define 72; 4 as the minimum index m such
that there is H € = with (B,,) N H # @ and (Bm§+1> N H # @. We continue the
construction until m; = r is reached. We claim that by construction we have m:'—1 <
mjy1 <m; foralli (which, since (m; ); is increasing, implies that (m;); is increasing
as well). On the one hand, we indeed have m;; < m; by definition of m; 11 On the
other hand, we must have m;; > m:._l since the inequality m;+; < m;_l would
imply m} = m 1 and contradict the strict monotonicity of the sequence (m}~ )j-

With this construction of intertwined pairings (m;,m})<i<s, We can choose a
sequence of distinct blocks (H;)1<i<s of m such that (B, ) N H; # @ and (B,,/) N
H; # @ for all i (recall that By = {0}). We may then pick indices j;, j/ € {0} U [k]
such that j; € (Bp;) N H; and j/ € (B,,) N H; for all i. In these terms, appealing
both to (4.9) and to the decay assumption I(Mix’(f)) with n = k + 1, the product of cor-
relation functions in (4.72) can be bounded for instance as follows (up to integration,
as in (4.26)),

N

[T |hse )| S 2po ) [ ((x); — Xj1) A dp (), (4.73)

Hern i=1

for some po, ..., ps > 1 with Zf:o pi = k + 1. We then define the following con-
catenations of blocks between paired indices: for 1 <i < s,

A; = (fm;,l) (] B’”Ll"‘l W W By, -1 W (bmi_H),
Aj =By, W Y By,
with the convention m() := 0, and
As = (fmgfl)LﬂBmgfl—i-llﬂ"'LﬂBmsv A=
In these terms, inserting (4.73) into (4.72), the integral can be reorganized as

|CEFYY(By, . By )| S Apo(P)

x L7 / (]‘[ Dy, (x4,) Dar (ea ) (@(xjy = X;0) A A, (:P))) dxodxk).
(QL,p)k+l i=1
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We emphasize that the coupled indices j;’s and j/’s belong to A}’s and can thus inter-
sect A;’s only at their endpoints. In terms of the graphical representation introduced
in Step 3, the latter integral can be represented generically in the following way,

|ICETY(By, ..., Bri )|

________

< -
S LA 1
1 1 I---_I 1
! Ay ' A} A4, ! A '
- .‘ - (4.74)
: |
A Ay

where we further delineate the concatenations of blocks A4;’s and A;’s. In particular,
note these take the generic forms

where the second possibility for A} corresponds to the case when
I
mi+1 = m;.

In order to estimate (4.74), we first perform integration on A;’s and A; ’s: using (4.60)—
(4.65) to estimate the integral on each block, and using (4.56) to estimate consecutive
edges, we find

o_.__._o <t e < P
'__l si[mé_,,,_,? < ;@[ﬁ]%
0o (L)

where henceforth we use the shorthand notation £ for a power of the logarithmic
factor that can change from an occurrence to another and stands for the difference
between the numbers of vertices in the left-hand side and in the right-hand side.
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Inserting this into (4.74), we are led to

ICET5"(By, ..., Brim)|

—d pltlyr SV TN 7 7
<] i R R Y 2577 2R (4 75)
Y R 2057 2057 . .
~ z z z777
k+1, B 727 HRY

//////////

where for abbreviation hatched boxes are given by

= X+

which we obtain by reorganizing the graphs as follows,

It remains to evaluate the right-hand side in (4.75). Using the graphical rules (4.56),
(4.57), and (4.58), and noting that direct integrations yield

< < o and cfu“/\z_HO < l’M—HA;C_Ho

we can estimate

3 B -
i L = ( 7 AT
seer (XL )
< fMHMchl( é: ":+<>[’_@"°)
< iMHMcHE

pel
nt4q7
S L N

Iterating this estimate, the right-hand side of (4.75) can now be estimated as follows,
|(_:Ili+1;r(31,--.,Br;ﬂ)} < gl Ll

As the number of vertices in the left-hand side is equal to k + 1 while only one vertex
remains in the right-hand side, recalling our notation for £ and A, and noting that
free integration yields ¢ = L%, we get

—_— . —_— k
G By, Brim)| S LR Ao = At () |log A(P) [

that is, (4.71).
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Substep 5.2. Boundary terms: in case of an algebraic rate w(r) < Ct~# for C, g > 0,
we have for all # ¢ K (By,..., By),

ICET Y (By, ..., Bri )|

(k1 (P)|log A(P)| 1) A CELETL i g £ 1,

. . ' (4.76)

(A1 (P)[log A(2)|7) A Coell it =1.
By definition, given & ¢ J(By,..., B;), we can consider the largest separating index
a <r suchthateachcell H € 7 is 1ncluded either in {0} U Ul_l iyorinJi_, (B:).
Setting B := B, W¥---W B,, the choice of « ensures that 77 can be restricted to a parti-
tion 7 of the index subset (B) C [k] such that 7 is covering for By .. ., B. Arguing as
in (4.72) and estimating the integrals over the first blocks {0}, By, ..., By—1 brutally
as in Section 3.8 without taking any advantage of the decay of correlation functions,
we get

ICET Y (By, ..., Brim)|
< og)*( [T 2eu(®)

Hen\7

xL_d/ (/ ~ R (
or (Qr+xp)*B—I\(Q)#B—1

It remains to show that the remaining integral is a boundary term that is algebraically
small as L 1 o0, so that in particular the logarithmic prefactor (log L)% plays no role.
For that purpose, we first note that

]‘[ |h#H(xH)})D (xz) dx 3 \{b}) dx;,

He

Lo, 4epep-nopis- Capey) = 20 T@rrmnes (%):
JE(B\b)

so the above can be bounded by
ICETY By, Byim))|

< (log L)“( [T 4n)

Hern\w

h
’ /QL /QL+xb)\QL (/(QL+xb)ﬁB 2 ( 1_[ | ﬁH(xH)D

( N\{b}

X DB(xB)dx B\, ]})dx]dxb

As 7 is covering for By, ..., By, thatis, 7 € K (Bg,..., B,), similar arguments based
on the graphical representation as in Substep 5.1 allow to estimate the integral over
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(B)\ {b, j}, to the effect of
|CETY7 (By.... Byim))|

S(ogl)* > L™

JE(B)\{b}

(1”5‘2/\}(“ @r\@) dx;jdxp.

4.77)

or /(QL+Xb)\QL

In order to estimate this integral, we note that

_d ° .
- /QL /(QL+x,,)\QL < k+1 ) dx;dxi
=14 / / ((xb — Xj)L)_d(w((xb — Xj)L) A Ak“(g))) dx;dx;,
01 J(QL+xp)\QL
=L —d e (PY) dvd
/QL /QL\(QL—xb)<y) (a)(y) A At )) yaxp
= L—d/Q (1) (@) A de41(P))| 0L\ (O — y)| dy.

and thus, using (4.29) in form of L=4|Q1 \ (Qr — )| < % A 1, in case of an alge-
braic rate w(t) < Ct~# for some C, f > 0,

L—d/ / Ao o)) dxjdxy
or (QL+xb)\QL( p B ) /
<L /Q OV (0() A Ap(P)) dy
L

- Ap(P) A L7BN if B # 1,
T (Ap(P)log A(P)|) A EBE i B = 1.

Now turning back to the right-hand side in (4.77), repeating the above computa-
tion after including logarithmic factors, and noting that @ + §B < f{B = k + 1, the
claim (4.76) follows.

Step 6. Strategy for (ii) and (iii). Both for (ii) and (iii), the arguments are similar to
what we already did so far, and require no new insight. We omit lengthy details for
brevity.

We start with (ii). In view of the estimation (4.76) for boundary terms, it remains
to estimate the convergence of terms corresponding to covering partitions in (4.70)
in the large-volume limit. For that purpose, we appeal to the periodization error esti-
mates of Lemma 4.8, as in the proof of Proposition 4.9 (ii).

We turn to (iii). The starting point is the refined estimate (3.26) on Ré“. In
the spirit of the proof of Proposition 4.9 (iii), a decomposition of the right-hand side
in (3.26) can be performed in the same way as what we did above for ﬁi"'l. |
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4.5 Optimality of cluster estimates

This section is devoted to the proof of Theorem 4.4, which shows that logarithmic
factors are optimal in general in our estimation of cluster coefficients, e.g. Proposi-
tion 4.11 (i). As will be clear in the proof below, logarithmic factors are related to the
lack of continuity of the Helmholtz projection in L% (R%).

Proof of Theorem 4.4. Let Assumptions (H,), (H3""), and (Indep) hold, and assume
that the correlation function satisfies the Dini condition (4.5). We split the proof into
two steps.

Step 1. Proof of (i). Appealing to Proposition 4.9 in form of the explicit formula
(4.21) for B2, and estimating the second right-hand side term as in the proof of Propo-
sition 4.9 (i), we find

‘E:I_SZE—/CIIE[ W-a%]hz(o,z)dz < A (P), (4.78)
R aI°

where 0 and 7 are associated respectively with single particles at /° and at z + [/,
where I° and I are iid copies of the same random shape. Replacing ¥# by its Taylor
expansion, using the boundary conditions for 0%, and using standard decay properties
of ¥?, we find

< 2y h

/w2~00v—D(1/fz)(0):/ % ®x
are are

Inserting this into (4.78) together with (4.9), and recalling the shorthand notation

~ 1
E:B'E = —IE[/ Ex-0°v}
2 aIO

— oy12
—&| [, ey

E :B?E — 2B'E) : (/Rd E[D(y%)(0)]2(0, z) dz)

cf. (2.6), we get

<(P).  (4.79)

Next, we further analyze D(17?)(0). In view of Lemma 3.3, we note that /* satisfies
in R9,

—sz + V(Ez]le\(Z+on)) = —53(Z+[O/)O'Zl).
In terms of the Stokeslet G for the free Stokes equation, Green’s representation for-
mula then yields

Viy?(0) = —/ ViG(—)c%v.

a(z+1°)
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Replacing V; G by its Taylor expansion, using the boundary conditions for 7, and
using standard decay properties of G, we find

Viy#(0) — Vi G(~2) (—2);0%v| S ()77,
a(z+1°)
and therefore, taking the expectation, noting that 0% = ¢°(- — z), and recognizing
B! E again,
[E[Vivi (©)] - @B E);; Vi Gra(—2)] < ()77

Inserting this into (4.79) together with (4.9) again, we get

E :B%E — (2ﬁlE),j(21§1E)k,-(p.v. /Rd V2 G (2)h2(0, 2) a’z)‘
< A2 (P), (4.80)

where the notation p.v. stands for the principal value. It remains to analyze the
integral term in the left-hand side. As A, satisfies the Dini condition (4.5), this inte-
gral is absolutely summable. Further, assuming that the point process J is statisti-
cally isotropic, the correlation function /5 (0, -) is radial. By symmetry, this entails
p.V. [ga Vizj Gyi1(z) h2(0,z) dz = 0, and the conclusion (i) follows.

