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Abstract

We study a model of mass-bearing coagulating planar Brownian particles. Coagu-
lation occurs when two particles are within a distance of order €. We assume that the
initial number of particles N is of order |loge|. Under suitable assumptions of the
initial distribution of particles and the microscopic coagulation propensities, we show
that the macroscopic particle densities satisfy a Smoluchowski-type equation.

1 Introduction

A colloid consists of a large number of small particles that are suspended in an environment
of far smaller and more numerous molecules. Large numbers of molecules bombard each
particle, and random fluctuations among these collisions tend to give rise to an Ornstein-
Uhlenbeck motion of the particle, in which its velocity is forced by a Brownian motion,
with a drag force acting in the direction opposite to its velocity. On a long time scale,
the colloidal particles move according to Brownian motions, because an Ornstein-Uhlenbeck
process approximates such a motion over a long period of time. The particles of a colloid
may also be liable to interact. In [2], we studied a model of a colloid in which this means of
interaction took the form of a coagulation, this reaction being liable to take place between
a pair of particles if they come to lie close enough to one another. The density of particles
at the initial time was chosen so that the dynamics occur in a regime of mean free path,
wherein a typical particle meets a bounded number of other particles in a unit of time.
Speaking in rough terms, this choice of scaling causes the effects of diffusion and interaction
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on the macroscopic evolution of the system to be comparable. In common with much of
non-equilibrium statistical mechanics, we interpret the macroscopic behaviour of the system
in terms of the evolution of a small number of thermodynamic parameters, in this case, the
density of particles of a given mass, as a function of macroscopic space and time. In [2], we
proved that, when the initial number of particles is chosen to be high, this density typically
evolves as the solution of the Smoluchowski system of PDE,

28

5 (@&t = dn)Afalz,8) + Q1 (f)(2, 1) — Q2(f)(x, ). n=12,... (1.1)

The first term on the right-hand-side of (1.1) corresponds to the diffusion among particles of
mass n, with d(n) being one-half of the diffusion rate of such particles. The terms in (1.1)
corresponding to the interaction of pairs of particles are given by the gain term

Q?(f)(l’,t) = Zﬁ(m>n_m)fm(zvt)fn—M(Ivt)> (1'2)
and the loss term -
Qg(f) = 2fn(x>t) Z ﬁ(m, n)fm(x>t) (13)

Here, the collection of constants 3 : N> — (0,00) quantify the macroscopic propensity of
mass at a pair of values to combine.

The arguments of [2] were valid in the case where the dimension d of the system was
assumed to be at least three. The question of the behaviour of such a system in two dimen-
sions is significantly different, and it is this topic that we address in this paper. We now
turn to describe the model in more detail, after which, we will discuss the ways in which the
two-dimensional case differs from that of higher dimensions.

We will be working with a collection of microscopic models, each model carrying an index
N € N, this being the total number of particles present in the system at the initial time.
Each of these N particles is independently assigned a random integer mass and placed at the
initial time at a random location whose law depends on that mass. More precisely, we will be
describing the state of the system at any given moment in time by a configuration, by which
we mean a map ¢ : I, — R? x N, whose domain [, is some finite set of a countable index
set I. That is, if ¢ € I, has ¢(i) = (x;, m;), then the system currently contains a particle of
mass m; at x; € R?. To define the initial configuration, we choose a sequence of continuous
functions {hn :R? - [0,00), n € N} that must satisfy some conditions that we will shortly
specify. We set Z = 3>, [ohy, € (0,00), and choose N points in N x R? indepedently
according to a law whose density at (z,n) is equal to h,(x)/Z. Selecting arbitrarily a set of
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N symbols {i; : j € {1,...,N}} from I, we define the initial configuration g, by insisting
that qo(i;) is equal to the j-th of the randomly chosen members of N x R?.

Each particle moves according to an independent Brownian motion whose diffusion rate
2d(m) depends on its mass m € N. As we will explain later, we require some conditions on
the choice of the function d : N — R, although the restriction imposed by these conditions
is far from prohibiting the physically reasonable choice where d is decreasing. Any pair of
particles that approach to within a certain range of interaction are liable to coagulate, at
which time, they disappear from the system, to be replaced by a particle whose mass is equal
to the sum of the colliding particles, and whose location is at some point nearby the place
where the collision took place. This range of interaction is taken to be equal to a parameter
€, whose dependence on the total particle number N must be stipulated. We make the
choice N = |loge|Z. This will ensure that a particle randomly chosen from those initally
present experiences an expected number of collisions in a given unit of time that remains
bounded away from zero and oo as N is taken to be high. The effects of motion and reaction
determine the macroscopic evolution of the system to comparable extents in this scaling.

