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Abstract

We investigate the dynamics of rigid, spherical particles of radius
R sinking in a viscous fluid. Both the inertia of the particles and the
fluid are neglected. We are interested in a large number N of particles
with average distance d > R. We investigate in which regime (in
terms of N and R/d) the particles do not significantly interact and
approximately sink like single particles. We rigorously establish the
lower bound N.;; > C (%)3/ 2 for the critical number N,.;; of particles.
This lower bound agrees with the heuristically expected N..;; in terms
of its scaling in R/d. The main difficulty lies in showing that the
particles cannot get significantly closer over a relevant time scale. We
use the method of reflection for the Stokes operator to bound the
strength of the particle interaction.

1 Introduction

1.1 Motivation of the result

We consider the sedimentation of rigid spherical particles of the same radius
in a fluid. The particles interact through the fluid: When one particle moves,
it generates a fluid flow which acts on all the other particles.



We neglect the inertia of both particles and fluid. In particular, the fluid flow
is quasi stationary and described by the incompressible Stokes system with
no-slip boundary condition at the particles’ surface. Hence the dynamics are
driven by p, the difference in weight density between the particles and the
fluid, and e, the gravity field. They are limited by the viscosity p of the fluid.
The quasi stationarity assumption on the fluid flow means that the fluid
immediately adapts itself to the situation created by the particles’ positions
and their velocities: It does not “remember” anything about the past of the
dynamics. We also neglect the rotation of the particles.

We always assume that the Stokes fluid is at rest at infinity, meaning that
the fluid velocity u satisfies u — 0 for |x| — oo. In such an environment, a
single particle of radius R sinks with a velocity

P 2
Viinale == —— R |el. 1.1
pe = o B (11)
A small number N of distant particles will only show little interaction; they
will sink like a single particle. Hence the velocity V,,.q of such a cloud of
particles is approximately equal to Vgpnge:

‘/cloud ~ V:%'ngle .

We call this the “non-interacting scenario”. But if the number N of particles
is large, their interaction may no longer be a small perturbation. In such a
regime, the fact that the fluid at rest at infinity (that is, v — 0 for |z| — o0)
may be “screened” from the particles in the interior of the cloud. Hence it is
plausible that a macroscopic fluid flow is generated, which makes the cloud
sink faster. We call this the “screening scenario”. Our goal is to identify the
cross—over between these two regimes. The critical number of particles N..;;
will depend on their radius R and their average distance d, more precisely,
on the non-dimensional ratio R/d. In this paper, we investigate the scaling
of Ney in R/d. The main result is a rigorous lower bound for N, as a
function of R/d, see Theorem 1.1. We now will give a heuristic argument
that this bound is optimal in terms of scaling.

Let us perform a little Gedankenexperiment: The screening scenario is mim-
icked by treating the cloud of particles as a single “meta—particle”. This
meta-particle would have diameter R ~ N/3d and a difference j ~ p (£)?
in density with respect to the fluid. Hence it would sink with a velocity which



scales as 3 3
HZ:loudl ~ £R2|€| ~ £N2/3_|6|' (12)
It I d

Folklore suggests that the screening scenario should prevail over the non-
interacting scenario, if and only if the velocity V.4 is larger than the velocity
Veoud- Hence one obtains from (1.1) and (1.2) the following guess for the

cross—over number N,
d 3/2
Ncrit = (E) . (13)

Unfortunately, by this logic, we would have to choose yet another scenario,
the “clustering scenario”, where the particles form (possibly transient) clus-
ters within the cloud. The extreme case of the clustering scenario is mimicked
by a single “mega-particle”. It would have diameter R, ~ N'/3 R and hence
sink with a velocity which scales as

Vil ~ 2R2le| ~ EN?3 R,
Iz It

beating the velocity of the non—interacting scenario V,,.q. Nonetheless, we
will show in this paper that as long as

N < Ncrit>

with N,.;; defined as in (1.3), the particles do not interact and all sink with
approximately the velocity Vi;,q. of a single particle.

In view of the clustering scenario, it is not surprising that the main issue is
to rule out that particles get too close to each other. Let us make this more
precise and denote by dp;,(t) the minimal distance between the particles at
time t. We will assume that initially, all particles are well-separated in the
sense of

R < dpmin(0).

