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We consider first-order corrections to the classical theory by Lifshitz, Slyozov
and Wagner (LSW) for systems with a finite number of particles. Numerical
simulations in V. E Fradkov et al. [Phys. Rev. E 53:3925-3932 (1996)] show a
cross—over in the scaling of the correction term from ¢!/3 to ¢!/2 (¢ is the vol-
ume fraction of particles), when the system size becomes larger than the screen-
ing length. We rigorously derive this cross—over for the rate of change of the
energy, starting from the monopole approximation. The proof exploits the fact
that the rate of change of energy has a variational characterization.

KEY WORDS: Ostwald ripening; monopole approximation; stochastic homo-
genization.

1. INTRODUCTION

Ostwald ripening denotes the last stage of a phase separation in an off-
critical binary mixture, where precipitate particles undergo competitive
growth to reduce their total surface energy. In the regime of small vol-
ume fraction of particles the classical theory of Lifshitz, Slyozov and Wag-
ner(l:2) provides an evolution law for the radii of the particles. It is based
on the assumption that particles only interact via a common mean field.

However, the quantitative predictions of the LSW theory deviate from
standard experiments.®) It is generally conjectured that this deviation is
due to the fact that the volume fraction ¢ of the particles is small but
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finite. Hence in order to extend the range of validity of the LSW theory,
it is of large interest to identify a first-order correction in ¢.

In our companion paper,” to which we refer in the following as Part
I, we describe in detail the scenario of Ostwald ripening, we examine sev-
eral aspects of the LSW theory and give an overview of the physics litera-
ture on this topic. The main aim of Part I is to present a novel approach,
to identify the first-order correction to the LSW theory in statistically
homogeneous infinite systems. In this case the first-order correction is of
order ¢!/2.

In the present paper, Part II, we present a mathematically rigorous
analysis for systems with a finite number of particles, where the argument
in Part I for the ¢!/2-scaling does not apply. Indeed, Fradkov et al(-®
have numerically observed a cross—over in the scaling of the first-order
correction term for finite systems. It changes from ¢!/3 to ¢!/2 when the
system size becomes larger than the screening length. The screening length
is the important intrinsic length scale in the system and describes the effec-
tive range of particle interactions. It is proportional to the typical interpar-
ticle distance times ¢~1/¢ (see Part I for more details). We will rigorously
establish this numerically observed cross-over under the assumptions used
in the numerical simulations.®) That is we use the monopole approxima-
tion and the snapshot perspective, varying just the number n of particles
in the system at given volume fraction ¢.

2. THE SETTING OF THE PROBLEM AND THE MAIN RESULT
2.1. The Monopole Approximation and the LSW Solution

Late—stage coarsening is well-described by the Mullins—Sekerka prob-
lem, which in dimensionless variables is given by

V = [Vu-i] on the particle-matrix interface, 2.1
—Au=0 in the bulk, 2.2)
U=« on the interface. (2.3)

Here V denotes the normal velocity of the interface, 7 its normal, point-
ing into the majority phase, u is a dimensionless diffusion potential [Vu -7]
denotes the jump of the normal component of the gradient across the
interface and « denotes the mean curvature of the interface, defined to be
positive if the minority phase forms a ball. Equation (2.1) is the kinematic
Stefan condition, (2.2) means that the potential is in quasistatic equi-
librium and (2.3) is the well-known Gibbs-Thomson law which accounts
for surface tension. This evolution decreases the total surface area while it
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keeps the volume fraction of each phase conserved. It also has an interpre-
tation as a gradient flow: it is the gradient flow of the (isotropic) surface
energy with respect to the H~!-norm in the bulk.

For small volume fraction ¢ of n > 1 particles, the particles are
approximately balls with radius R; and fixed center X;, i=1,...,n. This
can be observed in experiments and has been worked out in a rigorous
manner for solutions of the Mullins—Sekerka problem in refs. 7, 8. Thus,
a natural Ansatz for u is

) = o+ Y (2.4)
j J

where {47 B;}; are the growth rates of the particle volumes, that is

—Bi:=—|-R’| =R —. 2.5
YT dr [3 ’} Lodt 23)

The constant u, is called the “mean field” and is determined by the con-
straint that the volume fraction of particles is conserved which enforces

3 B =0. (2.6)
From the Gibbs—-Thomson law (2.3) we obtain

1 n B; n B;

— N U T 7 -

R; R = dij
where d;; :=|X; — X ;| denotes the distance between particle centers. Thus,
we can view the mean field u, and the growth rates {B;}; as the solution
of the linear system of equations

1 B B;

i -t — 2.7

R; Moo+Ri+. “ d;j 7
JF#

under the constraint (2.6). Equations (2.5), (2.6) and (2.7) are the mono-
pole approximation of the Mullins—Sekerka problem. It has been widely
used in the applied literature and will also be the starting point of our
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analysis. We refer to Part I for a more detailed description and some
remarks on its limitations.

The classical LSW solution, which we denote by {BiLSW},-, is now
given by the truncation of (2.7)
1 wsw, BV
i , 2.8
g = 238)
which together with (2.6) yields
-1
BSW =1 R uSV and 45V = il 2.9)
Zi R;

In particular, the LSW mean field is given by the inverse of the mean
radius of particles.

2.2. Numerical Simulations

Fradkov et al.>9 were the first who systematically investigated the
cross-over in the scaling from small to large systems. Their starting point
was the monopole approximation and the “snapshot” perspective.

The “snapshot” perspective means the following. One considers a
finite system {(X;, R;)}i<ign» With n>>1, where the R; are independently
and identically distributed. The distribution of the R; is usually chosen
to be the self-similar distribution of radii from the LSW theory. The dis-
tribution of positions X; is chosen to be uniform within a sphere except
that overlap is excluded. Then the growth rates {B,}1<;<, are determined
numerically according to (2.7) for many realizations of the radii keeping
the positions fixed. Finally, it is analyzed how the {B;}1<;<» deviate from
the LSW growth rates {BiLSW} 1<i<n given by (2.9). No time integration is
performed — therefore the name “snapshot”.