We now describe the mathematical details of these dynamics. Let F: {R? x N}/ — R
denote a smooth function, whose domain is given the product topology. The dynamics is
such that the action on F' of the model’s infinitesimal generator IL is given by

(LE)(q) = AoF(q) + AcF(q),

where the diffusion and collision operators are given by

AoF(q) =Y _d(m)A,F (1.4)
icly
and
AcF(q) = Y < ?loge "V (F—L)a(mi,m)) (1.5)
i,j€lq
i 1 m; 2\ _
[mier] (S050) + =2 (S0a) = Fla)
Note that:

e the function V : R? — [0, 00) is assumed to be Holder continuous of compact support,
and with [, V(z)de = 1.

e we denote by Sil, ;q that configuration formed from ¢ by removing the indices ¢ and j
from I,, and adding a new index from I to which SZ-{ ;4 assigns the value (@i, mi+my).
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The configuration Sijq is defined in the same way, except that it assigns the value
(xj,m; +m;) to the new index. The specifics of the collision event then are that the
new particle appears in one of the locations of the two particles being removed, with
the choice being made randomly with weights proportional to the mass of the two
colliding particles.

We will denote by Py the measure on functions from ¢ € [0,00) to the configurations
determined by the process at time t. Its expectation will be denoted Ey .

The form of the collision term in (1.5) differs from that used in the case of higher dimen-
sions, in that the factor of }loge‘_l is absent in the latter case. To explain why we make
this change, we firstly recall the reason for the form of the collision operator in the case
when d > 3. Suppose that, for some such choice of the dimension, two particles (z;, m;) and
(x;, m;) have, at some time t;, just become liable to interact, in the sense that the difference
x; — x; has become of order €. This state of affairs is liable to persist for a time of order €2,
but not much longer: for d > 3 and C' a large constant, the Brownian displacement z; — x;
would return a distance of € from the origin with only a small probability after a time of C'¢?
after the moment t,. This means that, by choosing a form of collision dynamics in which
the factor of |loge|™" is absent from (1.5), we ensure that the integral

reaches its eventual value after a time of order 2. Other particles are unlikely to interfere
with this pair in such a short period of time, and, as such, we may neglect their influence.
The probability of collision between the pair before time T is equal to 1 — exp{ — IT}.
Thus, for d > 3, our choice of dynamics is such that, among all the pairs of particles that at
some moment lie within e of each other, the fraction that eventually coagulate is bounded
in N away from 0 and 1, with this fraction being close to 0 or 1 depending on whether the
relevant constant o(m;, m;) is high or low.

Turning to the planar case, note firstly that, in order that the probability of pair collision
may remain equal to 1 — exp{ — IT}, we alter the definition of I by introducing a factor
of ‘log e‘_l. The two-dimensional case differs, because a planar Brownian motion returns
almost surely to any open set at indefinitely later times. As such, the difference z; — x; will
endlessly re-enter the e-ball centred at the origin, ensuring that Iy — oo as T — oo. In
a system of two particles, their coagulation is inevitable. In the system that we consider,
where the regime of constant mean free path has been selected, a pair of particles at e
distance may find that their ongoing efforts to coagulate, as measured by the increase of I,



are interrupted by the arrival of a third particle, the probability of appearance of such an
intruder becoming appreciable at a small time, independent of €, after that at which the
pair in question first came close to each other. The factor of ‘ log e‘_l that appears in (1.5)
ensures that, during this short fixed time, the probability of coagulation between the pair
is of unit order, with the constant a(m;, m;) determining whether this probability is high
or low. To write a statement analogous to that for the higher dimensional case: among the
set of pairs of particles that are at some moment at a distance of order €, the fraction that
combine with each other, rather than with some other particles, is bounded in N away from
0 and 1, with the value of the constant o determining whether this fraction is high or low,
similarly to the earlier case.