Step 2. Proof of (ii). In view of (4.80), as 2B E does not vanish, it suffices to con-
struct a point process & that satisfies Assumptions (H,) and (H)""), has decay of
correlations (4.5) with algebraic rate w(t) < Ct™# for some C, 8 > 0, and satisfies
the local independence condition A, (P) ~ A(£)? < 1, such that the integral term in
the left-hand side of (4.80) satisfies

‘p.v./ V2G(2) h2(0,2) dz| 2 A(P)*[log A(P)], (4.81)
R4

with the logarithmic factor. We shall consider spherical particles, /° = B, and we
start with the construction of the correlation function /5. For that purpose, first note
that we can find a smooth bounded function

g:S41 > [0,1]

such that
‘ / V2G(e)g(e)db(e)| = 1, (4.82)
JB

where d6 stands for the Lebesgue measure on dB, and we then define

‘ g()
h(z) := 152 par
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Using (4.82), a computation in spherical coordinates yields

‘/ V2G(z)h(z) dz
|zI>2(1+p)

= (/o<> r_l(l—l—)kzrz‘”l)_la’r)‘/ V2G(e)g(e) dh(e)| = |log A,
2 0B

(1+p)

which proves (4.81) if the point process is chosen with intensity A($?) = A and with
two-point correlation function /i, given by

ha(x,y) + A% == 22 (h(x — y) + DLjx—y>20140)-

In particular, this choice also yields
h2(0, 2)1z1>2(14p) = 0, Sup/Q( : ’hz(O, .)’ <22 |h2(0,z)‘ < (z)2d-1,
z z

It remains to prove that this choice of &, can be realized as the correlation function
of a point process with intensity A($) = A and satisfying (H,) and (H;‘)‘“f): this is
precisely the subject of Proposition 4.12 below. ]

The construction of a point process with given intensity and given two-point den-
sity function is easily done under suitable positivity conditions, e.g. following [43]. In
the present setting, more care is needed to further ensure stationarity and ergodicity of
the constructed point process. Note that we use here a sufficient positivity condition
that is much stronger than the one in [43], but is easier to handle and suffices for our
purposes.

Proposition 4.12 (Realizability of point processes). Let A, p > 0and let h € L°(R%)
be nonnegative with h(x) — 0 uniformly as |x| 1 oo. Then, there exists a strongly
mixing stationary point process P = {xn}n on R with intensity A and two-point
density

fo(x,y) == 22 (h(x = y) + Dix_y>23140): (4.83)

such that |x, — Xm| = 2(1 + p) almost surely for all n # m.

Proof. Let M, denote the set of locally finite point sets {z,}, with |z, — zp| >
2(1 + p) for all n # m. It is easily checked that .M, is compact for the topology
of convergence of point sets restricted to compact domains (this coincides with the
vague topology when viewing point sets {z,}, as measures ) _, 8.,). Consider the
space V := C(M,), and denote by V) the dense vector subset of polynomials with
continuous coefficients on M, that is, the subset of functions PN . M p» — R of the
form

N #
PN({zahn) = P + ) Y PV (nye-onp) (4.84)

k=1n1,....ng
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with P(fv € R and P,gv e Ce(S L‘ ) for 1 <k < N, where we use the shorthand notation
S[’f = {(21, czk) € RY* 1z, — zn| = 2(1 + p) forall n # m}

In order to construct a point process with the two-point density f, given by (4.83), we
shall further prescribe all its multi-point density functions. For convenience, these are
chosen in form of Mayer cluster expansions with vanishing higher-order correlations:
forall k > 1,

fersennszi)
= Akﬂsg(zl,...,Zk)
k/2 1 #
x (1 LD L - ID DR CHE L R R Z,,zj)). (4.85)
j=1 1§n1,...,n2j§k

Next, we define in these terms a linear map L : Vp — R as follows: for any polynomial
PN of the form (4.84), we set

N
L(PN)y:=pY +;;/55 PY fi. (4.86)

We argue that L is a positive linear functional on Vj, hence it is also continuous on Vj
with respect to the topology of V. Indeed, for any polynomial PV of the form (4.84)
with P¥ > 0 pointwise, if we evaluate it at the points of a Poisson point process with
intensity A, and if we compute the expectation, we find

N
N k N
P+ /SkPk >0,
k=1 o

hence, noting that the positivity of & entails f; > A¥1 sk forall k > 1, we get
N
L(PY) = Py +ZA"/Sk P =0,
k=1 o

thus proving the claimed positivity.
As Vp is dense in V', we can extend L uniquely into a positive linear functional

L:V —>R.

Next, by the Riesz—Markov—Kakutani representation theorem, there exists a random
element in M, that is, a random point process # = {x, },, such that

E[P(P)] = L(P) forallP €V.
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Testing this relation with polynomials, and using (4.86), we deduce that for all £k > 1
the k-point density function of the point process & coincides with fi. In particular,
it has intensity f; = A and two-point density

fo(x,y) =A% (h(x — y) + D) Ljx—y=20140)

as desired. In addition, L is translation-invariant by definition, hence J is stationary.

It remains to check that & is strongly mixing. For that purpose, we compute the
covariance of o (J?)-measurable random variables. Choose a polynomial PV of the
form (4.84), and let R > 0 be such that P,gv is supported in (Bg)* forall 1 <k < N.
For |x| > 2R, as we have Bg N (x + Bg) = &, we can compute

Cov [PY(P + x); PN (P)]
k
— (PN 4 szsk (PNC+x, 1) PN )(fe— 1 @ firj).
k>1j=0""%»r

The definition (4.85) of f easily leads to
‘/ﬁ (PVC+x 0@ PY ) (i — f5 ® fuej)| S
0

L
(sup h(x +2) V(1 + Ihllso@ay) >~ 1PN It eyl P It (aye—iy-
ze€B>R
As by assumption 2(x) — 0 as |x| 1 oo, we get Cov[PY (P + x); PV (£)] — 0. By
a density argument, the same holds if P¥ is replaced by any element of V', which
proves that & is strongly mixing. [



Chapter 5

Conclusion

In this last chapter, we recall, reformulate, and comment our main findings on the
validity of Einstein’s formula and of higher-order cluster expansions for the effective
viscosity, as obtained in Chapters 2, 3, and 4.

5.1 Cluster expansion of the effective viscosity

We start with the validity of Einstein’s formula and the associated error estimates as
proved in Chapter 2, cf. Theorem 2.1. The three important features of this result are
the generality in terms of probabilistic assumptions (mere qualitative ergodicity under
Assumption (H;“if)), the sharpness of the error estimate (5.1), and the possibility for
particles to touch (under Assumption (HJ'9™) or (Hp)).

Theorem 5.1 (Einstein’s formula). Under Assumption (H,), provided that Assump-
tion (H;')”“'), (Hg‘",’(m), or (H/pfff) holds for some p > 0 and k > 1, we have

5 51 A(P)
|B— (Id+B")| <, 22(P)log |2+ v
L(P)UP) +1)
0 1 1 in case of (H;‘)””), 6D
K A (P)=x A(P)«  in case of (HJY™) or HY),

where B! satisfies
B[ ~ A(£),

and is defined for all E € szm by

= Toer 2
E:B'E=Y"E n D(y ™ ]
Zn: |: |In| /]Rd | (WE )|

where wfgn} is the unique decaying solution of the single-particle problem (1.5). In
particular, the estimate |B — (Id +B')| = o(A(P)) holds provided the point process
P satisfies Ao (P) = o(A(P)).

In order to address the optimality of this estimate, one needs to identify the next
term in the expansion. In Chapters 3 and 4, we have further investigated higher-order
expansions of the effective viscosity in form of cluster expansions. The upcoming
result, which summarizes Theorems 4.1 and 4.3 in Chapter 4, gives the optimal
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order of magnitude of the cluster coefficients and of the remainder. The two impor-
tant features of this result are the generality of the point processes (to be compared
with results in Section 5.2 below) and the sharpness of the estimates. The main
achievement is the explicit understanding of the needed renormalizations to all orders,
solving a problem that was still open in the physics community.

Theorem 5.2 (Cluster expansion in general dilute setting). On top of (H,) and (H;')““‘),
assume that the inclusion process is a-mixing in the sense of (Mix) with algebraic
rate . Then, for all k > 1, the following holds for the effective viscosity,

_ k 1_. 2k+1 -1
B—Id—ZﬁBJ Sk Y. M(@)[logA(P)] .
j=1 I=k+1

B/| < 2 (P)|log A(P)|' ™", forall1 < j <k,

where the cluster coefficients {I_ij }j are defined in (3.13) by means of finite-volume
approximations. If in addition the independence assumption (Indep) holds for par-
ticle shapes, renormalized formulas can be given for cluster coefficients in form of
absolutely convergent multiple integrals, cf. Section 4.4, and the following quantita-
tive convergence result holds for finite-volume approximations {I_Si }j: in case of an
algebraic a-mixing rate w(t) < Ct=P for some C,p > 0,

i—1
=i = (log L)/
By =B S —

Note that the bound on B, in Theorem 5.2 essentially coincides with the estimate
on the remainder in Theorem 5.1, which contrasts with the results of Lemma 1.2 in the
short-range setting by a logarithmic correction. Optimality of the latter is addressed
in Theorem 4.4, which we presently recall.