Motivated by the analysis of Marqusee and Ross® Fradkov er al.
measured the deviation of {B;}i<ign from {BiLSW}lgign by the expected
relative deviation in the rate of change of the mean radius

(3 i 22 Bi = BFSW))

G i BPSY)

n fai g2
i

A= (2.10)

In order to calculate the expectation value Fradkov et al averaged the
deviation A of the coarsening rate over many realizations of the radii. For
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example, the number of realizations used in ref. 6 was such that an ensem-
ble of least of a million particles was involved in the calculation at a stud-
ied volume fraction.

Fradkov et al. found a cross-over between a ¢'/° scaling and a ¢
scaling at a cross-over volume fraction ¢*~ 1/3n2, which corresponds to
the point when the system size becomes of the order of the screening
length. An investigation of their numerical results (graphically, see Fig. 4
in ref. 6) shows that the deviation of the coarsening rate is independent of
the number of particles when the system size is larger the screening length.
Furthermore they found that the numerical results were relatively insensi-
tive to the distribution of radii employed for volume fractions smaller than
0.01.

1/3 1/2

2.3. The Formulation of the Problem

To our knowledge, this numerically observed cross-over has not yet
been reproduced by any type of analysis, which is the goal of our paper.
We will reproduce this cross-over under assumptions used in the numer-
ical simulation,® that is, the monopole approximation and the snapshot
perspective.

Let us discuss what is to be expected in terms of our fwo nondimen-
sional parameters ¢ and n. As argued in Section 2.1 of Part I, the cross-
over should occur when the system size is of the order of the screening
length. Since

system size 1/3

~

’

typical particle distance
screening length ~1/6

typical particle distance

we expect the cross-over in the deviation term at
n~¢ 12 (2.11)

The typical particle distance is here defined as

3 volume of the system 173
47 number of particles '

We denote in the following particle systems as “subcritical systems” or
“supercritical systems” if they are smaller or larger than the screening
length respectively.
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The heuristic arguments in Section 2.5 of Part I and the numerical
simulations in ref. 5, 6 suggest that the deviation in a supercritical system
should scale as

A~¢'? for n>¢ V2 (2.12)

Furthermore, in Section 2.2. of Part I we gave some heuristic arguments
that the deviation term for subcritical systems should scale as ¢!/3. There-
fore, both scalings coincide at the cross-over n~¢~1/2 when the deviation
term in a subcritical system scales as

A~n"B3 for n< ¢/ (2.13)

Instead of considering the expected relative deviation in the rate of change
of the mean radius (2.10) we will investigate the relative deviation in the
rate of change of energy:

ELSW _F

T (2.14)

We recall that the average (interfacial) energy is given by
E=2 > R
2n l_ !

and its rate of change is
. 1 B;
E=—=) —,
ik

while

. 1 BLSW
plsw__ 1 i
D D

i

with

-1

' Zi R;

|| —
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Since the energy is decreasing E is always negative. ELSW is also always
negative, but we expect the difference in (2.14) to be positive for most real-
izations, since the LSW theory should underestimate the coarsening rate.
Notice that we have normalized the energy by the particle number, which
is more convenient for the subsequent analysis and of course irrelevant for
the ratio (2.14). The reason for measuring the deviation in terms of (2.14)
is that because of the gradient flow structure of the evolution, the quantity
(2.14) can be expressed variationally (see (2.21)).
In Theorems 2.2 and 2.1 we will show that with high probability
LSW
ESV_p Ay el R

[(ELSW))| Ly BN
n I R;

_ n—l/3¢l/3 for n<<¢—l/2
¢1/2 for n>>¢71/2 .

(2.15)

Observe that this result is somewhat stronger than (2.12) and (2.13) in the
sense that we make a (qualitative) statement about the entire distribution,
not just its expected value.

2.4. Assumptions on the Particle Arrangement

In the following we consider a system of n>>1 particles in a sphere
B,1/3(0) of radius n'/3 with volume fraction ¢ < 1 centered at the origin.
Therefore the typical interparticle distance is 1, the typical radius is ¢'/3.
We recall that the screening length in this setting scales as ¢~1/°.

We take a fixed distribution of centers {X;}; for which we assume the
following regularity properties. There exists a constant Cy> 0 such that

(HI)
. 1
lnf({dijli#j})>c—0, (2.16)

i.e. the particles have minimum distance of the order of the mean inter-
particle distance 1.

(H2) If n>>¢~1/2, ie. if the system size is larger than the screening
length, the following holds: For all cubes Q C B,13(0) of size ¢~ /6 the
number of particles in the cube, denoted by n(Q), satisfies

n(Q)>CLO¢‘”2. (2.17)
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We remark that hypothesis (H1) ensures that the number of particles in a
cube Q of size L is also bounded from above via

n(Q) < %cgﬁ. (2.18)

A few comments on assumptions (H1) and (H2) are in order. In the fol-
lowing we will always consider a fixed distribution of particle centers such
that (H1) and (H2) are valid. In ref. 10 it is shown that (H2) is satisfied
with probability converging to one as n— oo (at least if ¢ <1/(logn)’) if
the particle centers are distributed independently. However, (H1) is not sat-
isfied with probability close to one, but it is shown in ref. 10 that only few
particles can violate (2.16). Thus, one would expect that the inclusion of
those particles would only contribute through small error terms and would
not change the results in this paper. However, a rigorous proof of this fact
is beyond the scope of this paper.

Notice, however, that since the typical distance is increasing in time
and the volume fraction is preserved, if (H1) and (H2) are valid for the
initial data they remain to be valid during the Mullins—Sekerka evolution.

We denote in the following by {R;}; the radii which are rescaled with
respect to the typical particle radius ¢!/3. We assume (without loss of gen-
erality with the same constant Cy as before):

(H3) {R;}; are positive random variables which are independent for i #
j and identically distributed with respect to a bounded probability density

v with |[v]leo < Co. We assume that v has compact support, such that the
supremum of the random variable is bounded, that means:

sup(Ry) < Cy. (2.19)

We denote in the following

<Rk>;=/R’fu(R1)dR1, for k=1,2,....