Our main result is conveniently expressed in terms of the empirical measures on the
locations of particles of a given mass. For each n € N and t € [0, 00), we write g, (dx,t) for
the measure on R? given by

gn(dz,t) = |loge| ™ Y b4 (dr)L(mi(t) = n).

iEIq(t)

We also require a mild hypothesis on the diffusion coefficients d : N — (0,00) (see the
first remark after Theorem 1.1 below). Namely, we suppose that there exists a function
v :N? — (0,00) such that o <, with v satisfying

d(ng + n3)

d(ny) ]3} < (n2+ng)7(n, ma). (1.6)

nﬂ(nl, N9 + ng) max {1, [

The initial random configuration of N particles is formed by scattering particles of nu-
merous masses independently in R? according to densities that are prescribed for each mass.
These densities will be chosen as continuous functions {h, : R*> — [0,00),n € N}, and
should satisfy some fairly weak bounds. To be specific, we insist that

o ke LY(R?) and k € L2 (R?) where k := " nh, and

= // ‘10g|$1 — X9 —y“k(l’l)k(I2>dl’1dl’2
|z1—z2—y|<1

e For every m, 32°° d(n)*3vy(n,m)h, € LS.(R?) for h,(z) = [ ha(y)|z —y|"3dy.
o For every m, S5, d(n)?/(n, m)hn € LS (R?) for fa(e) = [ hu(y)le — y-%dy.

We then set Z = >, [o.hy € (0,00) and choose N points in N x R? independently
according to a law whose density at (z,n) is equal to h,(x)/Z. Selecting arbitrarily a set of

>



N symbols {i; : j € {1,...,N}} from I, we define the initial configuration g, by insisting
that qo(i;) is equal to the j-th of the randomly chosen members of N x R?.

Remark It is not hard to show that our assumptions on the initial data {h,} are satisfied if
k is bounded, has a bounded support, d(-) is bounded and ~y(n,m) < C(m )n for a function
C(+). Indeed if k is bounded and has a bounded support, then kLS, and i, b € L2, for
every n. It is worth mentioning that if k£ belongs to the negative Sobolev Space H™ =
W=52 then k € L.

The main theorem is now stated.

loc

Theorem 1.1 Let J : R? x [0,00) — R be a bounded and continuous test function. Then,
for each n € N and t € (0, 00),

limsup E
N—oo

/R2 J(x,n,t)(gn(dz, t) — folx,t)dz)| = 0, (1.7)

where we recall that € is related to N by means of the formula N|loge|™ = Z, with the
constant Z € (0,00) being given by the expression Z =3, foo - In (1.7), {f : R* x
[0,00) — [0,00),n € N} denotes a weak solution to the system of partial differential equations
(1.1) with the initial data f,(-,0) = h,(-). The collection of constants 3 : N* — [0,00) is

given by
( (n d(m))a

)+ n,m
27 (d(n) + d(m)) + a(n,m)

ﬁ(n’ m) =

(1.8)

Remarks

e Conditions for uniqueness among weak solutions of (1.1) are provided in Proposition
2.6 of [5]. Although these conditions are slightly stronger than those we have proved
the macroscopic equations to satisfy in our case, we anticipate that this uniqueness
holds. In the lack of uniqueness, the best that can be said is that if Py denotes the
probability law of g(dx,t) with respect to the underlying probability distribution Py,
then {Px} is tight and any limit point P of the sequence {Py} is concentrated on
the space of measures g,(dz,t) = f.(x,t)dt with {f, : n € N} solving (1.1) in weak
sense, subject to the initial condition f,(-,0) = h,(+).

e Included in the space of parameter values that satisfy (1.6) is the case where the dif-
fusion rate d is a decreasing function of the mass, and the coagulation propensities «
satisfy a(n,m) < Cnm. In fact for a nonincreasing d(-), the condition (1.6) is equiv-
alent to saying that a(n,m) < C(n)m for a function C'(n). Also, if the microscopic
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coagulation rate « is identically constant, then the condition (1.6) is equivalent to

saying that the function d(n)n~'/* is nonincreasing.

e Note that the macroscopic coagulation propensities § depend only on the total inte-
gral of V that is assumed to be 1 for convenience. However when the dimension
is 3 or more the propensity [(n,m) does depend on V in a nontrivial way and
is given as a(n,m) [(1 4+ u)Vdz, where u solves the PDE Au = 7(1 4+ u)V with
T =a(n,m)/(d(n) +d(m)).

e Our technique of proof also yields a kinetic limit derivation for the model in which
particles are assumed to have a range of interaction that is mass-dependent. To give
an example of such a variant, suppose that each particle of mass m has a radius r(m),
where r(m) = y/m. We stipulate that particles of mass m and n are liable to react
when their displacement reaches the order of (r(m)-+r(n))e. More precisely, we modify
the definition (1.5) of the collision operator Ac by replacing the appearance of V' by
(r(n) +r(m))_2V( +/(r(n) +7(m))), (the factor that multiplies V' being introduced so
that, roughly speaking, the altered collision mechanism respects the spatial-temporal
scaling of Brownian motion). Theorem 1.1 is still valid for this modified model with the
same macroscopic coagulation propensities 3. This is in sharp contrast with the case
d > 3 for which the mass dependence affects the macroscopic coagulation propensities
G.