Theorem 5.3. About the optimality of estimates on B,, the following statements hold.
(1) Isotropic setting: On top of Assumptions (H,), (H;')“if), and (Indep), assume that
the 2-point correlation function hy(x,y) := f2(x,y) — AM(P)? satisfies the following

decay assumption,
I el <ol -y,
B(x)xB(y)

with some rate w satisfying the Dini condition floo t7lo(t)dt < oo. If in addition the
point process P is statistically isotropic, which entails that the correlation function
is radial, then the following improved estimate holds,

B?| < 22(P).

(ii) Optimality in the general setting: There exists an inclusion process I that sat-
isfies Assumptions (H,), (Hz“if), (Indep), and (4.5), as well as the local independence
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condition A (P) ~ M(P)? <K 1, such that we have
IB?| ~ X2(P)[log A2(P)|.

Based on the explicit renormalization of higher-order cluster coefficients, it ap-
pears that Theorem 5.3 (ii) readily extends to higher orders, demonstrating the opti-
mality of cluster estimates in Theorem 5.2.

To conclude this section, let us apply and confront Theorems 5.1, 5.2, and 5.3 to
some specific families of inclusion processes displaying multi-point intensities with
different scaling laws. We start with the construction.

* Construction of inclusion processes {Ip 5}g,5: We define a family of point pro-
cesses {#g.1},2 with parameters 0 < 8 < 1 and 0 < A < 1 as follows. Consider a
hardcore Poisson process ' = {x},}, with radius 6 and with intensity A(P’) = A,
see e.g. [17, Section 3.4] using Penrose’s graphical construction [57]. Next, indepen-
dently choose a sequence {yy }, of iid random points that are uniformly distributed in
B4\ Bs, and, given B € [0, 1], also independently choose a sequence {b, g}, of iid
Bernoulli variables with parameter A# = P[b,,g = 1]. The desired point processes
and spherical inclusion processes are then defined by

P = U{xp+ynbap=1} Igi:= |J Bw).

xej’ﬁ'/\

* Properties of the processes: I  satisfies (H,) and (Hg“if) (with p = 1) as well
as (Indep). In addition, the point process g, is statistically isotropic and a-mixing
with exponential rate uniformly with respect to 8, A (e.g. [16, Proposition 1.4 (iii)]
and [17, Proposition 3.5]), so that Theorem 5.2 applies. A direct computation shows
that the multi-point intensities scale as follows,

A(‘{Pﬂ,l) ~A, /\2(67)/9,)&) ~ /\H_ﬁ, A3(=7’ﬁ,x) ~ ){2+B,

and more generally ok (Pp.2) =k A¥A+A) and Ayp 1y (Pp.0) ~x ATFUHA) Tn par-
ticular the minimal local independence condition A3(Pp 1) K A2(Pp,1) K A(Pg3)
holds for 8 > 0.

* Second-order cluster expansion: We denote by B 8,2 the effective viscosity asso-
ciated with Ig ;. Theorem 5.2 implies that

< A2HBlog A2,

_ _ 1—
'BM — (Id +Bj, + EBf“)

where |E/19 2l =~ A and |]_3% A= A8 (cf. (2.6) and Theorem 5.3 (i)). In particular,
discarding 1_3%3 5 in the above yields the following (completely new) sharp error esti-
mate for Einstein’s formula in this setting: forall0 < f <land A < 1,

Bgs — (1d+Bj ;)| ~ A'F ~ B}, |'+F.
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In this example, Einstein’s formula is thus accurate whenever 8 > 0, which illustrates
the full range of the condition A, (#g ;) = 0(A(#,1)) in Theorem 5.1.

5.2 Summability of the cluster expansion

Finally, we consider the following two specific one-parameter dilution procedures, for
which our results can be substantially strengthened using the uniform ¢! — ¢2 energy
estimates of Theorem 3.9: more precisely, logarithmic corrections in cluster estimates
can be removed in that case and the full cluster expansion is absolutely converging.

(Dilat) Dilution by geometric dilation: Given a point process & = {x,}, and ran-
dom inclusions [, = x, + I,; satisfying (H,), we consider the dilated pro-
cess Ps = {sx,}, and the corresponding inclusions I, s = sx, + I,;. The
latter has minimal distance £(Ps) = s€(P) =~ s, still satisfies (H,), and fur-
ther satisfies (H!"") with minimal interparticle distance

inf dist(l, 5, Im,s) = inf |sx, —sxp| —2 > s0(P) -2 2 s,
n#m n#m

provided s >> 1. Its multi-point intensities take the form
Aj(Ps) = sT/N;(P) forall j > 1.

(Delet) Dilution by random deletion: Given a point process & = {x,}, and ran-
dom inclusions I,, = x, + I, satisfying (H,) and (H;‘)”if), the Bernoulli dele-
tion scheme consists in keeping each inclusion only with given probabil-
ity p € [0, 1]. More precisely, we attach to the inclusions iid Bernoulli vari-
ables {b,(f ) }n, independent of &, I, with parameter

p =P =1],
and we define the corresponding decimated process

PP = nbpenyw. 1P := () L. NP :={n:pP =1}
neN(»)

This decimated process still satisfies (H,) and (H‘/‘)“”), and its multi-point
intensities are given by

A (PP = pir;(P) forall j > 1.

In these one-parameter settings, dilute expansions of the effective viscosity amount
to expansions with respect to the dilution parameters s~ ! or p. Given a random set
of particles I = ( J,, I, centered at the points of > = {x,},, we shall consider both
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dilution procedures at once, defining the dilated decimated process

Py— Pp— Pp— — o
t(Ps(p) = {xn,s}neN(ﬁ% I_gp) = U In,s, Xn,s = S$Xn, In,s = Xps T+ In'
neN(P)

As a consequence of Theorem 3.2, together with (3.78) and (3.79) in Section 3.7, we
obtain the following summability result and estimates for the cluster expansion of the
effective viscosity ]_vap ) associated with I §p ). In particular, it shows that the scaling of
cluster coefficients coincides in this case with that of Lemma 1.2 for the short-range
setting: indeed, we have

B | = p/B]| 55 (ps™) = Ap (7).
We emphasize that no mixing assumption is required here.

Theorem 5.4 (Cluster expansion for one-parameter dilution procedures). Under (H,)
and (H;““I), for the specific dilution models (Dilat) and (Delet) above, with dilation
parameter s and Bernoulli parameter p, the cluster expansion of the effective vis-
cosity is uniformly summable in the following sense: there exists a constant C (only
depending on d, p) such that for all 0 < ps_d < é the effective viscosity satisfies

_ © i .
BY =1+ %B;, B/| < j1(Cs™) forallj>1, (52
j=1"7"

where the cluster coefficients {ﬁ{ }; are defined in (3.13) by means of finite-volume
approximations.

Remarks 5.5. We comment on the analyticity of the effective viscosity with respect
to dilution parameters.

(a) In case of the random deletion model (Delet), the expansion (5.2) yields the
local analyticity of p — B(® at p = 0. Local analyticity can, in fact, be established
on the whole interval 0 < p < 1; the reader is referred to [15] for a similar result in
the scalar setting.

(b) In case of the dilation model (Dilat), the expansion (5.2) does not yield the
analyticity of the map s~¢ > By since the rescaled coefficients {s%/ B] }j also depend
on s. By means of multipole expansions, the maps

s s 54 ]_35
can be checked to be analytic themselves, as well as s> ]_3s. For a more direct
approach to expansions in s~!, we refer to the recent work [59] in the scalar setting;
see also [9].

To illustrate Remark 5.5 (b), we display the first term of the monopole expan-
sion for the second-order coefficient B?. In particular, as is natural, we note that B?
can be expressed to leading order in terms of the single-particle problem only, and
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it coincides with the formula obtained in [27, Proposition 5.6] in case of spherical
inclusions.

Proposition 5.6 (Leading order of monopole expansion). On top of (H,) and (H;‘“f),
assume that particles have independent shapes, cf. (Indep), and that the two-point
correlation function hy = f» — A(P)? satisfies the decay assumption

// ] < w(jx — y]).
B(x)xB(y)

with some rate w satisfying the Dini condition floo t~Yw(t) dt < oco. Consider the
dilated process Ps, cf. (Dilat), and the associated second-order cluster coefficient B?
defined in Theorem 5.4. Then, we have

’

‘1—32 _s—zdﬁz,1| < ¢2d-1
Ky ~
and the leading-order contribution B! is given by the following reduced formula,

E :B>'E = 2B'E): (p.v./d 6(2) h2(0, 2) dz)(zfle),
R

where B'E is defined in (2.6), where the notation p.v. stands for the principal value,
and where the 4-tensor field § is given by M : §(z)M = MjlemvlfmGjl(Z) in
terms of the standard Stokeslet

| Z|2—d

= 2(d —2)|9B]

(1d-+ - 2)@).

G(2) EE

In case of spherical particles, I, = B(xy), we thus have

— d+2(z-Ez)?* |Ez|?
w2l _ 2 _
E:B>E = (d +2)°|B| p.v./Rd( PRRETE BrEs h(0,z)dz.

Proof. Starting from the renormalized formula (4.21) in Proposition 4.9, repeating
the proof of (4.80) to decompose the first contribution, and using (4.25) to estimate
the second one, we are led to

‘E:]_S?E—(ZﬁlE)lj(2]§1E)ki(p.v./ V2 Gri(2)h2(0, 2) dz)‘
R4

5/Rd(z)—d—l|h2,s(o,z)|dz+/ (z)724 £, (0, z) dz.