2.5. The Result

After rescaling the radii as described in Section 2.4 the monopole
approximation reads

1 Bi B;
—=Uet+—+¢'?> L Y Bi=0, (2.20)
R R; T dij -
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with suitably rescaled uoo. Our aim is to estimate the deviation from
BiLSW. As described in Section 2.3 we consider the relative rate of change
of energy (2.14). We know that with our sign convention E and EMSW are
negative, and we anticipate that £ — EFSW is negative for most realizations
since the LSW theory should underestimate the coarsening rate.

We now formulate our main results. With (-) we will always denote the
expected value w.r.t. the joint probability measure P of the variables {R;};.

Theorem 2.1. (The super—critical regime). There are constants Ny=
No(Cp) > 1 and ¢g = ¢(Cp) <« 1 such that the following holds. If n >
No¢~1/2 and if ¢ <¢p we have with high probability that

E’_E'LSW 1
—CPP <~ <~ 9%
(ELSW)| = C

More precisely: For all ¢ >0 there exists a constant C =C(g, Cp) such that

E-E™Y 1 |
_ 12 == - _ - 41/2
P({ Co'< Sy ST ? } <e.

The proof of Theorem 2.1 is the main contribution of this paper and is
the content of Section 3.

Theorem 2.2. (The sub—critical regime). If n<<¢~1/? we have with
high probability that

E — ELSW

13 41)3
gy 7T e

More precisely: For all ¢ >0 there exists a constant C =C(g, Cp) such that

E—ESV|°
173,173
P({ Cn ¢/° < |(ELSW)|} <Le.

Furthermore

(E _ E"LSW)

173,173
gy ST e

The proof of Theorem 2.2 will be the content of Section 4.
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Remark. Unfortunately, we were not able to prove in the sub-critical
regime the existence of a strong upper bound as in the super-critical case,
but we can only control the expected value. Indeed, we have some numeri-
cal evidence, that for all M >0, P({(E — ELSW)/[(ELSWV) < M n=13¢1/3)0)
is bounded below by a positive constant for all n. In fact, in a periodic
setting it is possible to prove this statement in a rigorous way. This will
be shown in a forthcoming article.(!V

The proof of our result relies on the fact that the underlying evolu-
tion has the structure of a gradient flow and thus (2.14) has a variational
formulation. To see that note that a solution of (2.20) can be character-
ized as a solution of

) 1 1 . (/4)1/3
_ Ny - P S
i n 2R; ! + n Z

{Bi}i;Y; Bi=0 f i i A .

For the solution B; we have

T g N I Rl Y =3

i J#i

Therefore we can write the deviation in the rate of change of energy from
the LSW result in the form:

. . 1 1 -
E—EYY —  min -y —_B?
{Bi)i,Y; Bi=0 | 1t ; R;

¢1/3 BB
> ey

i j#i

i

BLSW

provided the quadratic form is positive semidefinite. This will be an
implicit consequence of the lower bound which will be proved in Proposi-
tion 3.3. We recall that BFSW =1—%i where R=13", R;, and use }_; B, =
0 to find
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Er(a-(-5)) Eei-raa(-5)

1

Thus we can express the deviation of the rate of change of energy in the
compact form:

o , 1 1 /- 2 gl/3 B;B;
E—EBSWV_— ~.rlr;nn _ ;;E(Bi—BiLSW) —i—TZZ#]]
(2.21)

The variational formulation has the advantage that one can obtain an
upper bound by finding a suitable trial field B;. The construction of a
proper trial field in the super-critical case (cf. Section 3.3) is guided by the
intuition that due to the screening effect the system separates into inde-
pendent subsystems of the size of the screening length. Indeed, the LSW
construction in subsystems of the size of order ¢—!/¢ will do the job.

3. THE SUPER-CRITICAL REGIME

Our aim in this section is to prove Theorem 2.1, that is we are going
to show that if ng!/? is sufficiently large, then we have (cf. (2.21)) with
high probability

T := min_ {(b_l/zéz%(f?i—Bist)z
i

{Bi)i;Y; Bi=0 i

1 BiB; | =

-1/6 ibj\=_

+¢ ;E § — 1. (3.1
i Y

Here and in the following we use for simplicity the notation

A<B, AXB or A~B,
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which means that there exists a positive constant C, such that
A<CB, A>CB or C"'B<A<CB

respectively.
~ We notice, that (3.1) implies the statement of Theorem 2.1, since
(EXSW)|~1.

3.1. Moments of B:.'SW

and Large Deviation Estimates

Here, we give some estimates for ((1/R)™) for me{l1,...,4} and for
moments of BiLSW.

In order to estimate ((1/R)™) we first state some results from large
deviation analysis (see for example ref. 12, Ch. 2). For the sequence of i.i.d.
random variables {R;}i=1 . ,:

PR>r)<e ™ for r>(R),
and
P(R<rH)<e ™ ™ for r<(R).

Here, A* is the Fenchel-Legendre transform of the cumulant generating
function A; that means,

A*(r) :=sup(ir — A1), AL):=In M) :=In(e"F).
AeR

It follows from the definition that A(A) and A*(r) are convex functions.

Lemma 3.1. Assume {R;}; are i.i.d with bounded probability den-
sity v. Then we have for any m e N

()=

uniformly in n.
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Proof. We estimate for A <0

o0 00 C
M(/\)=/ e“v(s)dséC/ e ds = —.
0 0 [A|
This implies
A*(r) = sup(ir — A(L))
A

> sup(ur — A(L))
A<0

—C
> sup <Ar —In (—)) .
A<0 A

The maximum of the last function is achieved for A =—1/r. Therefore we
have,

A*(r)>—1—In(Cr),
which implies
ean*(r) <Mt
Hence we have for r < (R) that P(R<r)<C"r". Now we denote by v(s) =

dP(R <s)/ds the probability density of the average radius and choose an
arbitrary number 5 such that 0 <n < (R); then we have

1 © 1 _ 1o * 1 _
?dP: | Wv(s)ds: A S—mv(s)ds—i— i S—mv(s)ds.