In common with the proof for d > 3, a central element in deriving Theorem 1.1 is
establishing that, at any given moment after the initial time, the presence of a particle of
some given mass at some fixed point in space significantly affects the likelihood of a particle
being at some other point in space only if that other point is at a short distance from the first
particle. That is, on distances of short order, the presence of a particle makes it less likely to
find another nearby, because the pair would have been liable to coagulate shortly beforehand.
However, the distribution of particle at a given time is similar to one in which they were
scattered independently, except for this short-range repulsion. The following proposition,
whose form differs from that in the case d > 3 only in its scaling factor, formalises this
assertion.

Proposition 1 Set
Q= | 10g6‘_2 Z a(mi7 mJ)‘/E(xl - xj)'](xiv My, t>7(xj7 mj, t)a (19>
(ivj)elq

where J,J : R? x N x [0,00) — [0,00) are test functions satisfying the same conditions
as those stated in Theorem 1.1. We also assume that J(x,m,t) = 0 unless m = M; and
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J(z,m,t) = 0 unless m = M. Let n: R* — [0,00) denote a smooth function of compact
support for which [, n(x)dx = 1. We have that

/OTQ(t)dt (1.10)
— /OTdt/Rzdwﬂ(Ml,Mg)J(w,M1,t)7(waM2vt)[‘10g5|_1 > 5_2”<xi(;w>]

1€lg:my=M,

l\logarl 3 5—2n(xj;”>]+Err(e,5),

jEIq;ijMz

where the constants § : N> — [0,00) were defined in (1.8), and where the function Err
satisfies
lglnoa lirr:l%up IEN}EM’(E, 5)‘ =0.

Why is this statement a mathematical rendering of the claim discussed before it was made?
The quantity fOTQ(t)dt can be thought of as the total propensity of particles to combine
during the interval of time [0,7]. Proposition 1 asserts it may be approximated by a time-
averaged product of empiricial approximations to the density of particles (of the appropriate
mass). That is, particles are arranged independently enough near most of the collision events
that the rate of these collisions is roughly proportional to that arising in a system in which
particles are scattered indepedently at random according to densities given by measuring
the system in question on scale § that is much larger than the reaction range e. There
is, however, a constant of proportion corresponding to the change from microscopic reaction
propensity a appearing in the definition of @) to its macroscopic counterpart §. Its presence
may be explained by the negative short-range correlation between particles discussed before
the statement of Proposition 1.

The analogue of Theorem 1.1 that appears in [2] for the case d > 3 is derived as a
consequence of Proposition 1. In Section 2 of [2], a sketch of the proof of Theorem 1.1 may
be found. The details of the derivation of Theorem 1.1 from Proposition 1 do not differ in the
two-dimensional case, so that we do not present these arguments again in this paper. Our
task here is rather to present a detailed derivation of Proposition 1 in the case when d = 2.
Before reading further, however, the reader may wish to consult Section 2 of [2]. We refer the
reader to [2] also for a discussion of previous work related to the problem. Here, we mention
only Sznitman [4], in which a model of Brownian spheres that annihilate as soon as they
touch is studied. The partial differential equation by which the density of particles evolves
was derived for the kinetic limit, in each dimension d > 2. In this work, the macroscopic



annihilation rate is exactly 27 when the dimension is 2. This is compatible with our main
results because if d(-) is identically 1/2 and o — oo, the macroscopic coagulation rate [
approches 27. Note that our model approximates the hard core model as « gets large.

2 Establishing the Stosszahlansatz

For any given pair (n,m) € N*, u¢ = ug,,, : R* — [0,00) is a function whose existence is
ensured by Theorem 3.1 that lies in C?(R?) satisfying

Up,m () = %T(n, m) /10g |z —y] [Vg(y)u;m(y) + Vg(y)}, (2.1)
where 7(n,m) = a(n,m)/(d(n) + d(m)). As a consequence,
(A(n) + d(m)) Au () = a(n,m) [V (), (2) + V().

We are using the notations

Ve(z) =€V (%)

and .
-2 —1y, (T
Vi(z) = € 2| log¢] v(e).