R4

Using that the two-point density and the correlation for the dilated process P take
the form

fZ,S(O’Z) = S_deZ(O’S_lz)v hZ,S(O’Z) = s_zdh2(07s_lz)y
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and changing variables, the conclusion follows by scaling. In case of spherical par-
ticles, we appeal to the proof of Proposition 2.2 for the explicit computation of
BIE. ]

Finally, we revisit a recent result by Gérard-Varet [26] that displays to second
order similar estimates as for the random deletion procedure, cf. (5.2), but only as-
suming some specific structure of the multi-point densities up to order 5, thus con-
trasting with Theorem 5.4. As a corollary of Proposition 4.11, we establish the follow-
ing result, which constitutes an extension of [26] to higher orders with new, optimal
error bounds. Note indeed that for k = 2 the result (5.3) below yields an error bound
O(p?), which improves on the bound O( p%) obtained in [26].

Corollary 5.7. Let & satisfy Assumptions (H,) and (H;‘)”if), and let I satisfy the
independence assumption (Indep). Given k > 2, assume that there exists 0 < p <1
such that the multi-point density functions of P can be written as

fi=p'f7 foralll <j <2k+1,

for some functions (f]~°)15j52k+1- Further, define functions (hj)li,-fzkﬂ through
the correlation/density relation (4.8) starting from (fjo)ls j<2k+1 and assume that
they satisfy (Mix) to order n = 2k + 1 with algebraic rate w. Then, we have

k
_ l—.
B-Id—) —B

<k pFTY B/ < p! foralll < j <k (5.3)
].

j=
where the multiplicative constants are independent of p.
Proof. The assumption f; = p/ f; entails h; = p’ hS, where h is assumed to sat-

isfy (Mixg,). Further, writing (f°); in terms of (/7); by means of (4.7), the assump-
tion (Mix[) for the latter yields

][ iP5 L
Z15.2j J Q(z1)xxQ(z;)

where the bound only depends on j, w, and on the constant function f,°. In this
setting, the bounds of Proposition 4.11 (i)—(iii) now take the form

B/| < p/ASllogA°) 71,
2k+1

IRFH < Y7 p/ 15, llog A0 < pF Y,
j=k

and the conclusion readily follows. ]






Appendix A

Stokeslet estimates with rigid inclusions

This appendix is dedicated to the proof of several estimates on the behavior of the
fluid velocity generated by a localized force dipole in the presence of a finite number
of rigid inclusions. In other words, it concerns the Stokeslet for the Stokes problem
with rigid inclusions, and we shall prove in particular Lemmas 3.10, 4.7, and 4.8.

A.1 Main results

For convenience, we start by recalling the notation of Section 4.3.2. Given a set Y C
Q1 of “background” positions with

dist (B(y). B(y")) > 2p, dist(B(y),d0L) > p, forall y,y’ € Y, y # ', (A.])

we denote by ZI € leer(Q )¢ the solution of the following periodic corrector prob-
Y

lem, using the shorthand notation o; = U(WZ + Ex, 2{),

—Ay] +VI] =0. in 02\ Uyey BO)
div(y)) =0, in 01\ Uyey B(»).
D(y} + Ex) =0, inUJ,cy B(y).

Jony) ofv =0, VyeY,

JoBy ©x =y)-0fv =0, VO €M™, VyeY.

Next, we turn to elementary single-particle contributions {7 ..} y: Given a “tagged”
position z € Qy,, given (¢, P) € HI(BHp(z))d x L?(B14,(z) \ B(z)) satisfying the
following Stokes equations in a neighborhood of B(z),

—A7+ VP =0, in Bi4,(2) \ B(2),
div(¢) = 0, in Bi4p(2) \ B(2).
D(¢) =0, in B(z), (A.2)

Jo 0 & P)v =0,
faB(z) ®(x — Z) . O'(é', P)U =0, VO e Mskew’

and given a finite subset ¥ C Qp of “background” positions satisfying (A.1), we
define 7., ¢ € leer(Q )% as the solution of the following Stokes problem with force
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dipole localized around z and rigid inclusions around points of Y,

—AdLyS + VAL .yl = —Sspr (0 P)v,
div(g7.y0) = 0,

D(¢i.y) =0,

Japoy 0 (Fix s QfyOv =0,

Sy O = 2) -0 (8. @F y )V = 0.
Tyl =V 4 O.(x—2),

Y over. Jap) 0 (1 .y 8 Qv
=2 yer. JpoynosLz) o Pv.
Lyer. Jap) O —2) - 0(df £, QF v
=Y yer. JBoynapLz) @ —2) - 0L P)v,

in Or. \ Uyey B(¥).

in 01\ Uyey B(¥).
inUyey\rz BOY),
VyeY\Y,,

VO € M*V, Vy € Y \ Y,
inUyey, B(y),

for some V, € R?, @, € Mskew,

VO e Mskew ,
(A.3)

where we recall that BL(z) = (B(z) + LZ%) N Oy stands for the periodization of the

ball B(z) in Qp, where we have set Y, :={y € Y

: B(y) N BE(z) # @}, and where

we have implicitly extended (¢, P) periodically to Bi4,(z) + LZ%. The solution
#1.y ¢ is only defined up to a rigid motion in O, which we fix by further choosing

Ji.v¢ =0, / Vvt € Mg™.
or or

Note that 7 .,,¢ depends of course on the pair (, P), not only on ¢, but we leave the
pressure field implicit in the notation for convenience. We refer to Section 4.3.2 for
motivation of the above equations (A.3), and we recall that it reduces to the following
simpler equations when {z} U Y satisfies (A.1) (meaning that z neither gets close to
background positions Y nor to the cell boundary 0Q7,),

—AFLyE+ VA .y T = 80 (L, P)v,
div(g.y0) = 0,

D(7.y%) =0,

JoB) (v QF DV =0,

Jony O =) -0 (Jfy 8. QL y OV = 0,

We further define

gié = gi;@é"

in Or \ Uyey B(y).

in 01\ U,ey B(»).

inUyey B(»). (A.4)
VyeY,

VO € MV, vy €Y.
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for which the Stokes problem (A.3) reduces to
—AJFL+VQIL = —bygro (. P)v, div(df¢) =0, inQf, (A.5)

and we define ¢3¢, ¢7¢ as the corresponding operators on whole space, that is, with
BL(z) and Q7 replaced by B(z) and R¢, respectively, in (A.3) and (A.5).

With the above notation, we start by recalling the statement of Lemma 4.7 regard-
ing the optimal decay properties of the Stokeslets { #1.ytz,y- Note that Lemma 3.10
is a particular case of this result, using notation (4.15), when {z} U Y satisfies (A.1).
The proof is displayed in Section A.2.

Lemma A.1 (Decay of Stokeslets with rigid inclusions). Let z € R?, let (¢, P) sat-
isfy (A2)at z, and let Y C Q. satisfy (A.1). Then, we have for all x € Qp,

( / |D<gz;yz>|2)zsﬁy <(x—z)L>—“'( / |D(z)|2)2, (A6)
BL(x) Biio(2)

( /B(x) |D<;Z§§>¢z)5 - _Z>_d( /B e |D<z>}2)5.

A similar argument leads us to the following version of the mean-value property
for Stokes equations in the presence of a finite number of rigid inclusions. The proof
is displayed in Section A.3.

A

Lemma A.2 (Mean-value property with rigid inclusions). Let Y C Qg satisfy (A.1)
and let w € H'(Qp)? satisfy the following free steady Stokes equations in Qy,,

—Aw+ VP =0, in O\ Uyey B(y),

div(w) = 0, in O\ Uyey B(y),

D(w) = 0, inUyey BOY), (A7)
faB(y)a(w, P)y =0, Vy ey,

faB(y) O(x—y)-o(w,P)y =0, VyeY, VO e MV,

Then, we have for all B(x) C Qp,
/ IDw)|* Spy (dist(x, QL)) / ID(w)[. (A8)
BL(x) oL

Finally, we recall the statement of Lemma 4.8 regarding the error ¢7., — 45
between periodized and whole-space Stokeslets. The proof makes heavy use of the
above mean-value property and is displayed in Section A.4. The stated bounds are not
optimal: finer estimates are given in the proof, but this simplified statement is good
enough for our purposes.
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Lemma A.3 (Periodization error). Let z € Qp, let (¢, P) satisfy (A.2) at z, and
let Y C Qr be a finite subset such that {z} UY satisfies (A.1). Then, we have for
allx € QO

(f

iy~ 50F) = ([ poP)
140() B )
X (Lo (O = 20+ 0y a (dist(Y \ {x,21,000)) ™), (A9)

by

1+p(z

where we recall the notation dist(@,9Q1) = L and B (z) = (B, (z) + LZNQ;.

In addition,
%
2
(/ Dy —yh))| )
BE (%)

1+p
Ssr ((dist(x, 9Q 1)) + (dist(Y \ {x},001)) ™. (A.10)

In the above three lemmas, the multiplicative constants in the estimates crucially
depend on the finite number of rigid particles: in Lemma A.1, for instance, a quick
inspection of the proof shows that the multiplicative constant can be bounded by
C* (#Y)13/2, Although these deterministic results fail in general for an unbounded
number of rigid inclusions, we refer the reader to [19] where corresponding results
are proved to hold in a suitable annealed sense in case of a stationary and ergodic
random ensemble of rigid inclusions.