For the first integral on the right side of the last equation we write:

/ —v(s)ds—/ 7—P(R<s)ds
s
n n o o
[ P(R<s)i| / ——P(R<s)ds.
s o smt
Now it holds for n>m+1 that

7 o
m/ ——P(R<s)ds <m e"C's"ds
0 sm+1

_ n 7 n—m—1
=m(Ce) s ds
0
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_m(Ce)" n—m 10
= T —m [S ]o

m(Ce)"

n—m

(nCe)" ™.

If one chooses

1

= 2ce

it follows for sufficiently large n

| — m(Ce)™ (1\"™™ 1

Further we estimate for sufficiently n large that

| - | 0 omem (YT
—PR<s)| <—(eCny'=e"c™ (= 1
s o nM 2 n

N

and
© 1 _ 1 [%°_ <
—v(s)ds < — V(s)ds=Q2Ce)" ~ 1.
n sm n™ Jo

This proves the lemma. |

Lemma 3.2. From the definition of the random variables {BiLSW}i
it follows that:

1
(BEVBEN) =~ BN forid) 63
1
((Bl,LSW)zg‘}SWB]%SW):——zKI for i#j, i#k, j#k (3.4)
and
3 . :
(B}SWB}SWB%SWB}SW)mel i, j, k, 1 all different,

3.5)
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where

K1:=((BFSW)2(BISW)2) — (BESW)h.

n—1

Further it holds that
(BESW)Y), (BESW2(BESW)2), (BFSW)) and K|~ 1.

Proof. Since the random variables {BiLSW},- are identically distrib-
uted we have by definition

(BiLSW B;‘SW) (B{“SW B%SW)

I

((B}‘SW)ZB;‘SWB]{‘SW) — ((BILSW)ZB%SWB§‘SW>,

LSW pLSW pLSW pLSW
(BISW BESW pLSW LSW) —

(B}‘SW B%SW B’}SW BJ‘“SW).

Further since Y°; BFSW =0 we can write:

0= <B{‘SW <Z B[LSW) > — ((B{“SW)Z) + Z(B{“SWBILSW)

i i>2
= (B + (= (B BYSY)

and therefore

(B{"SWB%SW> ((B%SW)Z)

n—1

and similarly
1

In the same way the identities
i

and

(B%SWB%SWB;SW(Z BiLSW)> =0

1
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show that
((B%SW)ZB%SWB§SW> _ _ﬁ <((B%sw)2(3%sw)z>
+(BISY)? BEY) ), (3.7
and
(BILSWBzLSWB3LSWB4LSW) _ _%<(B1LSW)2B2LSWB;SW>. (3.8)

Substituting (3.6) in (3.7) gives (3.4) and finally (3.4) in (3.8) implies (3.5).
In order to estimate the moments ((B{“SW)Z), ((B{“Sw)z(B%SW)Z) and
((BILSW)“), we write

R c
|B{“SW|<1+%<1+:O.

=

Hence, it follows from the preceding lemma that

2 <
(BESY)) <((1+9) =1

4 <
(BEVRBEY?) < (1+2) ) < 1,

4 <
(B <((1+9)) =,

which proves the last part of the lemma. |[i

3.2. Lower Bound

The aim of this section is to prove a lower bound on T as defined
in (3.1). From the mathematical point of view this is the most interesting
part of the proof of Theorem 2.1.

Proposition 3.3. Assume n > ¢ /2 and that ¢ < ¢, where ¢y =
¢0(Co) is sufficiently small. Then there exists for all e >0 a constant C =
C(e, Cp) such that
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P(T<-0C)<e.

With {B;}; we will denote as before the minimizer which realizes T.
It will be useful to approximate Bl.LSW by

Li=1—— for i=1,...,n.

(R)

This has the advantage that the random variables L; are independent.
Then (3.1) can be written in the form,

_1pl 1 _1561 B;B;
T=¢"'2=% — (Bi—L)’+¢ /03—
n e R; n < o dij

—ipl 1 LsSW)°

7 L gy (L= BY)

i

+¢71/2% Z R% (Bi —L;) (Li _ BiLSW) .
1

Since
1
(B = L)? = (Li = BE™) < (B — L(Li - BEY),
we have
1 1 1 B;B;
122N (gL 162 i Bj
I =¢ 2nZR~ (Bi —Li)"+¢ nzz d::
i ! i i ij
1 1 2
— 1225 (L, — pLSW
o R (Li-B1Y)". (3.9)

i

At first we address the term in (L; — Bl.st)z. The following lemma proves
that it is in most cases smaller than O(1).

Lemma 3.4. It holds for all M >0
1 1 2
—1/22 — (1. _ gLSW
P (¢> - § X (Ll B! ) >M)

<;(Var[R1<1>)‘”( 1 )”%L
SVM\ (R? R ¢1/2n N

) is bounded as we have seen in Lemma 3.1.

Note that (%
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Proof. Since

1 1

| — 2
P D (1) =R (G2 )

we estimate using first Chebyshev—Markov and then Cauchy-Schwarz
inequality:
[(R)—R|, 1

P ¢—1/ZE(L—1>2>M < )
(R R) ™~ h VR(R) ¢
<L(<<<R>—E)2>< 1 >)1/2L
\\/M ﬁ(R)2 ¢1/4
1 (Var[R]<1>)1/2< 1 )‘/2
<— = — .
VM \ (R)> \R ¢'/2n

where we used that the random variables R; are independent and identi-
cally distributed to obtain

(

-

— 1
(R— <R>)2>=;Var[R]. | (3.10)

Defining

we write the first term in (3.9) which is a local term in the form,

1 1
To;=¢*1/2;ZF(ABi)2.
1

i

Since this term is positive, we now address the second, nonlocal term and
show that its modulus is in most cases smaller than O(1) + nTy, where
n < 1. In order to show this, we introduce a length &. Later & will be cho-
sen to be smaller than the screening length ¢~'/%. We use & to split the
kernel,

1 e dii/§ 1 —edij/t
4
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and accordingly the second term of (3.9) splits as

g el ey B
J

i j#i

e 1/6122 BB+ 1/61221_8 dij/ B,

i J# i J#

dij/§

This splitting is motivated by the method of Ewald summation (see e.g.
ref. 13).