We present the conditions on the two test functions J,J : R? x N x [0,00) — R that
appear in Proposition 1. It suffices to work with functions that take non-zero values for only
one value in the second argument, such functions measuring the presence of particles of a
given mass. By a temporary abuse of notation, we write

J(z, My, t) = J(z,t)1{m = M}

J(z, My, t) = J(z,t)1{m = M},
where on the right-hand-side, J and J denote smooth maps from R%?x [0, 00) to R of compact
support. We will suppress the appearance of the t-variable when writing the arguments of

J and J.
In seeking to verify Stosszahlansatz, we define

X.(q) = \loge\_z Z Ujvfl,MQ(?Ci —x; + 2)J (;, Mlvt)j(xjv szt)ﬂ{mi = M,m; = Mz}-
i,j€l,

(2.2)



The relevance of the expression (2.2) for our purposes is that the term ) and its variations
appear as we apply the infinitesimal generaor on the expression X, — X,. We refer the reader
to Section 2 of [2] for some heuristic justification of the special form of X, .

Numerous terms arise when the operators Ay and Ao act on the expression X, — X
(recall that the functions of configurations X, indexed by z € R?, were defined in (2.2)).
We now label these terms. Unless stated otherwise, we will adopt a notation whereby all
the index labels appearing in sums should be taken to be distinct. This includes the case of
multiple sums. For example, ), ;. 1, Y ic I, f(zk, x;, ;) denotes the sum of the evaluation of
the function f over all arguments that are triples (zy,z;, z;) where k, [ and i are distinct
indices in I. Note also that, unless otherwise stated, whenever the symbol u¢ appears in a
summand, we mean uy;, yy, -

Firstly, we label those terms arising from the action of the diffusion operator. To do so,
note that, for a time-dependent functional F' of the configuration space, this action is given
by

(3 +A)F = O F 3 d(m) A, F
ot ot = R

Thus, we label as follows:

0
<— +Ao) (X, — Xo)(q(t)) = Hin + Hio + His + Hiy + Hy + Hy + Hy,

ot
with
Hy, = }loge\_2 Z Oé(mi,mj)[vg(l“i —xj+2) = V(i - xj)}J(f%mi’tﬁ(xj’mj’t)
ijel,
Hy = —‘ log e‘_; Z Oé(mi,mj>‘/e(xi - Ij)uﬁ(%‘ - SL’j)J(SL’ia mi,t)j(xj,mj,t)
ijel,
Hiz = |loge|™ i a(mi,my)Ve(wi — 2 + 2)u(x; — x5 + 2) I (25, my, 1) I (25, my, 1),
ijel,
Hy = |loge|™ > [ue(:)sz —zj+2) —u(z —:m’)]
ijel,

[Jt (:)3,-, m;, t)j(xj, mj,t) + J(xi, mi, t)jt(xj, m;, t)] ,
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along with

H, = 2}loge‘ de, (xj,my,t)

1,j€Iq
[ui(m —xj+z) —ul(x; — x])} - Jo (w5, my, 1),
Hy = —2‘loge‘ dej (x;, My, t)
1,j€14
[t = 2+ 2) = (s — )| - Talwg, my ),
and
H, = ‘loge}_2 Z [ue(x —zj+2) —u(x; —xj)]

ijel,
[d(mz‘)AxJ(% mg, t)J (@5, my, t) + d(m;)J (z, m, £) A J (x5, my, t)] ,

where f, denotes the gradient of f, and - the scalar product. As for those terms arising
from the action of the collision operator,

Ac(X: = Xo)(q) = G.(1) + G=(2) — Go(1) — Go(2),

where G, (1) is set equal to

S alme m)Viley — ) loge >3

k,lel, i€ly

mg |:5 —
———u (v — 2y + 2)J (2, mp + My, t) S (x;, my, t
{o e [u(on = it 2o 7

+u(zs — g + 2)J (25, my, t) T (T, Mg, + ml,t)]
e 2T+, ) (3, m 1)

+u(z; — xp + 2)J (25, my, t)J (2, My + My, t)

— —uﬁ(xk—xi—i—z)J(xk,mk, t)J (zi, mi, t)

+u(x; — mp + 2)J (2, My, )T (21, Mg, t)-

— _ug(atl —ay + 2)J (2, my, t) T (2, My, t)

+u(zy — 2+ 2)J (23, My, ) J (37, My, )} },
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and where

G.(2) = —|loge| " almp,m)Vilwy — x) (2.3)

k€l

u(xy, — a2 + 2)J (wp, Mg, ) T (27, M4, 1).