A.2 Decay of Stokeslets with rigid inclusions

This section is devoted to the proof of Lemma A.l (hence of Lemmas 3.10 and 4.7).
We argue by comparing #7 .y { to §7.y ¢ (recall Y; ={y €Y : B(y) N BL(z) # o)),
which is a variant of the solution 32@ of the corresponding problem without rigid
inclusions. Equation (A.3) for §7 .y ¢ reads

Ay C V@ L = Sy o (@ Py, in 0\ Uyey. BO).
div(47.y.$) =0, in 01\ Uyey. BOY),
gi;yzg‘ = VZ + ®Z(x - Z)? in UerZ B(y)
for some V, € R4, @, € Mkew,
Y yer: Jopo) 0(#7.y. 8 QF .y OV
= yev. fB(y)ﬂ?)BL(z)O(é" P)v,
2yey, faB(y) O(x —2)-0(JL.y.5 QLy. OV
= ZyEYZ fB(y)ﬂaBL(z) ®(X—Z)'O'(§,P)V, V@ € Mskew'

(A.11)
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We split the proof into three steps: we first apply elliptic regularity to unravel the
decay properties of §7 . ¢, and then estimate the difference ¢7.,,{ — 7.y ¢ in the
last two steps. Let z € Qp, let ¢ satisfy (A.2) at z, and let Y C Qp satisfy (A.1).

Step 1. Proof that for all x € Qp,

( / \D(;tz;yzz)f)zs((x—z>L)“"( / |D(c)|2)2. (A12)
BL(x) Bi4,(2)

The argument is based on elliptic regularity via a duality argument, in a form that
is similar to the proof of Theorem 3.9 in Section 3.5.2. By an energy estimate for
#1.y. ¢, the claim (A.12) is trivial if

|(x—2)L| S 1.
and we shall focus on the case when
roi= %|(x—z)L| > 2(1 + p). (A.13)
By definition (A.11), we then note that g7 ., { satisfies the free steady Stokes equa-

tionin B (x) = (B,(x) + LZ%) N Oy, which is the periodization of the ball B, (x)
in Qp . Elliptic regularity in form of Lemma 2.6 then yields

2 _ 2

[, ool < [ ol (A14)

BL(x) BF(x)

Next, by duality, the right-hand side can be written as

2
2
L, oz of =sef( [ nip@ivo) cheroog
BF(x) oL

[All20,y =1, supph C BrL(x)}. (A.15)

Given a test function & € L2(Q1)4*¢ with supph C B (x), let wy.j, € leer(QL)d

sym
be the solution of the auxiliary Stokes problem

—Awpp + VOrp = div(h), in 01\ Uyey. B(),
diV(wL;h) = 07 in QL \ Uerz B(y)v
wr.p =V, +0z(x —2), in U,ey, B(Y),

for some V, € R%, 0, e Mskev,
ZyEYZ faB(y) O'(wL;h7 QL;h)V =0,
Zerz faB(y) ®(x - Z) : G(wL;ha QL;h)v =0, VOe Mskew'

(A.16)
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These equations are indeed well posed since by (A.13) the support BrL (x) of the
force term h does not intersect the rigid inclusions UerZ B(y). By Lemma 3.3,
wy.., satisfies the following relation in Qy,,

~ 8w+ V(Lo \Uyey. B) Qi) = div(h) =) $380)0 (Wesn. Qrn)v. (A7)
y€Yz

Similarly, the defining equation (A.11) for 7., ¢ yieldsin O,
- AgZ;YZ§ + V(]IQL\UerZ B(y)@z;Yz)

= —19,\Uyey. B»)0BL(2)0(C. P)v — Z 8380 ($1.7.¢. Qf.y.Ov. (A1)
y€Y;

Testing (A.17) with gi.yzg and (A.18) with wy,.;, we are led to

/ b D(gE.y.0) = / Wi - o€ P
or 3BL(z)\Uyey, B(»)

+ /33 wrsh - 0(FLy. 8 QLy. OV

yey, (6]
+ Z/ FL.v.§ oL, OLn)v,
7 Jaso

and thus, using the boundary conditions in (A.11) and (A.16),
| @it = [ wngeot P
oL dBL(z)

Recalling that (¢, P) satisfies (A.2) and is implicitly extended by Qp-periodicity,
using the boundary conditions and the incompressibility constraints to smuggle in
arbitrary constants in the different factors, as in the proof of (3.30), and appealing to
the trace estimates of Lemma 2.5, we find

2 2 2
( QLh:D(gzL;Yzz)) s( / ., IpwL) )( / LG ) (A19)

As equation (A.16) entails that wy ., satisfies the free steady Stokes equation in
BE (), elliptic regularity in form of Lemma 2.6 yields

/ |D(wL;h)|2 < rd / \D(wL;h)
BL(2) oL

and thus, combining this with an energy estimate for (A.16),

2 _
/ D) < / IR
BL(2) or

Combining this with (A.14), (A.15), and (A.19), the claim (A.12) follows.

2
’




Decay of Stokeslets with rigid inclusions 161

Step 2. Proof that for all x € Qp,

[, Ip@isof
BL(x)
(X (o= /B ID@)|*. (A.20)

ye{x}U¥\Yz) 140(2)

In view of Lemma 3.3, the defining equation (A.3) for g7 ., ¢ yields in Oy,

—Adi v+ V(Lo \Uyey B)@Liy)

= —19,\U, ey, B0»88L:) 0 PV = > 89850 ($7.y L. QF y Ov.
yeyYy

Subtracting (A.18) entails in Qp,

- A(ng”Yé‘ - gIZJ,ng) + v(]lQL\LJyEY B(y)@i,y - ]lQL\UyGYZ B(y)@'z;Yz)
= - Z SBB(y)U(éli;Yé" (QIZJ;Y;)V

YEY\Yz

= 8apn(0($:x 8. QFy OV — 0(9].y.8. QFy. V). (A2D)
yeYs

Testing this equation with g7 ., { — &7 .y itself, and using the boundary conditions
in (A.3) and (A.11), we obtain the energy identity
2
2 [ Dt~ 0.0
or
= > [ it oWiat @iyt
yeY\Y- 0B(»)

Further, using the boundary conditions and the incompressibility constraints to smug-
gle in arbitrary constants in the different factors, as in the proof of (3.30), and appeal-
ing to the trace estimates of Lemma 2.5, we deduce

/Q D@t — Fiy. O

. e\ R
s > (/B(y) ID(#7:7.0)| ) (/BHM ID(45.50)] ) .

yeEY\Y:

Decomposing ¢y ¢ = ($7.y ¢ — #1.y.0) + $[.y.¢ in the last factor, using the tri-
angle inequality and Young’s inequality, we are led to

Z /Bl+ » |D(&’i;yzf)|2.

YEY\Y:

/Q ID(JZ.4¢— 9230 <
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The triangle inequality then yields for all x € Oy,
2 2 2
[, g0l < [ P 0f + [ Dt g
BL(x) BL(x) or

3 /B ID(2..0)

yEY\Y-~ 1+p(Y)

2
El

2 2
< [, PFErOf +

which yields the claim (A.20) in combination with (A.12).

Step 3. Conclusion. We argue by induction on the cardinality of Y \ Y; for (A.6). If
#(Y \ Y;) =0, thatis, if Y = Y., the conclusion (A.6) already follows from (A.12).
Given n > 1, we assume that (A.6) holds whenever §(Y \ Y,) < n, and we shall show
that it also holds when (Y \ Y;) = n.Let Y C Qp be fixed with (Y \ Y,;) = n. For
any S C Y \ Y;, the same argument as for (A.21) yields in O \ U,es B(Y)

_ A(é’]ﬁ;YE - gi;YzUSC) + V(]IQL\UyGY B(y)@i;y — ]lQL\UerZus B(J’)(’QE;YZUS)
=— Y S»o(Fiyl QO

YEY\(YzUS)
- Z SBB(y)U(fr’f;Yf —JLv.ust Qryt — @i;yzusf)‘)-

yeYz
As §7.y8 — 1 .y.us$ is further rigid in Uyes B(y), this implies, by definition of
{gZ;S}y’
gi;Yé' - gi;YZUSé- = Z 2{;5%;% + Z gZ;S(gi;YZ - gi;qusé‘)’
YeY\(Y:US) yeY

which we may further decompose as

ng,;Yé‘ - ng,;YZUSé‘ = Z gz;s(éli;ﬁ - gi;YZUSU{y}z)

yeY\(Y;US)
+ Y HsFivusumnlt D $.s(FEy i y.us0).
yeY\(Y;US) yeY;

Iterating this identity, we find

gi;Yg - 32;@5

n #
— Y1 gr2 .o ql z
=D > ' on T Fm 001t

I=1y1,...,y;€Y\Y2

n #
Yigy2 Yi—i y
+ Z Z Z IL gL;{y1}”’gL;{y1,.--,yz—z}gL;{m,m,y/—]}

I=1y1,...,y1—1€Y\Yz y€Y2
zZ zZ
X (FL:v S = FLv.01 w18
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We now appeal to the induction hypothesis in form of (A.6) for the terms g Z; O1ry)
and gggyzu{yl,_“,yj} foralll < j <nand y €7, to the suboptimal decay estimate
(A.20) for 3’2;qu{y1,...,yn} (which only appears in the first right-hand sum when
[ = n). Recalling that

|(y —z)L| <2 forally €Yz,

this yields for all x € Q. after straightforward simplifications,

( / D¢ — zi;yzof)z
BL(x)

<n D 2)2
(fypo 0

n #
2 D SN (G 90 ) W (6 TUE 9 V%) RO (6 /) V5

1=0y1,....,y;€Y\Y2
The conclusion (A.6) now follows from the bound
—d —d —d
{((@=b)r) “{b—c)L) " ${@=o)r)

foralla,b,c € Qr. ]

A.3 Mean-value property with rigid inclusions

This section is devoted to the proof of Lemma A.2. We split the proof into two steps.
LetY C Qy satisfy (A.1)and let (w, P) € H'(Qr)%¢ x L?(Qy) satisfy (A.7)in Q.