Remark. A lower bound for the term Tj is given by a classical
bound from the theory of charged particle systems (see refs. 14-16). In
order to employ this bound, we enforce the constraint of hypothesis (H1)
and define the hard core potential

B;B;/dif d>C;!
. (d) = = =0
@i {+oo if d<cyt.

Therefore it is

1
—¢71/6; ZZ‘Pij(dij)-

i jFE

Since ¢;;j(d) is bounded from below by the interaction energy of two
spheres of radii C; ! /2 with constant surface charge density of B; Cé/n,
B; Cg /7, respectively and with distance d of the centers, a lower bound for
Ty is given by the negative self energy of the spheres.!>) More precisely we
have

T >— ‘/6( ZB)

However, this bound is too coarse and we take in the following advan-
tage of some cancellation effects between the “charges” B; (see Lemmas
3.8, 3.9). Lemma 3.5 can be proved using the method used by Fisher and
Ruelle,!® but we give here a short proof for completeness.

In the following we denote

T\ = _1/61 ZZ

i JF#i

,,/5
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as the near-field component and

dij/§

Tiamg 0L YN B

i j#

as the far—field component of 77. We first estimate the far—field component
which turns out to be easy. Since limg_o(1 —e~%/%)/d=1/&, we can write
T1> as

z,/S

Iy = ¢_1/61 ZZI_E

=T — T122~

11
-1/6 E: 2
i

Lemma 3.5. It holds that 7j5; >0.

Proof. We note that the Fourier transform of the kernel f(y) =

1_6‘;:“/5 is positive, since
1 —e—I¥I/8 1 1
Pl | 0=~ 20
Iyl k1= k|2 +

3

Since f is even, we have F(F(f(y)))=f(—y)= f(y). Thus, f is the Fou-
rier transform of a positive measure and therefore a function of positive
type (this is the easy part of Bochner’s theorem; see e.g. ref. 17, Theorem

IX.9). 1

Lemma 3.6. It holds that
< 1
msnn~¢”“§w”%b+n.

Proof. Using (2.19) we find

1 < 16l
T122=¢_1/6E2(AB + L)~ 10— ( Z ABZ—H)

1

i¢”“§¢”%+n.l
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In order to proceed, the near field term Tj; has to be rewritten in
terms of AB; and L;,

T = ‘/6122  AB, AB;+2¢~ 1/6122 iy
i j# i J#
1 dlj/é
Ll
e

= Tin+Tiz+Ts.

The term 7711 can be estimated by the following convolution argument.

Lemma 3.7. We have,

—dij/§

AB;AB;|~¢' 3T,

Tl =9 -1/l ZZ

i j#

Proof. First we use Cauchy-Schwarz inequality

*1/61 eid"j/g
[Tl = |¢ ;Z Z —AB; | AB;
i L Y
) 1/2
1 e dij/§
—1/6 1 ‘ 32

It follows from Appendix 4.2, that the sums over spatial particle coordi-
nates can be bounded by means of the corresponding Riemann integrals;
for example we have:

—dij/§ —lx|/§ —|xl/§

e " e e

> f«f d3x g/ d3x g2
dij B30 Xl w o |x]

JF#
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This gives
dij /& ? dij /& d;j /€
e 4 e % e i
DA S| | @B
i L Y i L Y j#E Y
—d;j /¢ ,
~ g ZZ (ABj)
i j#i
2 e i/t 2_ .4 2
=) | X | @B’=¢" Y (a8’
i \i#i j

Hence we obtain

Tin|~¢~ /07~ Z(AB) ~¢'e 1. 11

In the following we address the cross-terms 771> and 7713. Here we
need a stochastic argument, that means the bounds we establish for these
terms are valid except for a set with a small joint probability measure of
the random variables {R;};.

Lemma 3.8. We estimate

12
Tl ~ ¢ 1/‘2( Zm) (To+1), (3.11)

where
e dij/§
Wi = Z ki
j#E Y
and
1 <1
— (| =>ME | ~—. 3.12
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Proof. Inequality (3.11) follows immediately by Cauchy-Schwarz.
Since we have for i # j,

(LiLj)=(Li){(L;)=0, i#j. (L})=0(), (3.13)
we obtain for the expectation value of {w;};

~2d;; /& —Ix1/&\ 2
e J e
== [ () e
“ d; 903 x|

Now we are in the position to prove the lemma. From the positivity of w;
it follows,

1 1 1 1 1 < 11 1
P(|;Zwi|>M§><M—$<|;Zwi|>=M—g<;Zwi>’\‘M—§;n§=M.

Finally we treat the term 7j;3.

Lemma 3.9. It holds that

MEeYV2\ 21
P |T113|>W NM-

Proof. We write
T3 =¢>71/6l D
n ' s
1

where

Using (3.13) we have (v;) =0 and

1//%‘ e dzk/%‘

2 N <
ZZ <L,-Lij)=Z( n ) (L))" ~E.

i ki dij i Y
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Furthermore for i #i’

dz//f e d/k/s

——(LjLy){LyL;)

=YY

Ji ki dij

L (et AN o (e din/EN?
= <L1> ~
d;y d;iv

and we observe

I <& Ml g 1k
R

i j#i

Therefore, it follows,

MEeL2 12 g2
P ITisl> 15 ( Zv, 1/2< - 5 —.
) /6p1/2 Mg;-l/z MEI/Z M

Proof. (of Proposition 3.3). For all realisations of the random vari-
ables {R;};, except for a set with a small joint probability it follows from
Lemmas 3.4, 3.5, 3.6, 3.7, 3.8, and 3.9 that