The main effort consists in establishing that no clustering occurs over the
relevant time scale
R < dpin(t) fort=0O(7).

What is the relevant time scale? It is the time 7 it takes for a single particle
to sink a distance N'/3d of the order of the cloud diameter. More precisely,
we set

N3 din (0)
o= (1.4)
|‘/single|
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We also denote by A the critical parameter

2/3
A(t) = ZZ 0} (1.5)

The main result of this paper is
Theorem 1.1 There exists a universal constant C < oo such that if
CR < dpnin(0), N > C, and CA(0)<1

we have, where V. denotes the velocity of particle k,

1
dmin (t) Z 5 dmzn(0)7
Sip ’Vk(t) - ‘/single‘ S CA(O) ‘Vsingle’

for all t with
0 <t < CHPA20)T.

Theorem 1.1 shows that the non-interacting scenario prevails for A < 1 as
heuristically expected.

1.2 The underlying dynamics

Let us now give the precise equations of the dynamics. Let ¢ = 1,--- | N be
an enumeration of the particles. Each particle is assumed to be a spherical
ball of radius R and center X;, moving with the velocity V;; we denote the
ball by B;.

At a given time ¢, the fluid flow is described by its pressure field p € R, its
velocity field u € R?® and its stress field o € Sym(R?) related by

0ap = —Pap+ t(Oatip + Ogua). (1.6)
The flow is assumed to be incompressible, to be at rest at infinity:

Vou =0 inR?’—UBi and u — 0 for|z| T oo, (1.7)

and to satisfy the no—slip boundary condition at the particle interfaces

u=1V, ondB; 1<i<N\. (1.8)
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Finally, we postulate quasi stationary balance between viscous and gravita-
tional forces in the bulk and at the interface

Vo =0 inR?’—UBi and / o-ndS + pR’e = 0,1<i<N,

(1.9)
where n denotes the outer normal of B;. Notice that V - ¢ turns into the
Stokes equation for u and p.

The set of assumptions (1.6), (1.7), (1.9) & (1.8) are supposed to be a good
model of the real dynamics if the particles are small enough so that the
Reynolds number of the fluid is much less than 1 but not too small so as to
neglect Brownian motion, and if the density of the particles is comparable
to the density of the fluid (so the inertia of the particles is of the same order
as the one of the fluid and hence negligible too). This model is used for the
computation of sedimentation velocity (see [1], [6] or [9] for instance).

These dynamics are mathematically well-behaved as long as particles do
not get too close. In fact, B. Desjardins and M. Esteban have shown that
the dynamics — even with Navier-Stokes replacing quasi stationary Stokes
— have a solution until the time of first collision between particles (see [5]
and [14] for numerical simulations in this case). Notice however that it is
not known whether collisions actually occur in this model. Even worse, the
assumptions on which the model is based are no longer physically valid in a
spatial and temporal neighborhood of a collision. In [11], it is shown that
in two space dimensions, a particle cannot “bump” into a boundary. This
indicates that in two space dimensions, collisions must occur at zero velocity.
This corresponds to the result of [18] where a weak solution of the dynamics
is defined if there is only one particle. But of course avoiding collisions is not
enough for the asymptotics in V.

For a large number of particles, solving (1.6), (1.7), (1.9) & (1.8) becomes
numerically prohibitive. It is therefore crucial to investigate whether certain
macroscopic aspects of the particle distribution can be predicted without
solving the underlying microscopic dynamics. For instance, one could aim at
deriving an evolution of the macroscopic number density of the particles (in
the physical space when the inertia of the particles is neglected and in the
phase space when it is not). J. Rubinstein and J.B. Keller have thus studied
a limit toward a macroscopic system for particles without inertia (see [16]
and also [4] for a study of a limit system close to this one but with Brownian
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motion). If the inertia of the particles is not neglected, it is possible to derive
kinetic equations (see [13]). A modeling by kinetic equations has also been
studied in the case of a perfect fluid with a potential flow (see [10] and [17]).