Step 1. Proof that for all x € Oy,

/ D@ v (Y {dist(y,900)] ) / Dw)|’.  (A22)
Bl (x) ye{x}UY or
For that purpose, we shall compare w to the solution
W€ w+ Hp(Qr)?
of the free steady Stokes equations without rigid particles in Qy,
—AW+VP =0, div(w)=0, inQr. (A.23)

In view of Lemma 3.3, the equations (A.7) for w yield the following relation in Oy,

—Aw + V(Lo \Uyey Bo)P) = = Y 83800 (w. P)v.
yeyY
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Subtracting (A.23), we deduce that the difference w — 1w € H} (Qp) satisfies

per

—Aw =) + V(Lo \U,ey By P = P) ==Y Sappyo(w. P)v.  (A24)
yeyY

Testing this equation with w — W and using the boundary conditions in (A.7), we
obtain the energy identity

/\D(w b)|* = Z/ W - o(w, @)v.

yeY dB(y)

Further, using the boundary conditions and the incompressibility constraints to smug-
gle in arbitrary constants in the different factors, as in the proof of (3.30), and appeal-
ing to the trace estimates of Lemma 2.5, we get

D(w — w)|* < ( D(i 2)2( D 2)2. A25
/QL| G w)| ; /B(y){ (w)| /BH»D(Y){ (w)| ( )

Decomposing
w=(w-—w)+ 0

in the last factor, using the triangle inequality and Young’s inequality, we are led to

/ IDw — B[ < 2/ D).

yey /Bi+p()

and thus, by the triangle inequality, for all x € Qp,

/BL<x) PG 5 / DG + Z/ ID@)|*. (A.26)

yey / Bi+p()

Rather decomposing W = w — (w — W), we note that (A.25) also yields the energy

estimate
/ ]D(w)yzg/ ID(w)|*. (A27)
or or

As w satisfies the free steady Stokes equations in Qp, cf. (A.23), the mean-value
property of Lemma 2.6 yields for all x € Oy,

/ \D(w)} (dlst(x 8QL)) /
BL(x) oL
and thus, combined with (A.27),

/ ID@@)[* < (dist(x, 801))” / ID(w)[*. (A.28)
BL(x) or

Inserting this into (A.26), the claim (A.22) follows.
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Step 2. Conclusion. Given S C Y, we denote by
1 d
ws €W + Hper(QL)

the solution of the free steady Stokes problem with rigid inclusions at points of S
only,

—Aws + VPs =0, in 01 \U,es BOY),
div(ws) = 0, in 01 \U,es BOY),
D(ws) =0, in{Uyes B(y),
Jos(yy o (ws, Ps)v =0, Vy €S,

Joyy @(x —¥)-0(ws, Ps)v =0, Vy e S, VO € M™Y.

In particular, we recover wy = w and wg = W as defined in (A.23). The result (A.22)
of Step 1 yields in this case, for all x € Oy,

/BL(X) D) g5 (2 {dist(r, 000))™) /QL DGs)

ye{x}uS

Noting that a similar argument to the case of (A.27) further yields the energy estimate

/Q [pws)* < /Q [pw)

we deduce for all x € Oy,

2
’

/BL(X) ID@ws)|* sgs (D0 (dist(r.001)) ) /QL D). (A29)

ye{x}usS

We shall now decompose w in terms of this sequence (ws)scy. Arguing as for
(A.24), we note that for any S C Y the following relation holds in O, \ Uy es B(»),

—A(w—ws)+ V(P — Ps) =— Z Sap(yyo (w, P)v.
yeY\S

As w — wg is rigid in UyES B(y), this allows us to decompose

Ww—ws = Z Fi.s-

yeY\S

and thus, iterating this identity and starting with wg = w,

o £
— 7 Yigy: ... gV
W=+ Y I P ) OO
I=1y1,..., v €Y
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Appealing to the decay estimates for {3{; s)y,s in Lemma A.1, and to (A.28) and
(A.29), we get after straightforward simplifications, for all x € Oy,

/ o )\D(w>\2 <or [ PP

XZ Z (=)L) 1=y > (o —yoL) > (dist(yr. 001))

[=0Yy1,...y1€Y

Using that (@ —b)1) "4 ((b—c)1) ™% < ((a —c)) ™% foralla,b,c € Qr, and noting
that the infimum over ¢ € dQy, further yields

(@ — b)) (dist(h, 0Q1)) ¢ < (dist(a, Q1)) ",

the conclusion (A.8) follows. ]

A.4 Periodization errors

This section is devoted to the proof of Lemma A.3. We split the proof into three
steps. Let z € Qp, let ¢ satisfy (A.2) at z, and let ¥ C Qp be such that {z} UY
satisfies (A.1).

Step 1. Proof that for all x € Qp,

/ , \D(znz F3 0| <ur / ID@)|?
B

4o(x Bi+p(2)
x min {((x —2)2) % A ((dist(x, 001 (@)~ (dist(z, 001 (a))) ) :
aeRY x,z€Qr(a), Y CQL(@)}. (A30)

It suffices to prove this estimate for a = 0, that is,

[, pGi-giof s [ pof
B

1+0 Bi4,(2)
« (((x — o) A ((distCr, 80.)) " (dist(z,00.)) 7)),

as the claim (A.30) then follows by translating the underlying cell Qr, which does
indeed not change the equations provided that the translated cell still contains the
relevant points x, z, Y. Further, noting that Lemma A.l together with the triangle
inequality yields

i

1+o¥

D@t~ 470 S (e ) /B el
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it only remains to prove for all x € Qp,

[, pEiat- g0
B )

1+o¥

Spr (dist(x, Q1)) (dist(z, Q1)) /

Bl+0(z

) D). (A.31)

As {z} U'Y satisfies (A.1), we recall that §7 ., { satisfies the simpler Stokes prob-
lem (A.4) (and likewise for 3 ¢). The difference 7., ¢ — &3¢ then satisfies the free
steady Stokes equations (A.7). Applying the mean-value property of Lemma A.2 to
this equation, we get forall x € Qp,

|, D@yt gi0f
B )

1+o*

<oy (dist(x.90,))™ /Q Dyt — 92002 (A32)

In order to estimate the last integral, taking some inspiration from the proof of (2.33),
we note that it is convenient to further compare &7 ., ¢ and 3 ¢ to the solution of the
corresponding Neumann problem in Oy : we define

I5vs € H'(QL)*

as the solution of

—AFN .yl + VAL .yl = —8ipr 0L P)v, in Qr\U,ey BV,
div(95.0) = 0. in 02\ U, ey BOY),
o(¢4%.,¢ Q% . Ov =0, on 00y,
(ﬂN,Yé‘ N,YZ) ' QL (A.33)
D(g]ZV,YC) = O’ n UyEY B(y)v
faB(y) Cf(glzv;y{, Qf\];yé‘)‘) =0, Vy ey,
Joy @(x =) - 045y QR.yOv =0, Vy ey, VO € M¥v.
In these terms, we start by estimating
/ ID(g7.y¢ — 970 < 2/ ID(H)|* + 2/ D", (A34)
or oL oL

where we have set for abbreviation

Hi =3[yl — Nyl
Hy = ¢3¢0 — Fx.x ¢
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We denote by P;, P, the corresponding pressure differences. In view of (A.4) and
(A.33), (Hy, Py) satisfies

—AH, +VP =0, in 01\ Uyey B,

div(H,) = 0, in 0\ U,ey B(»),

o(Hy, P1)v =0(4.y8 QL.y5)v, ondQp, (A35)
D(H,) =0, in Uer B(y),

Jap(yy o (Hi, P1)v =0, Vy ey,

Jopy ©(x =) -0 (Hi, P)v =0, VyeY VOe Miskew,

for which the energy identity takes the form

2/QL D" = /aQL Hy 0358y OV,

hence, recalling Hy = 47 .,,{ — § .y ¢ and the periodicity of g7 ., ¢,

2
2 [ == | fratoiat @iytn a36
oL 0L
By Lemma 3.3 and (A.11), g7 .y  satisfies in Qr,

— AJ7y ¢+ V(Ira\y, oy Bo)QLiy)

= —898() 0 (L. P)v = > 838500 (F1.y L. QF .y Ov.
yeyY

whereas, by (A.33), 43,y ¢ satisfies

— AJRy S+ V(lravy, oy o) @hiy)
= 8980 (. P)v = Y 8300 ($3.y L. Qi y OV

yeyY

Testing the first relation with %5 ¢, testing the second one with 7., ¢, and using
boundary conditions, we find

~/3Q 3’]2\];}1{ : 0(%;1/?’ @z;YZ)V
=2 / D(¢.y ) : D(Fi.y ) + /a o, 0@ Py

_ / (Fioy & — F5.70) -0, PV,
0B(z)
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so that identity (A.36) becomes
2
2/ |D(Hy)| =/ Hy-o(, P)v. (A.37)
oL 0B(z)

Using the boundary conditions and the incompressibility constraint to smuggle in
arbitrary constants in the different factors, as in the proof of (3.30), and appealing to
the trace estimates of Lemma 2.5, we find

2 2 % 2 %
/QL ID(H))| s(/B(Z) \D(Ho\) (/Blw) }D(¢)|) .

Applying the mean-value property of Lemma A.2 to equation (A.35) for Hy, and
using Young’s inequality, we deduce

. —d
/ ID(HY)|” < (dist(z,001)) / D). (A.38)
or B1+o(2)
Likewise, repeating the argument in favor of (A.37), this time for H,, we obtain

2 . Z 5, z z
2 /Q [pa)f” = /BB(Z) Hy - 0(5, P)v + /a ,, Fit-ogit aiom

or equivalently, using the free steady Stokes equations for {3 ¢ in R4\ Qy and inte-
grating by parts to reformulate the second right-hand side term,

2 _ . . z 2
2/QL ID(H>)| _/ag(z) Hs-0(C, P)v 2/Rd\QL ID(F50)|

< Hy-o(C, P)v.
0B(z)

Arguing as for H;, we may then deduce

/ ID(H) [ < (dist(z.90,))™ / D).
or Biyp(2)

Combined with (A.32), (A.34), and (A.38), this yields the claim (A.31).