The terms in G, (1) arise from the changes in the functional X, when a collision occurs due
to the influence of the appearance and disppearance of particles on other particles that are
not directly involved. Those in G,(2) are due to the absence after collision of the summand
in X, indexed by the colliding particles.
Note that
Hiy + Go(2) = 0. (2.4)

The process {(X. — Xo)(t) : t > 0} satisfies

(X. —Xo)(T) = (X.—X0)(0)+ /0 ' (% + Ao) (X. — Xo) (t)dt (2.5)

+ /T Ac(X. — Xo)(t)dt + M(T),

with {M (t) :t > 0} being a martingale. By using the labels for the various terms that we
just introduced, we find from (2.5) by use of (2.4) that

)/OTHH(t)dt+/OTH13(t)dt)

< XL = Xo| (a(T)) + | X — Xo|(4(0))

+/T\H14;<t)dt+/T;H2\<t>dt+/T\H3;<t>dt+/T;H4;<t)dt
+/0 \GZ(1)—GO(1)\(t)dt+/O |GL(2)[(t)dt + |M(T)|. (2.6)

Since J is of compact support, we have that X,(¢(T")) = 0 for T sufficiently large. We aim
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to prove the following estimates: for each 7" > 0,

T
/ En|Hu|(t)dt < C|z["?|log 2|
0

Y

)

T
/ En|Hs|(t)dt < C|z["*|log 2|
0

)

T
/ En|H;|(t)dt < C|z["?| log 2|
OT
| B0t < 12 log |
OT
/ Ex|G.(1) - Go(1)|(£)dt < C|=]2|log]2]]|.
0

T
/ En|G.(2)|(t)dt < C|log|2|||loge| ™,
0

En|X. — Xo(0)] < C|. (2.7)

Later, we apply the limit |z| — 0 after sending € to 0. We will also show that, for each
T € (0,00),
Ex |M(T)°] < Clloge| ™ (2.8)

2.1 Lemmas bounding collision propensity

In this subsection, we discuss three lemmas that in essence serve as the backbone of the proof
of the various inequalities that appear in (2.7). These lemmas allow us to reduce the proof
to a calculation involving the initial configuarions for which the independence of particles
and our assumptions on the initial densities can be used. In fact the proof of Lemmas 2.1
and 2.3 is very similar to the corresponding Lemmas 3.1 and 3.3 of [2]. For this reason, their
proofs are omitted. It is Lemma 2.2 that is somewhat different from what we have in [2] as
Lemma 3.2 and we provide a detailed proof for it. In fact this difference explains to some
extent a major technical difficulty that is two dimensional and is not encountered when the
dimension is 3 or more. To explain this further, let us observe that if the dimension d is 3 or
more and J is a nonnegative function, then we can find a solution to the Poisson equation
—AH = J that satisfies H > 0. Indeed the solution H is defined by

co(d) / g (y)dy,
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where cy(d) = (d(d — 2)w(d))~* with w(d) denoting the volume of the unit ball in R?. This
is no longer true in dimension 2 because the solution is given by

1
—%/log\x—m J(y)dy.

This causes some difficulty in treating various terms that appear in (2.7). To get around

this, let us define
1

H(z) = -5~ log |z —y| J(y)dy. (2.9)
T Jja—yl<1
We now have that —AH = J — J where
- 1
J(x) = — J(x — 2)dS(z), (2.10)
27 J)z=1

where dS denotes the 1-Lebesgue measure on the unit circle S*. The point is that by using
Lemma 2.2, we reduce bounding an expression involving J to an expression involving H at
time ¢ = 0, and a similar expression involving .J. Since the funcion .J is an average of J,
we have an easier task to bound the expression involving J. In the case of the terms Ho
and Hjs, we need to apply this process three times so that the final J has a simple pointwise
bound. Our three lemmas are:

Lemma 2.1 For any T € [0, 00),

T
}loge‘—lEN/ dt Z a(mi,mj)VE(:ci — xj) < Z.