Unfortunately, all this limits are formal. In general, we know how to pass
from the microscopic dynamics to a macroscopic evolution only when the
interaction has no singularity. For kinetic equations, the Boltzmann-Grad
limit has been proved by R. Illner and M. Pulvirenti in [12] (see also [3]) but
only for a short time. Concerning Vlasov equations, the convergence is proved
only for regularized forces (see the book by H. Spohn [19] for instance). This
question is also connected with the convergence of particle methods (for the
Vlasov-Poisson equation, more details can be found in [2], [20] and [21]).

However for macroscopic systems (when the velocity of one particle depends
only on its position), the question appears to be easier; for instance, the limit
of point vortex method to the Euler equations has been proved in dimension
2 in [7]. We see Theorem 1.1 as a first step towards rigorously deriving an
evolution of the macroscopic number density. For instance, Theorem 1.1
identifies the meaning of “macroscopic”: Sedimentation is self-averaging on
length-scales up to er/;d = }‘51//22; hence the macroscopic number density
should be defined with respect to this critical length-scale. Moreover, The-
orem 1.1 gives us hope that particle collisions can be ruled out even in the

limit of infinite interacting particles over the relevant time scales.

1.3 The structure of the dynamics

The system formed of (1.6), (1.7), (1.9) & (1.8) defines an evolution of the
particle centers {X; € R3},. The dynamics can be written as

X, =Vi(X1,...,Xyn), 1<i<N,

where the velocity V; of each particle is only determined by the configuration
at the same time, ¢.e all the positions X;.

The equations (1.6), (1.7), (1.9) & (1.8) are linear in the velocities V;. There-
fore, it is convenient to introduce the following tensor {g;;(Xi,...,Xn) €
Sym(R*)}; 4, 1 <4,j7 < N; For any U € R?, ¢;; U € R? is defined through

gijU = — / an,
0B;
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where (p,u, o) denotes the solution of (1.6), (1.7) and

V.o =0 inR*—|J, By
u=U ondB; and u = 0 ondB, forallk#j.

We observe that the tensor {g;; € Sym(R?)},; is symmetric and positive
definite on R*¥. Indeed, for {U}}; and {U?}; we have

Z U} - Gis Uf = 24 / Z 8au}; 8au% dx,

1<i,j<N R=U; Bi 1<a,8<3

where u' and u? are the solutions of (1.6), (1.7), (1.9) & (1.8) with {V;};
replaced by {U}'}; resp. {U?},.
With this notation, the velocities V; are given by the solution of the linear

system
N

ZQUV}ZE, 1<i<N,

Jj=1

where the right hand side vector {F;}; is the constant gravity force on each
particle

F, = pR36, 1<:<N.

Notice that the dynamics have the structure of a gradient flow with respect
to the metric tensor {g;;};; and the gravity potential. It is clear that one
has to control the metric tensor {g;;};; as a function of the particle positions
{X:}; in order to control the dynamics. The control required is summarized
in Proposition 1.1. We recall the notation

RN1/3
dij = |XZ—X]|, dmzn = mindij and A\ = .
1#] dmzn

In order to avoid writing generic universal constants, we from now on use
. <
the notation ~ and <.

Proposition 1.1 Provided

R <« dy, and A <1



we have

' R2N1/3
g — 6mpuRid| ~ pR=—r—, (1.10)
gl S pRA-, (1.11)
d12

R R 1 1 R*NY3
|913—923’ N pRdio ((

d_§3)+(d_13+d_23) 2

‘ ) (1.12)
2 From Proposition 1.1 to Theorem 1.1

We first give three lemmas which enable us to control the velocity of each
particle and then we prove Theorem 1.1.

2.1 Control on the particles’ velocities

We begin with a completely technical lemma which is also used in the last
section of the paper

Lemma 2.1 For any exponent k € [0, 2], we have

1 - Nl—k/S
]#Z (] min

Lemma 2.2 Provided R < d,;, and A < 1 we have

Sl}ip H/;i) - ‘/single‘ s A H/single’- (22)

Lemma 2.3 Provided R < dp;, and A < 1 we have for all i # j

< RN1/3
Vi=Vj| ~ T

min k

Proor or LEMMA 2.1. Since the property we want to prove is invariant
by translation, we may suppose that ¢ = 1 and X; = 0 without any loss
of generality. After that, we rearrange the indices such that the sequence
| X1], ..., | Xn| is non decreasing.