Step 2. Proof of (A.9). We claim that the conclusion (A.9) is a simple post-processing

of (A.30). As (A.9) trivially follows from (A.30) if |x — z| > %, it remains to consider

the case when |x — z| < %. In that case, we can choose g € %Zd with |¢|eo < %

such that x,z € Q ! 1.(q). We then construct a translation vector a componentwise:

First, for all directions 1 <i < d with g; = 0, we set a; := 0. Second, for all i with

qi = %, we set a; ;= dist(Y \ {x, z}, Pi’_), where Pz’_ is the cubic facet {v € 90 :

v; = —L}. Third, for all i with ¢; = —%, we set a; 1= —dist(Y \ {x, z}, P;'"),
L

where P£’+ is the facet {v € QL : v; = 5 }. With this construction of a, we find
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that ¥ \ {x, z} is included in the translated cube Qy (a) (and actually intersects its
boundary). Moreover, we find

dist (x. 001 (a)) = dist(x, 8Q1) + inf|a;|
> dist(x,dQ7) + dist (Y \ {x,z},90L),
and similarly
dist (z,0Q (a)) = dist(z,dQr) + dist (Y \ {x,z},00¢).

In particular, we get

(dist(x, 0Q 1 (a))) " (dist(z, 00 L (@))) ¢ < (dist(¥ \ {x,z}.90L)) 7,
so that the conclusion (A.9) indeed follows from (A.30).

Step 3. Proof of (A.10). We shall prove the following refined version of (A.10): for
allx € Qp,

/ Dy} — ")
BlLer x)

< min {(dist(x, BQL(a)))_d(dist(Y, BQL(a)))_d :
aeRY xeQr), Y C Q@) (A.39)
Arguing similarly to Step 2, it is easily seen that the translation a can be suitably

chosen so that this estimate yields the conclusion (A.10). In order to prove (A.39), it
suffices, in fact, to prove it for a = 0, that is,

/ DY —y")|? < (dist(x, 00.))“(dist(Y, 00.)) 7, (A.40)
BlL+p x)

as the claim (A.39) then follows by translating the underlying cell Qy , which does
indeed not change the equations provided that the translated cell still contains x, Y.
We turn to the proof of (A.40). As the difference

vl —yr

satisfies a free steady Stokes problem of the form (A.7), we may apply the mean-value
property of Lemma A.2 to the effect that for all x € Oy,

/ DY — ") < (dist(x,00.)) / D —yNHP. (A4D
Bl () oL

In order to estimate the last integral, we argue similarly to Step 1 by further comparing
w{ . %Y to the solution of the corresponding Neumann problem in Q7 : we define
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Y € H'(Qr)? as the solution of

—AyY +VEL =0, in 01\ Uyey BO).
div(yy) = 0, in 02\ Uyey BOY.
oy, v =0, on 901

DY) + Ex) =0, in U, oy BO).

sy oWy ZR)v =0. Vy €Y,

faB(y) O(x —y) ol ZX)w =0, VyeYt, VO e Mkv,

In these terms, we start by estimating

Y . ¥y|2 2
/QL DY — g7 sz/QL ID(G)| +2/QL ID(G2)

2
’

(A.42)

where we have set for abbreviation
. Y Y . Y Y
Gii=vp —Vn. G2:=V" —yy.

We denote by R, R, the corresponding pressure differences. Similarly, as in Step 1,
energy identities take the form

2 = f— .
Z/QL PG| = Z/aB(y) E(x —y)-0(Gy. Ry)v.

yeyYy
G 2 _ _ . G ’ _ Y 2’
2| o) yezyfm) Etx=)-0@a k=2 [ oY)

and we deduce by means of trace estimates, for bothi = 1, 2,

DG < ( D(G: 2)2.
/QL| ( )| Z /Bl+p(y)| ( )|

yeyYy

Hence, applying the mean-value property of Lemma A.2 to G, G, together with
Young’s inequality,

| IDGoF <o 3 fais(r. 0000) .
or yeyYy

Combined with (A.41) and (A.42), this yields the claim (A.40), and concludes the
proof. ]






Appendix B

Finite-volume approximation of the effective viscosity

This appendix is devoted to the proof of an algebraic convergence rate for the finite-
volume approximation By, of the effective viscosity B under an algebraic a-mixing
condition, as announced in Remark 4.2.

Proposition B.1 (Convergence rate for B.). On top of (H,), assume that the alge-
braic mixing condition (Mix) holds. Then there exists y € (0, B) (only depending on
d, p and on the mixing exponent ) such that for all L,

B, —B| < L77.

The proof displayed below closely follows the monograph [3] by Armstrong,
Kuusi, and Mourrat (albeit in the more general version [4] for a-mixing coefficients),
based on the original argument [5] by Armstrong and Smart. We identify a suitable
subadditive quantity J that satisfies all the requirements of [3,4] in the present Stokes
context: the definition (B.4) and Lemma B.2 below constitute the only new insight
w.r.t. [3], and the conclusion follows from elementary adaptations of the arguments
in [3,4]. Although we could have used the same subadditive quantity as in [3], we have
chosen to use a subadditive quantity J built on the approximations (2.9) and (2.10)
that we used to prove Einstein’s formula, that is, in the form of (B.3) below. This
choice, which is specific to our problem, makes some of the upcoming arguments
technically simpler than in [3], in particular avoiding the use of convex duality.

Let E € M be fixed with | E| = 1. We say that a bounded domain U C R is
suitable if

dist( N U,dU) > p.

Consider the following weakly closed subsets of H ' (U)4,
H(U) :={ue H'(U)? : div(p) = 0, and D(¢ + Ex) =0on I N U},
Ho(U) := HE () N H(U),

and the following minimization problems (note that v, (U) is only defined up to a
rigid motion),

¥ (U) := arg min { /U ID)|*: ¢ € J(’(U)}, (B.1)

Yo(U) := argmin { /U ID@)|*: ¢ € J(’O(U)}. (B.2)
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Recalling that the fattened inclusions {I,, + pB}, are disjoint, we define the modified
cubes

U@ i= (0N | UnteB)U( U Un+0B)).

n:xpn €0 (x) n:xp€Qr (x)

which satisfy by definition Q7 _»(14p) C UL(X) C Qr42(14p) and I NOUL(x) = @.
The family {U(x)},c; 7z« constitutes a partition of R?. Setting Uy = UL (0), we
then consider the following alternative finite-volume approximations of the effective
viscosity B,

E:ﬁL,*E=1+E[][

43

|D(w*<uL))|2},

E:BroE=1+ IE[]{] \D(%(UL))}Z} (B.3)

Since #Ho(Ur) C #(UL), we have E : ]‘;L,*E <E: ﬁL,oE. We then define a random
set function J for suitable sets U via

J(U) = ]{] ID(Ye(U))|* = |D(v(U)) . (B.4)

The following lemma collects elementary properties of J. In particular, item (iii)
states that U +— |U|J(U) is subadditive.

Lemma B.2 (Properties of J). (i) Recalling the definition (B.3) of finite-volume
approximations B «, B o of the effective viscosity, there exists C > 0 such that

E:BL.E—CL'<E:BE<E:B,E+CL™", (B.5)
E:BL«E—CL ' <E:BriyaipE <E:Bro.E+CL". (B.6)

(i1) For all suitable U,
2
JW) = Do) = V) B.7)
(iii) For all disjoint suitable sets U, ... U, setting U = int(Uj W),
k . .
Uy <) U/ 1I@d). (B.8)
=1
In addition, setting 5y (U) := ¥o(U) — ¥« (U),

k k
Y D@V W) =8y U)) [ 2y = 2 IUTI(TWT) = J(W)). (B.9)

J=1 j=1
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Proof. We split the proof into three steps.

Step 1. Proof of (i). We start with the proof of (B.6), that is, the comparison of BL s
B L,o With the periodic approximation B L+2(1+p)- First, we extend ¥, (UL ) by zero on
OL+20+p) \ Uy, which makes it a O 5(1+p)-periodic function, and thus, testing
variational problems,

ID(ve(Un))|®

][ ID(ye (UL)
UL

<1,
2 —
][QL+2(1+0>|D(1/fL+2(1+p>)| Qr+2(140)
|UL|

T (L+20+p)°

which yields, in view of |L~¢|Ur| — 1] < L71,
f DWLaaep)| < (1 +CL 1)][ D(y-(Un) -
QrL+201+4p)

Second, as the restriction Y7 42(1+p)|v, belongs to #(UyL) and is thus an admissible
test function in (B.1), we similarly obtain

][ }D(l/f*(UL))}zf][ |D(1/fL+2(1+p))|2
Ur Up

d
(L +2(1+p) 2
< U ][ ID(WLs20140)|
|UL| OL+2(14p)
B 2
<(1+cCcL™ ID(WL+20140)| -
Qr+201+p)

The claim (B.6) follows from the combination of these two estimates with the follow-
ing energy bounds, cf. (3.45),

E[][ 1D<m+zu+p>)|2]+m:[][ |D<wo(UL))|2]+E[|D<w>|2]sw’).
OL+2(14p) UL

(B.10)
We turn to the proof of (B.5). Since the restriction ¥ |y, belongs to #(Ur) and is
thus an admissible test function in (B.1), we find by stationarity of D(y/),

2 2 L4 2
E[]f] D (UL))| } < E[]{] D) } < E[W ][Q D) }
< (1+ CL™HE[|]p@)|’].

For the converse inequality, we appeal to a cut-and-paste argument. The starting point
is the following convergence, cf. [18],

Elloonf’) = m E| £

Uk

|D(wo(UkL))|2]
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Since Vo(Ugr) = Zj Vo(UL(z)) 1y, (z;) belongs to Ho(Uy ), where {UL(z})}; is
a partition of Uy, we obtain for all k, by stationarity of z + U (z),

R B Ty ety

Up(zj)
<+ CL—l)E[]{] |D(wo(UL))|2j|.

The claim (B.5) follows from the combination of these three properties with the above
energy bounds (B.10).