1,7€14

Lemma 2.2 Let J:R?* — [0,00) be continuous, and let H : R?* — [0,00) be given by (2.9)
We also define J : R2 — R according to (2.10). Then we have the following inequality,

} loge‘_QEN/o Z J(z; — xj)mym;(d(m;) + d(m;))dt

ijel,
T
+|log e‘_ZEN/ Z Ve(x; — xj)a(my, m;) H (z; — xj)mymydt
0 eI,
< } loge‘_zEN Z H(x; — xj)m;m;
i,jelq(o)
-2 T ~
+ | log €| EN/ Z J(z; — z5)mim;(d(m;) + d(m;))dt.
0 jjer,
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Lemma 2.3 Assume that the function v : N? — (0,00) satisfies

d(ng + ng)] 2}

dg) ) 1S (2t ma)y(men), (2.11)

nﬂ(nl, N9y + ng) max {1, [

There exists a collection of constants C' : N*> — (0,00), such that, for any smooth function
J:R* —[0,00), and any given ny,nz € N,

IEN/ dt Z v(mi, m)Ve (z; — x7) J (@7, 2) L{m; = ny, my, = ng}

k l ZEIq(t)

nl nS}IOgE} Z/ n1,n2,n3 .fL’l,I‘Q,Ig)hnl(Il)hn2($2)hn3(l’3>dl’1d$2d$3, (212)

no €N

where, also given € >0 and ny € N, the function AS : R — [0, 00) is defined by

ni,n2,n3

(d(n1)As, + d(n2) Ay + d(13)Dry) A5, 1y (21, T2, 73)
= —’7(711,712)‘/6(1'1 —IQ)J(Il,SL’g). (213)

It is worth mentioning that the function A¢ x1,To,x3) of Lemma 2.3 is given by

ni,ne, TLg(

|71 —Z|2 |2 — y|? \xs—y’|2)_2 / ,
+ ni,ne)J(z, Vi(z — y)dzdyd ,
/R2 /Rz /Rz ( d(ns) Ay ) 12l Ty Vel = y)dzdydy

where co(d) = (d(d —2)w(d))~! with w(d) denoting the volume of the unit ball in R?. Note
that for Lemma 2.3 we are dealing with a solution to a Laplace type equation in RS as
opposed to Lemma 2.2 for which the pecularity of the Laplace equation in R? played a role.
This is why the proof of [2] in the case of Lemma 2.3 can be repeated line by line.

Proof of Lemma 2.2 Set

X, = ‘loge‘ Z H(x; — x;)m;m;.

1,5€14

Recall the mechanism of the dynamics at collision: the location of the newly created particle
is one of the two locations of the colliding particles, with weights proportional to the masses
of the incident particles. We see that when A acts on X, all those terms indexed by pairs
of particles one of which is not involved in the collision cancel. Thus,

AcX = —‘ loge‘ Z Ve(z; — xj)a(my, mj)mm,; H(x; — ;). (2.14)

1,5€14
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By AH =—J+J,

AoX = [loge| ™ D7 AH(zi — ag)mem;(d(my) + d(m)) (2.15)
zjelq
= — loge} Z J(z; — xj)mym;(d(m;) + d(m;))
1,j€Iq
+| loge‘ Z J(x; — x;)mem;(d(m;) + d(my))
1,j€Iq
= ANX +ALX (2.16)

From the non-positivity of A} X, the non-positivity of AcX, apparent from (2.14), and the
non-negativity of X, follows

T T T
—Ey / AjX (t)dt — En / AcX(t)dt <ExX(0) +Ey / AZX (t)dt. (2.17)
0 0 0

2.2 Bounds on functionals of u,, ,,

We will verify the assertions presented in (2.7). The following lemma provides the bounds
on the behaviour of the functions {ug,,, : R* — [0,00) : (n,m) € N} and other functions
that will be used in this section. We choose the constant R, so that V(z) = 0 whenever
|z| > Ry. Recall that k=) nh,,.

Lemma 2.4 There exists a collection of constants C : N> — (0,00) for which the following
bounds hold.

o for x € R? satisfying |z| < 2Re,
e ()] < o log ]

n,m

ul (@) < Comllogel, and for all x € R?,

o for x € R?, |Vus, (z)| < Com min{i, é}

||

o for x € R?,

11
g, (T4 2) —ug,,, (2 ‘<Cnm\z|m1n{‘ k 6} (2.18)
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e for v € R? satisfying |z| > max {2|z| + Roe, 2Roe}

‘Vu;m(x +z) — Vu;m(x)’ < CTQ:TTQ‘Z| (2.19)
o let H=H,,:R?xR?*— [0,00) be given by
—1
Hizio) = 50 [ Jogle = ylus(y+ =)0 {1yl < o}
27 Jje—yl<1
Then,
sup /H(ml — 295 2) k(1) k(29)dz1dT9 < Cph 1p?| log p).
|2|<1
o Let H(=H,,):R>xR?— [0,00) be given by
. 1
Aleio) =50 [ logle ol [Vuiu(o-+ )|yl < phay
T Jla—y|<1
Then, for every z with |z| <1,
/f](xl — x9; 2) k(1) k() dz1drs < Chn(p + |2]). (2.20)

o for (z,2) € RZ x R?, let L(x;2) be given by
-1

5 log|z —y| [[log |1 — |y +z||]| +1] L{1 = p < |y + 2| < 1+ p}dy.