Since, for any i # j, | X;—Xj;| > d, the balls B(X}, dyin/2) and B(X, dpmin/2)

do not intersect. Moreover for any ¢ between 2 and n, we know that

OB( min/2) © B0, din 2+ 510 X,]) € B(0, 21X,

j=1

Comparing the two volumes, we find that

3
i) = e

1

or

We finish the proof with an easy comparison of the sum with an integral

4k = k/3 4k k/3
< — x " dx
gk [ x1-k/3 7N 4k N1-k/3 N1-k/3
< — | — < X < 48 .

O

PrOOF OF LEMMA 2.2. We start by observing that for any ¢, we have on
one hand

> gk Vi =67 pRVynge = F, — pRPe = 0,
k
and on the other hand
Z Gik Vk —67 2 R V:%'ngle = (6 ™ W R) (‘/z - %ingle)
k

+ (g —67pR)V,

+ Zgik Vi.

ki

Therefore,

671 F (Vi = Viingiel < 1gs = 67t Rid] x sup [ Vel + 3 lgun] > sup [Vil. (2.4)
k#i



According to Prop. 1.1 we have

. R2N1/3

]gz-,-—67r,uR1d\ N MR—dQ ,
1

Do lowl ~ opR Yo

ki ki ik

which yields with Lemma 2.1

RN2/3
> lowl ~ pR—— ~ pRA.
k'#l mwn

We may consequently deduce from (2.4)

R2 N1/3
d2

man

67T,UR|‘/Z _Vtsingle| s IUR< +A> SU_p|V;C|
k

Note also that

REN'E  RN7VS CRN?P R

2 - _—

so eventually,
67uR |Vi = Vaingie| ~ B A sup [Vi] & R A sup [V = Vaingte| + 1B A Viingic
Taking the supremum in i, we obtain

Sup [V = Viingtel ~ Asup Vi = Vaingiel + AlViingie|-

This yields Lemma 2.2 since A < 1.
O

PROOF OF LEMMA 2.3. The argument is almost the same; For any i # 7,
we write
> Vi = > gwVi = F—F; =0,
k k
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whereas we also have

> gV = > gV = (67pR)(Vi—V))
k k

+ (gu—67mpuR)V;—(g;;, —6mpR)V;
+ 9V — 9V
+ Z (9ik — 9gjk) Vi

k#i,k#j

Thus, as in the previous lemma

6ruR|Vi—Vy| < {2 sup\gkk—GwRidl + 291

+ Z |Gir: — gjk\} sup | Vil (2.5)
k#i,k#j
We apply Proposition 1.1:
R2N'/3 R RN?3 R
. <
R R
9| ~ nR—— S pR——,
! dzy dm'm
Z |gik_gjk| < NR{dUR Zd2 Zdz
k#i,k#£j ki k#j Ik
W (S v )

k#j
According to Lemma 2.1, the last estimate turns into

RNY3 RN
ki, k]

min min

RN1/3 RN1/3 RNQ/S
= /’LRdl] { d2 + d2 X dmm }

RN1/3
d2

man

= pRdyj —— (1+A).
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Inserting these three estimates into (2.5) yields

R R N1/3
ViV S { (1+4) +d,

2

(1+ A)} sup |Vil,
k

and we conclude by observing that A < 1 and

RN3 R N1/3 R
> > :
d2 dmm dmm

min

2.2 Proof of Theorem 1.1

Let C' < 0o denote the maximum generic constant in the estimates of Lemmas
2.2 and 2.3. Let ¢, be such that

1

Then we have A(t) < 2A(0) for o <t < ¢, and therefore, provided A(0) was

small enough, we may apply all previous results up to time ¢,.
According to Lemma 2.2, we have

Sl;p H/;c(t) - ‘/single| ’S" A(O) |Vsingle’a

and hence in particular, using A(0) < 1,

<
Sup Vi) ~ Viingtel,

Therefore, we obtain from Lemma 2.3

R?*N
<
[Vi(t) = Vi(t)] ~ mmmgﬂdij(t%
Let C' denote the universal constant implicit in the above estimate, i. e.
R*N
Vi(t) = V;(0)] < CW |Viingte| dij (t),
Since
d

(1) = = [Vi(t) = V;(0)],
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this entails

RN
dij(t) > exp (_CW |Vsmgle|t) dz‘j(o)

R2N
dmm(t> 2 exp <_C m |‘/;ingle| t) dmm(o)

for 0 < t < t,. We conclude by observing that

or

R®*N 1
exp (—OW | Vsinglel t*> > 3

R*N
7 /A\2 single t* S 1.
C dmzn(0)3 |V gl ’

On the other hand, by definition of T,

is ensured by

RN L1
W%ingﬂ = A (0);-

This shows that we can choose t, at least of order A=%(0) 7.