1
T > 5T0+T121 — T2l = Tl = |T112] = [T113]

1 1
_¢—1/2; Z F(Li _ BLSW)2
1

i

1 C 1
> ETo—5[¢_1/6E(¢1/2T0+1)+¢1/3§2T0+¢1/1251/2(T0+1)
51/2
+¢1/6n1/2 +1

for a generic universal constant C. We introduce the ratio of & to ¢~/

which is the scaling of the screening length (see Part I):

k) ::€¢1/6
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and obtain

1 1
T 3T (1 —-C [5¢1/2+52+51/ZD

c (1 1 \'?
B LN VRN Vo L 1
5 (5 +812 4 em +

Since n¢'/2>1 we can first choose § and then ¢ small enough to prove
Proposition 3.3. |

3.3. Upper Bound

Proposition 3.10. There exists Ng = No(Cp) > 1 such that if n >
Nop~!/? the following holds. There exists for all ¢ >0 a constant C =

C(e, Cp) such that
< : )
P|{T>——)<e.
C

To compute the scaling of an upper bound in the super critical regime
we cover the system B,1,3(0) by disjoint cubes Q,, a=1,...,m in the
following way. In the interior of B,1,3(0) we choose Qy, in the following
referred to as clusters or subclusters, to be cubes of side length L¢p~!/®
whereas near the boundary we choose cubes of side length up to 2L¢p~1/°
with L satisfying L > 1. The constant Ny will then be chosen such that
No> L. It is clear that we can in this way cover B,i1,3(0) and with (2.17)
and (2.18) we have for the number of particles in Q,, denoted by n,, that

L3
W, with  oni=—— (3.14)

/
Cn' >2ng > Vs

and by definition

Furthermore it holds for the number m of cubes that

n¢1/2 No

i >ﬁ>>1'

m
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We introduce the cluster index [i]:
xi € Qo Iff [i]=

Now, we define the trial field Bl.S ,i=1,...,n,

BS:=1— =, where Riji=—
’ Ry 2 ni Z

I 1 1
T <¢_1/2—ZE(B[S—B[LSW) +¢ /0= ZZ

i i j#

Honig et al.

(3.15)

In the rest of this section we estimate the right-hand side, which is a

straightforward but somewhat tedious computation.

The term F; can be written in a more appropriate form,

1 & R;: 2R;
_ 12 Z Z J j —1/2
—_— - QA - = = + p—
¢ n ®. RpR ¢ R

a=1jljl=a \ R[]

1 & 1 1

_ -1l R
¢ n Z"“ <E E) :

a=1 o

Here we employed the notation

— 1

Ry, =— E R;.
Ny .

J.ljl=e

First, we estimate the term Fj

(3.16)
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Lemma 3.11. We have for all M >0

1 < 1

Proof. We start with the following identity

S |-
=
S
Q
/N
||_.
|
|| —
N——
/

S| —
1 [M]=
S
R
S
=
>l =
=
2| =
N R

N
T
S—

Iy, | Re=(R)?  (Ra—(R)?
: 3 Ro(R)?

where we introduce the i.i.d. random variables X, and Y,, a=1,...,m. In

order to proceed, we calculate (X,), ((Xq)?) and ((Yy)?). Since {R;}; are
1.1.d., we find

i > Z ((Ri = (R))(R; — (R)))

i,[il=a j,[j]=

_ 1 [((R=(R)")
= E (T) . (318)

(Xa) = - )2
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Similarly, we compute

(O =G 2o 2 2 2

i,lil=a j,[j]l=a k,[k]l=a L, [l]=

((Ri = (R)(Rj — (R))(Rx — (R >)(Rz (R)))

1 1 3ng(ng —1
- (—<(R— (R +%<(R— <R>)2>2>

<
~

(3.19)

The estimate for the second moment of Y, relies on the large devia-
tion estimates. Following the last part of the proof to Lemma 3.1 we find,
that there exists for n, sufficient large, a generic constant &, such that

1 _ -
—P(Ry <r)dr~
/o 3 P Rasrydr~ s

and

| — . | - <
g P Rast + im G PR<6) > 0

Since

Y2l
* (R)?

always,
Y2 < (R, —(R)S provided R, >&.

we can estimate accordingly

o0

§o d — d —
<<Ya>2>=/0 Yid—P<Ra<r>dr+/ V2o p(Ra<r)dr

&0

1 d
~f0 5 P(Ra <r)dr+((Ra — (R))).

,
Similarly to (3.19), we compute and estimate

1

R _ 6y S~
(Ra = (R") ~ 5.
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Further, we estimate for sufficient large n,

& 1 4 1 _ %o 1 _
/ ——P(Raér)dr =|—=P(Ry<r) +2/ —P(Ry <r)dr
o r2dr r2 0 0o 13

r

< 1
(na)3.
Hence, it is
< 1
(Ya)?) ~ R (3.20)

Using these results we finally prove the lemma. It follows from (3.18),
(3.19) and (3.14) that

() s <))

"2
- ) D0 D nanpiXa)(Xp) +Zn (X2)
@ B, Ba
M2n?2 M2

2 naX

The last part can be estimated in the same line using (3.20):

(1] b < 2 (L) )

(7’1/)21 2 w2
< S 2l

To treat the second term F, we write

B3B?
Pty 5 —;..f}

i L= Y

¢_”61§: 3 (B B — (B} BY))

i j#LLl= [l]
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1 BSBS
D DD D

i AL dij
= o1+ Fr + Fo3.

Hence, the terms F,; and F3; include interactions within a single subclus-
ter while F»3 describes interactions between different subclusters.

We first remark that the statements of Lemma 3.2, that is (3.3), (3.4)
and (3.5) are valid on every subcluster, with n, instead of n. We denote

K= (B2 (Bl — ! ——((BI*yY,
n 1

o —

K= (B2 (B2,

where

Ris

R; R;
_—ll, ng]zl_—_lz and
o o o

o _ [od _
Bl —1- B=1

where i1 is the number of one fixed particle in cluster Q, and i2, i3 are
numbers of particles in the cluster different from i1.