Step 2. Proof of (ii). By definition,
JU) = f D) = 1)) : DU + V).
Since Yo (U), ¥« (U) € H(U), the difference 1o(U) — ¥« (U) is a suitable test func-

tion for the Euler-Lagrange equation of the minimization problem (B.1) defining
Y« (U), which yields

/U D(Yo(U) — ¥+ (1)) : D(u(U)) =

and the claim (B.7) follows.

Step 3. Proof of (iii). We start with the proof of (B.8). Since the minimization prob-
lem (B.2) defines a subadditive set function due to the gluing property of #o(U),
and since the minimization problem (B.1) defines a superadditive function due to the
restriction property of #(U), the function J is subadditive as the difference of a
subadditive and of a superadditive function.

We turn to the proof of (B.9). The starting point is (B.7) for U7, which yields

vlwh - [ per)f
UJ
= [ D@’ - sp(w) : DGy + 5y ()
= [ peww) -suw)P
+ 2/Uj D8y (U7) = 8y(U)) : D(8y (V). (B.11)
We decompose the second right-hand side term into 2 2221 Iy, j, in terms of

hy = [ DU = ps) : D)),
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by =- /U D7) = Ye() : D((0)).
= [ D)) DY) -y ().
L,j = —/Uj D(w*(Uf')) :D(Yo(U) — ¥4 (U)).

Since Vo(U)|ys, ¥« (U)|y; € H(UY), the difference (Yo(U) — ¥x(U))|ys is a
suitable test function for the Euler-Lagrange equation for y,(U”), which yields
14,; = 0. Likewise, since ¥ (U), 3 _; Vo(UM )1y, € Ho(U) C H(U), we find both
Zj I,; =0 and Zj I>,; = 0. In addition, since ¥ (U), ¥«(U) € H(U), we find
>_; I,; = 0. This entails

Z/U]. D(8y(U7) — 8y (U)) : D(8y (U)) = 0.
—~Ju

Summing (B.11) over j, inserting the above, and recalling the identity (B.7), the
claim (B.9) follows. =
For all n > 0, we set U" := Usn and define the discrepancy

. = E[J(U"] -E[JU")].

In contrast with [3], the set U" is now random, so that subadditivity does not directly
imply 7, > 0. This is however true up to an error O(37"), as we briefly argue. Choose
a partition {U}" := Usn (z)}; of the set U n+1 Taking the expectation of (B.9) applied
to this decomposition of U1, we find

0< E[Z ID(Ey U™ =8y (U) Hiz(u;ﬂ)]
]_ .

=Y E[|JUI(JW) - JWU"Y)], (B.12)
J

whereas by the deterministic bounds [37|U"| — [U"*1]| < 3@~ and J(U]") < 1
we have for some constant C >~ 1,

S E[lUf () - JUmh)]
J
S 3M(E[JUM]-E[J@U"TH] + C37"). (B.13)
The combination of (B.12) and (B.13) yields the claim in form of

T, =1, + C37" > 0. (B.14)
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The crux of the approach is the following control of the variance of averages of
D@5y (U)) in terms of t,. In view of Lemma B.2, the proof is identical to that of
[3, Lemma 2.13] (albeit in the o-mixing version of [4], further arguing as in (B.14)
and absorbing the additional error term).

Lemma B.3. There exist C,e > 0 (only depending on d, p, B) such that for all n,

Var[][ D(&/,((]ﬂ))] <C3 ™" 4 C Z 3—eti-mz
un

m=0

Recall the following version of Korn’s inequality: for any bounded domain D C
R4, for all divergence-free fields v € L2(D), we have

inf /D’v(x)—ic—®x|2dx <D ||D(v)“§1_l(D),

where the multiplicative constant only depends on the regularity of D. In contrast
with Poincaré’s inequality, the infimum over ® € M***¥ allows to have the sym-
metrized gradient in the right-hand side instead of the full gradient. By the so-called
multiscale Poincaré inequality in [3, Proposition 1.12], using the above Korn inequal-
ity instead of [3, Lemma 1.13], Lemma B.3 yields the following estimate as in [3,
Lemma 2.15]. This is simpler than the statement in [3] since there is no convex dual-
ity involved.

Lemma B.4. There exist C,e > 0 (only depending on d, p, B) such that for all n,

n
E[ inf f |8¢(U"+1)(x)—/c—®x|2dx]§C32”<3_8"+Z3_8(”_’")?,,,).
keR4 Jyn+1 —
@ eMskew m=0

Next, we deduce the following estimate on J as in [3, Lemma 2.16] by means
of the Caccioppoli inequality. As the latter inequality in the present Stokes context
involves the pressure, the proof slightly differs from [3] and is included below.

Lemma B.5. There exist C,e > 0 (only depending on d, p, B) such that for all n,

n
E[JU"] < C3™*" +C ) 3707,

m=0

Proof. Caccioppoli’s inequality in form of e.g. [19, Section 4.4, Step 1] yields for all
K > 1, for any constants ¢ € R, k € Rd, and © € MIskew,

][ D@y (U™)* < K23_2”][ 18y (U™ ) (x) -k — Ox|*dx
un yun+l

+K? ]fml 5S(U"Y) — ¢ 1ga\ 1, (B.15)
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where §X (U™ *1) is the difference of the pressures associated with ¥,(U"*1) and
V(U 1), Appealing to a local pressure estimate in form of e.g. [19, Lemma 3.3],
and recalling Lemma B.2 (ii), we find

inf][ |52(U"+1)—c|21Rd\15f D@y U™H)|? = JU™). (B.16)
ceR Jyn+1 yn+1

Taking the infimum over c, k, ® in (B.15), taking the expectation, inserting (B.16),
and using Lemma B.4, we obtain

E[]{f 'D(W(Um))ﬂ Sk (3_” +2 3‘“"""’@1) + K2E[JU™)],

m=0

and thus, in view of (B.14),

E 8 Un+1 2i|
[f IpGuwrh)
< K? (3—8" + 3 3—8("—'")?,,,) + K 2(E[JU™M] +37"). (B.17)
m=0

Next, we argue that

E[J(U™)] < E[]{] |D(5¢(U"+1)){2] + 7, (B.18)

For that purpose, we first note that the definition of J yields
E[J(U™)] - E[]i ’D((‘W(U”“))f}
= E[][ D(§y(U™) — 8y (U™)) : D(8y (U") + SW(U”“))}
Un
2 !
< E[]é DSy (U™) — 81//(U"+1))|2] (E[J(UM] +E[JU"H])>.
In order to control the first factor, we appeal to (B.12) and (B.13) in form of

E[Z D@ - 51//(U"+1))||i2(u;1)] < ydz,.
J :

Further, using the definition (B.14) of 7, to reformulate the second factor, we deduce

(S

E[J(U™)] —E[]in ;D((w(U"“))ﬂ < (?,,)%(E[J(U")] + )2,

and the claim (B.18) follows.
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Choosing K =~ 1 large enough, (B.17) and (B.18) combine to

E[J(U”)] < E[]{]n ’D(gw(Un+1))|2:| 47T, < 3~(eAln Z 3_ﬂ(n_m)?m»

m=0
and the conclusion follows. [

We may now proceed to the proof of Proposition B.1, which follows from Lemma
B.5 by iteration.

Proof of Proposition B.1. Set F, := 3~2¢" > o 3%8’"E[J(U’")]. In terms of 7,,
recognizing a telescoping sum, we find

n n+1
Fy— Fugy = 37357 Y 33ME[J(U™)] - 3725040 3 33emE [ g (ym)]
m=0 m=0

n
=372 3 3demy, 3mhekDE[(UY)],

m=0

and thus, using (B.14) and E[J(U%)] < 1,

n
Fp— Fap1 =372 3 3%emg, _ c37den, (B.19)

m=0
Similarly, we find

n+1
Fn+1 < 3—%6‘(714-1) Z 3%€m]E[J(Um)] + C3—%8(}1+1)
m=1
n+1
< 3—%e(n+1) Z 3%sm(]E[J(Um—1)] + C3—(m—1)) + C3—%s(n+1)
m=1

< F, +C372m,
which, by Lemma B.5, turns into

n m

m=0 k=0

n
<372 4 03720 Y €327,

m=0

Combining this with (B.19), we obtain

Fup1 < C(Fy — Fpy1) + C37257,
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and thus

Fuy1 < (Fn + 3_%8’1)‘

“C+1
By iteration, this yields F,, < C37"” for some y > 0, and thus E[J(U")] < C37""
and t, < C377". Since E[J(U")] = E : (B3, — B3n 4) E, this implies

0<E:Bro—Br.E<L™.

Combined with Lemma B.2 (i), this yields the conclusion. ]
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On Einstein’s Effective Viscosity Formula

In his PhD thesis, Einstein derived an explicit first-order expansion for the effective viscosity
of a Stokes fluid with a suspension of small rigid particles at low density. His formal deriva-
tion relied on two implicit assumptions: (i) there is a scale separation between the size of
the particles and the observation scale; and (ii) at first order, dilute particles do not interact
with one another. In mathematical terms, the first assumption amounts to the validity of a
homogenization result defining the effective viscosity tensor, which is now well understood.
Next, the second assumption allowed Einstein to approximate this effective viscosity at low
density by considering particles as being isolated. The rigorous justification is, in fact, quite
subtle as the effective viscosity is a nonlinear nonlocal function of the ensemble of particles
and as hydrodynamic interactions have borderline integrability.

In the present memoir, we establish Einstein’s effective viscosity formula in the most gen-
eral setting. In addition, we pursue the low-density expansion to arbitrary order in form of

a cluster expansion, where the summation of hydrodynamic interactions crucially requires
suitable renormalizations. In particular, we justify a celebrated result by Batchelor and Green
on the second-order correction and we explicitly describe all higher-order renormalizations
for the first time. In some specific settings, we further address the summability of the whole
cluster expansion. Our approach relies on a combination of combinatorial arguments, varia-
tional analysis, elliptic regularity, probability theory, and diagrammatic integration methods.
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