3 Proof of Proposition 1.1

We begin with a technical lemma, then we present the method we use to
prove Proposition 1.1.

3.1 The single-particle solution

The main idea is to express the solution operator for the multiple—particle
Stokes problem in terms of the single-particle solution operator 7}

T;: LE(0B;) — L= (R® — B;).

The single-particle solution operator T} is defined as follows: If U is a
bounded velocity field on 0B; with zero average normal component (this
defines the space Li°(0B;)), then u = T;U is the solution of the Stokes equa-
tions in R* — B; with Dirichlet boundary condition U on 9B;. The Ansatz of
writing the solution operator of an elliptic equation with a composite Dirich-
let boundary in terms of the solution operators for the individual components
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is known as the “method of reflections”. It capitalizes on the fact that the
solution operator for the individual component is well-understood. In our
case, Tj satisfies the following estimates, where || - ||, denotes the L> norm

on 0B;:

Lemma 3.1 If R < din

R C
IT5Ulom: ~ JIIUHaBj fori # j,
ij
< R
115U = (TU)(- + X = Xi)llos,  ~ dik(dz 7
ik

| [ o(TU)-ndS| < pR|U|as,.

OB

(3.1)

A Ullas,. fori#j.i# k.

(3.2)

Proor or LEMMA 3.1. This result is shown with the explicit integral
formula for v and p. Since the problem is symmetric by translation, we may

suppose that j =1 with X; = 0. As it is explained in [15], we have

ta(®) = 555 Jop, Us(y) (17522 = Pang) dS(y),
p(z) = 5 f831 (“ on T na) dS(y).

Let us denote

We can now give the formula for T’

aﬂ Zazg R o R_32azﬁ i T%—R2 Talg

Taﬁ T + ’r‘oféafa re 73 ) R37
R Talp 1 2 2\ 993
~ (xazﬁmﬁza) — 25505V, ) - (il - R,

whereas for P and ¢

P, =2u% — 2ur—,s — 21 — 4y - Vyda,

b, = R (i;ﬂ: 4 gtaz .y Ly 3R D o0 L) :

27y 7o OZa ly|Fo+y-T

And finally the formulas for S, and ¢ are

Sa:i%_ﬁ%_ii%+2ﬁj-V% (lyl* - RQ)ggji



with

1 /3 1 3. For4y-T—r]
= S 427-V,-+ =1 .
v 2Rr (7’+ v yf+fo o8 ly|7fo +y - T

With these expressions, it is easy (but lengthy) to check that the kernels
of the two convolutions are quite regular away from 0B, thus proving the
lemma.

O

3.2 The multiple-particle solution

In order to express the multiple-particle solution operator in terms of the
T}’s, it is convenient to introduce the operator

AT, L3 (0B;) — 1L, L (0By),

which is defined through

AijU:{ T5(Viam, o, for 7 #1 } (3.3)

for j =1

The next lemma collects the estimates on A and A™! we later need. We
denote by Ai_jl the component 7, j of the inverse of A (and not the inverse of

Lemma 3.2 A™! exists for A < 1, R < dypin, and we have

R .
|A;Ulos, ~ T WUllos,  forj #1, (3.4)
1j
_ R .
14, Ullon, ~ T WUllon,  forj #1, (3.5)
(]
B R2N1/3
|AZ'U = Ullos, ~ T||U||aBia (3.6)
in particular |A7'Ullos, ~ ||U|los,- (3.7)

We now may express the multiple-particle solution operator and thus also
the metric tensor g;; in terms of the single-particle solution operator 7; (and
the related A;;). We recall that

/ o(T;U) -ndS =0 forj#1, (3.8)
oB;
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and
/ o(T;U) - ndS = 6rpuRU  for constant U. (3.9)
0B,

For a constant vector U, we mean by the notation A;; U or A[jl U the com-
ponent ¢ of the operator A or A~ applied to the function equal to U on 0B,
and to 0 on any 0By with k # j.