Lemma 3.12. It holds that

< 1
| YR ———
21 (¢1/2n/)1/3

Proof. Using the results of Lemma 3.2 we compute

Iy = ¢_1/612 Z

i j#L]= []

1 1 i
= ¢y Z ;«BE ).

1
M i =t

The factor ((B{i])2> can be bounded from below

2 _
i R; Rjij— Ri)?
<<B£]>2>=<<1—__1> >=<—( i~ Rn) >
| Rj;

LV
K=
N
P
|
-—:||bd
N——
D
=
-
|
=
[38)
N—"
4
—_



On First-Order Corrections to the LSW Theory 153

Now we use (3.14) and the fact that in each cube Q, it holds d;; <
2(n")~'/3 which gives for all i=1,...,n,

1 ~1/3
P (O R CORA
j#LL= Y

This implies the statement of the lemma. |

Lemma 3.13. We have

n'\1/6 1 < 1
P(ir2i>(5) M)~ 55

Proof. First we define the random variables

1

= —B; BS i=1,...,

f .Z_% l 8
J#i, =[]

and calculate the variance, using (3.3) and (3.7)

11
(iD= 3 Z Tfﬂ@Wﬁﬁbw%W$$0
JALLT=T] ket = ik
U T oli2 plil plil
= 2 Z R G RY
JALGI=) ket oK)= m
()
nez[] 95
A=) K R=T0]
Kl

I 1 ; 1
S Y Y gl ¥

172 i, [1=1i1 ket Tkl=li) 9 4K jaei D=l %ii

1 Bl 1
SRR VD S

J#1 1=l k4 [K1=[i]

11 i
)
di; d;

In order to compute the covariance ((f; — (f;)(fj — (fj))), we discrimi-
nate between [i]#[j] and [i]=[/]. Since the random variables f; and f;
are independent for [i]#[/] it holds in this case,

((fi =(fin(fj = (fiN)=0for [i]#[j].
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For [i]=[j] and i #j we derive,

((fi— (fi))(fj—(fj)))_=(ﬁfj>—<ﬁ)(fj) _
nl KD 11 2k

1
2 T R — Z -
di M =2 e i ik P =2y T dik
3kl 11
+ : > ——
(i =2 —3) .4 di dj;

ki, j k=[] 14, ).k, [1=[i]

1 [i12,2 11
-~ KB E E —_——
(n[,-]—l)z(( 1)) e = dirdj
ki [k1=i] 1#].[11=[i]

We remark, that the derivation is similar to the one in Lemma 4.4, where
the steps are worked out in more detail. Now

N6 M 1/3
p(|m| 2(%) m)<M2 733 2¢1/3<22(ﬁ (N — <f,>>
__ Yokl L
N o
-2 X

Kl 11
2 d
i j#L[1=l] GU ki, . [k)=[i] "/
3k 11

AP IR Bl e v S0 SRR DR v

i Jj#LLI=L] ki, j [k1=[i] 14, ).k, [1]=[i] %

DI %z >

dir d
i il [z] (”[‘] ket [R=li] 1.10=0i) ©'F
The first term on the left side of the last inequality can be estimated via
1
SN DS ) I T
i L= d; B30 1]

and similarly the other terms are bounded by a term of order nn’ 173

again (3.14). Together with (3.21) this proves the lemma. |

using

Finally, we treat the term F»3.
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Lemma 3.14. It holds that

1 < 1
P |F23|>—(¢1/2n)1/3M "'W-

Proof. Similarly as before, we define the random variables

1
= Y —B SBY, i=1,....n,
J#LL1#L]

which have zero expectation values. For the variance we derive

(t)?)

> 2 ——(BS>BBS>

AL LI ki kI dij d

S sl
JALUIAE T

1 /1,2
- > > & ]—1)d,,d,k<(B h2) (BN,

J#LLA] k#i, ju k=[]

The covariance (t;¢j), i # j, follows in the case [{]=[;] from

1 1
(titj) = Z | Z ad—ﬂ(B BS B} B})
ki, (k)AL 17, [1#li]

1 1 Sps
= Y Y BB
ket 1] 15, 0=Tk]
- <<B[’])> 11 gy
=D S e i
B 1 1
(BIh?) S sy,

(i = DO =1 1 it % 41

and in the case [i]#[j] from

155
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1 1
wipy= 3 > - ;B S B) (B BY)
ki, [k]=[71 1#7.11=l] ik
1 1

B 3 11 1 3 11
=\ R Y T 7
di =D e G i =D gy i it

1

1 1 [i1\2 [/1\2
. —— BB,
(=D —1 )k;ézjz il 1#1% it | l

Thus we have

;Z(Iﬂj>=2 VY Y wp+d>. Y ()

i L=l i jALLTA]
1 11
12X X mraX X X o
i LA u i 1Al k£ k=] I

G X% N ] e

o ik dj
i i L=l ke AL 17k (=[] 1K

The first term of (3.21) can be estimated as

Z Z o <n4/3’

i j#LI# ]

and similarly the other terms are bounded by a term of order n*/3. There-
fore we have

(¢1/2n)2/3 1

1 <
P <|F23| > @121/ M) S0 1 3n2 ZZ(’i’j ~on
i

This finishes the proof of the lemma. ||

Proof. (of Prop. 3.10). From Lemmas 3.11, 3.12, 3.13 and 3.14 we
obtain that there exist constants C; and C; such that with high probabil-
ity

7 <01 (o + () a5 = e
¢l/2n’ ¢n3 (¢1/2n)1/3 (¢l/2n/)1/3

1 L2 1 C,
E+W+W)—?
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Now we choose Ny sufficiently large, which depends on the constants
C1, C which again depend only on Cy, and 1K L« Né/ 3 to obtain T <
—1 which finishes the proof of Proposition 3.10. |

4. THE SUB-CRITICAL REGIME

In this section we will prove Theorem 2.2, i.e. we are going to show
that if n¢!/? is sufficiently small, then

1/3 5B
. n 1 1 /- 2 1 B;B;
S:=  min [ (—) B (B- - B.LSW) +— J }
By, =0 L\®/ n Z R\ n?/3 Z; dij

is of order one in n and ¢.

4.1. Lower Bound

The aim of this section is to prove a lower bound for § as defined in
4.1).

Proposition 4.1. Assume n < ¢~ !/2. Then there exists for all £ >0
a constant C=C(g, Cp) such that
P(S<-C)<s.
Again we will denote by {B;}; the minimizer and define

AB;:=B; — BV,

We will follow a similar strategy as in the super-critical regime and write

1/3
" 1 1 Lsw)?, 1 BiB;
S‘(%) ;ZE(BZ—BI' )*mZZT-j—'S°+S"

i i j#
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where

_ LSW LSW
S| = n2/322 /(AB +BY)(aB; +BY)

i j#
LSW
= 2/322 ABAB + 2/3ZZABB
i j#i i j#i dij
2/3 Z Z _BstBst
I’l i j#i

=: 811+ S12+ S13.
Lemma 4.2. We have that
2/3
1~ (n9'2) " 50.

Proof. Using Cauchy-Schwarz inequality we get,

N 172

1/2
1 1 5
Sném Z Z@ABj (Z[ABi]) :
i JFi i
Further, it follows similarly
2
1 1 1 5
D3N DI L7l IR DBl § DI G
i \j# i \y# ) \i# Y
N / RN ZZ—(AB )2
B 130 1X] ey
N 2/322—(AB )2
i j#i
1
=y Z— (AB))?
i \i#i dij

~ '3 (AB))

J
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This implies,

) 12 12
Sl ~ — <n4/3 Z(AB,V) (Z(ABM)

<)Y (AB)

1

2/3
< (ng!2)" sup(R)Sy
1

- <n¢1/2)2/3 So. 4.2)

Hence the term [Sp;| is much smaller than Sy since in the sub-critical
regime we assume n¢'/2< 1. |

Lemma 4.3. We have

1 172
<, 1/6 41/6( 2 .
Sial S0 (= 3 S wi) TS0+ 1) (4.3
with
BI.‘SW 2
e J
e <Z dij )
JF#
and
P |lZw-|>Mn]/3 =L (4.4)
n - "= M’ ’

Proof. To prove the lemma we first apply Cauchy—Schwarz inequality,

LSW

|S12] = % DABY

i j#E Y

12
2
<m<IZ(ABZ‘>2> 2|2
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B LSW

1 ;
<D AB + Y Zzij

i i J#I

< (n¢1/2)”3 So+Y .
i

The expectation values of the random variables {n;}; are

<(BLSW)2> 1 ((BLSW)
(ni):#Z%_ n*3(n — 1)22

j#i T ity i

Therefore we estimate

<|Zm|>M) 7 2

i

SR RES S op e o
T Mn*3 g2 (n—l) dzd

i \J# U J#LkFL
< 1
~ ]

Lemma 4.4. We estimate
< 1
P(|513|>M)’Vm' 4.5)

Proof. We proceed as in the corresponding Lemma 3.9. Since here
{BiLSW}i are not independent, the computations are slightly more involved.
We introduce

v; ‘_Z BLSWBLSW
JF#

and compute expectation values, variances and covariances of the random
variables {v;}; using the results from Lemma 3.2:

1 1 1
(vi)=>" d.(BLSWBLSW> —— (B Y (4.6)
it Y j# Y
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Z Z ( LSW)ZBLSWBLSW>
i ki
s
j#i i i gy i di
=K Z d2 - n— Z Z R
J#i néz keti, j dij d

with K| as in Lemma 3.2 and K> :=((BILSW)2(BzLSW)2). For i # j we find
after some computation

(viv;)=K ( : )2 d L
Vivj) =Ko\ — | —
iVj dij n—2k#j diy djk
2K, 1 1 3Ky Z Lt
-2 di A= d = H(n-2) diy. d;
U ki ik ket 144,k !

and obtain

2 (1
:W n_ZZ<v 222 v,vj
1

i j#i
S vertel EL2D 3) DD ) B Do
M<n i j;ﬁtd " i jAk#EL ”
3)(” Z)nggj#uk zkdl

It is easily seen that each term in the brackets is of order n*3 which fin-
ishes the proof. ||

Since in the sub-critical regime we have n < ¢~'/> Lemmas 4.2, 4.3
and 4.3 finish the proof of Proposition 4.1.
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4.2. Upper Bound
Proposition 4.5. It holds that

(S) ~—1. 4.7)
Proof. We take as a trial field in the variational principle {BiLSW}l-.
Thus

BLSW B LSW

1
SS—753 2/3 ZZ anU"’
1

i j#i
where v; is as in Lemma 4.4. The assertion of the lemma follows immedi-

ately using (4.6). 1

APPENDIX A: UPPER BOUNDS FOR SOME SPATIAL SUMS

In this appendix we bound some sums, as e.g.

n 1 n 1 n —dij/é
Z;’ Zd—z"f Zed..’

j=lj#i =1, g i j=lj#i Y

by integral expressions. The general structure of these sums is

n
Y. f@ip
J=L, j#i
where the function

fid— f(d)

is a monotone decreasing, smooth function of the particle distance d.
From assumption (2.16) we conclude, that there exists a radius

1. .
dmin = Elnf{dijh #j1=0()

such that all spheres {B,_, (X;)}; are disjoint. Defining the points

X‘”_(X — X)) — m‘“(X —X;)€By . (X;) forall j#i,
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we have

Buyy (X)) C By, (X)) for all j£i

4min (
2
and

|x — X;| <d;j for all x € By

min (

@)
X,
2 J)

Therefore we estimate

2”: fdij) = 2": ;)3/};

it . 4 ( doin
J=1j#i j=Lj# 3 ( 5

N

(@)
4min (Xj )

m
2

> ;)3/3 fAy=XiDhd®y

- (40
/ FAyDdy.
B 1/3(0)

This establishes an upper bound in form of an integral expression.

<[ sandy
4r (dmin) B, 1/3(0)

LA
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