Lemma 3.3 We have for any constant vector U
oB;

PROOF OF LEMMA 3.2.
Estimate (3.4) is an immediate consequence of the definition (3.3) and the
estimate (3.1). We now argue that for all positive integers n

(CA"™ P E|Ulgp, forj # i }

(CA)" ' {1 Ullop, forj=i

1Gd — A)55Ullos, < { (3.10)

for some universal constant C' < oo. Again (id — A)7; is the component ij
of the operator id — A to the power n and not id — A;; to the power n. To
establish (3.10), we make the Ansatz

an A"V ENU o, for j # i
B 5 l[Ullon,  for j =
and derive the condition
(03] 2 Co and Opt1 Z QCOC’lan -+ Coﬂn, (312)
B1 >0 and B4 > CoCoary, (3.13)
where Cy, C1 and C5 stand for the universal constants with
R o,
14Ullos, = Co—llUllos; forj # 1, (3.14)
ij
R RN?/3
S < et o (3.15)
i % min
2 \1/3 A2
S < Gl =on (3.16)
= di Do N



We establish (3.12) and (3.13) by induction in n. It is true for n = 1 by
(3.14). Assume now it holds for n. Because of

(id — A)pHU = Z (id — A)g(id — A)p,U = = > Ag(id — AU,
k#i
and (3.14), we have
I(id = A" Ullos, < ZCo—H (id = A)i;Ullos, (3.17)
k#i Z

We first treat the case j # i; we obtain from the assumption (3.11)

R R A
id — A)»U Ullos. < Cora, A" CoFa A" —.
I )i Ullon,/|[Ullos, (I; 0 a | TG0 Uﬁ N
(3.18)
We now use the triangle inequality d;; < dix + dg; in form of dk < dl( +

dk]_). Hence we have by (3.15)

RE _yonR
ki j ik Wkj iJ

Thus (3.18) turns into

AT = AU los,

< (2CChray, + Co— 5n)

il
dl] '

2]

< (2CyChray, + Coy)

This establishes (3.12). We now treat the case j = i. Using (3.17) for j =i
and the assumption (3.11), we obtain

R R
. n+1 n—1
Id = A3 o /[0, < 3 Coran 2
k#i
Using (3.16), this turns into
e n+1 A
[(id — A)5" Ullas, Coty—

N’
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which yields (3.13). This establishes (3.10).
We formally have A= = Y™ (id — A)". We now show that this series

n=0

converges and that the estimates (3.5) and (3.6) hold. Indeed, for j # i we
formally have

AU =D (id = AU
n=1

and thus according to (3.10)
~ - .1 R R
145 Ullo, < Y (CA)" ' —=||Ullos, ~ ——[[Ullos;-
n=1 i dij
For j =i on the other hand we formally have

AF'U=U+> (id— AU

n=2
and thus according to (3.10)

R2N1/3
d2

min

_ - A A2
|45 = Ullon, < 3 _(CA)" " S [1Ullas, ~ 51U lo, = 1Ullos.
n=2

PRrROOF OF LEMMA 3.3.

Fix a particle 7 and a constant velocity field U on 0B;. Let u denote the
solution of the Stokes equations in R* — | J, By, with Dirichlet boundary data
0x;U on 0By. We claim that this solution can be written as

u=>Y TA;U. (3.19)
y4

Indeed, the r. h. s. of (3.19) is a solution of the Stokes equations in [, (R* —
By,) = R? — |, By. Its Dirichlet boundary data are as desired given by

U‘aBk == Z(TgAZJIU)ka == ZAMA@_JIU == 51€JU
1 ¢

This establishes (3.19).
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We now fix a particle ¢ and observe that by definition of the metric tensor
and thanks to (3.19) and (3.8)

g9i;U = / -ndS = Z / o(TA;'U) - ndS = / o(T,A;'U) - ndS.
9B;

0B;

3.3 Proof of Proposition 1.1

Estimate (1.10) is straightforward: According to Lemma 3.3 and to (3.9) we
have
g1nU — 6mpRU = (T (AU —U)) - ndS.
8By
Because of Lemma 3.1 and Lemma 3.2, this yields the desired estimate:

91U — 67uRU| ~ pRI|AGU = Ullos, ~ pR

Also estimate (1.11) is easy: By Lemma 3.3, Lemma 3.1 and Lemma 3.2 we
have

(912U ~ pR| Ay Ullos, ~ uR—IUl
We now tackle (1.12). We first derive the representation
glgU—923U = / U(Tl(u—u(~+X2—X1))) -ndS
0By

—i—/ o(Tyvy) - ndS — o(Tyvy) - ndS, (3.20)
2B, 9Bs

where

u = T(-U+) AgAZU)+ > T AAZ U, (321)

J#3 1#1,2,3 J#i
v = T2 Z AQjA;;U, (322)
#2
Vg = T1 ZAUA;;U (323)
J#1
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Indeed, according to Lemma 3.3, we have

g13U — g23U = / U(TlAI31U> -ndS — O'(TQA;;U) -ndS.
0B, 0B>
Using
At =2id - A + (id — A)2A™,
we rewrite
A = —Ai+ ) ) AyA Ay
i#1 j#i
= Ap(—id+ ) Ay AL )+ > AR Y AGAL + Ap ) AyAL
j#3 #1223 j#i j#2

In view of (3.21) & (3.22), this means
AU = (u+ V1) (0B, -

Likewise, we have AU = (u + v2)95,. Hence we obtain

9aU =gl = | o(Tw)ondS+ [ o(Tiw) nds
631 8Bl

—/ o(Thu) - ndS — / o(Tyvy) - ndS.
9Bs

0B>

Because of [, o(Tyu) -ndS = [, o(Ti(u(- + Xy — X1))) - ndS, this turns
into (3.20).

We now estimate g13U — go3U based on the representation (3.20). Using
Lemma 3.1, we have

913U = 923Ul ~ pR(|[u = ul- + Xo = X0)|lom, + [villos, + Ilvalos, ). (3.24)
Let us start with ||u — u(- + X2 — X1)||op,. According to Lemma 3.1 and
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Lemma 3.2 we obtain

[l = u(-+ X5 — Xl)Hasl

< R
~ dig( 5 )|| - U+ Ag; AU om
+ ) duof d2 e 2 A AR U + > Ay AG U o5,

i#1,2,3 i J#3,i

d (R 1+Z ))|U|
N 2

Pz, d%3

R R R R
d — ) (— _—— . 2
1#1,2,3 J#3,i

We observe that because of the triangle inequality ds; < d;; + d3;, which we

. 1 11 1
in form of < 4 (= 4 4 h
use in form of =7 < d3i< i T dsj)’ we have

< RRN*® R R
< = —A<K — 3.26
]; dzj d3j dSz ]2: d Z d3] d3z dmzn d3z d3z ( )

Furthermore,

Hence (3.25) simplifies to
lu —u(- + X — X1) o,
< R R R R R
~odi | (- + )+ (o + =)= | U] (3.27)
( d%{} d%:a l; 3 d%i d%z ds;
Using the triangle inequality again, we have

Z (E + E)E
di;  d5; ds

i#1,2,3
< 1 1
S () Z Z Zdz
13 23 7é1 7, 1752 l 1#3 31
< 1 1  R*NY/3
S e
dis  dys” d

min
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Therefore (3.27) turns as desired into

R R 1 1  R2N1/3
ot = -+ X = X0)lom < dia (< ) l

& e NG L e,

(3.28)

We now turn to ||vy||ap,. According to Lemma 3.1 and Lemma 3.2 we have

R -
lorllon, = =14 Ax U+ 3 A3 45U o,

i#2,3
R R R R

Y et 2 g
12 A3 T, doj djs

We now use (3.26) for i = 2 and so obtain

<R R

~ ——|Ul|. 3.29
Jorllom, = 2= 101 (329)
Since we trivially have
R R 1 R? 1 R2NY/3
dindyy = 2y, T Vdyy A2,
also (3.29) turns as desired into
< 1 R2N1/3
~ dyg——|U|. 3.30
feslon, & dua - IU] (3.30)
By symmetry, we likewise have
1 R2N1/3
|valoB, S dyy— |U|. (3.31)

diz d?

min

Combining (3.24), (3.28), (3.30) & (3.31), we obtain (1.12).
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