T Jlz—yl<1

Then we have the bound
L(z;2) < C’p(logp)2. (2.21)

e for any positive integers n and m and a nonnegative smooth function J of compact
support, there exists a constant Cp,(J) such that, for any given z € R?, the function
A¢ : R — [0,00) defined by

(d(nl)Arl + d(n2)Aw2 + d(n3>Aw3)A;1,n2,n3(
= —u;, (T — 23+ z)VE(:)sl — :)32)11{|z1 — 3] < ,0}7(:53)

Xy, T2, x3)

satisfies

Z / A;17n27n3 (1’1, T, l’g)hnl (l’l)hn2 (l’g)hn3 (l’g)dl’ldl'gdl'g
R6

ni,n2,n3

< Cpm(J)| loge‘_l(p + |2]) log (p + |2])- (2.22)
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Proof Throughout the proof, we write u® for the function wg, ,, and 7 for the constant
a(n,m)/(d(n) + d(m)). The dependence of the constants on n and m arises from that of
7, and is also omitted. The first part of the Lemma is a straightforward consequence of our
results in Section 3. As a consequence of Theorems 3.1-3.2 and Lemma 3.1 we know that

there exists a constant ¢; € (0, 1) such that for small € and y satisfying |y| < 2Rj,
loge < uf(ey) < ciloge,
or equivalently,
0 <u(ey)|loge| ™ +1<1—cy. (2.23)
From (2.1), we learn that for x satisfying |z| > 2Ry,

Aclog(|x]/2) < w*(x) < log(2|z])A,

where
1

A= [ (Vi) + V().
From this and (2.22) we learn that there are two positive constants k; and ks such that if
|z| > 2e Ry, then

kilog(|x|/2)) < uf(zx) < kolog(2|x|).
To prove the second part of the lemma, recall firstly that

T

(@) = 5= [ ogle ol (u@)Vilo) + V')

As a result,

Vie) = o [ (@il + Vi) (2.21)

2 )

If |z| > 2Ree, then |z —y| > |z|/2, and

x — y2 _ 1 <2z
e —yl?| -yl T |z
implying that oA ;
‘vue(x)‘ S — = T
[~ |l

for small e. If || < 2Rye, then we use (2.22) to deduce

|Vus(z)| < 01/

|z—y|<3Roe ‘SL’ - y|

3Roe
Ve(y)dy < 026_2/ dr < cse™t
0

18



Thus,
‘Vu ‘<Cm1n{1 1}

ks
as claimed in the second part of the lemma.
To prove the third part of the lemma, note that

ue(x—i-z) —ue(a:)’

1 |z —y + 2|

< — = J 1 € €

< L A i + v Jay

< 1 g B+ Al ey, (2.25)
2m el

the latter inequality by means of (2.22). From this and the elementary inequalities

|z —y + 2|
|z =yl

\Sc—y+z|S |2| |
|z — y| |z —yl

€ + _ <_
u(wt2) —u _27T|‘/R227T/Rz|l'—y|

We now use this and argue as in the proof of the second part of the lemma to deduce the
third part of the lemma.

-1<

log (2.26)

we deduce that

In seeking to prove the fourth part of the lemma, note that

vtz-y _a-y |-yl lte—y) |ty (z-y)

otz—of ool vtz =y —yf*
Note that, for any a € R?,

ol (a+2) = la+2Pa| < al|lat 2 = Jaf?| + |2llaf
c1]2lal?, (2.27)

A

so long as |z| < |a|]. Note that since by our assumption |z| > 2|z| + Rpe, we have that
|z —y| > 2|z|. We may apply (2.27) with the choice a = x —y to the formula (2.24), hereby
obtaining
Ve(y)

5y,

VUE(ZIT + Z) — Vue(l')‘ S C|Z| - m
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where we used (2.22). From the inequality || > max {2|z]| + Roe, 2Roe}, we deduce that
T+ z— y} > |z —y|/2 and |z — y| > |z|/2. We conclude that

C
V(@ + 2) - Vui(a)| < ‘x';‘ ,
as required.
To prove the fifth part of the lemma, note that
|H(z;2)| < C |log |z — yl[log |y + z|[1{]y| < p}dy,

lz—y|<1

by the first part of the lemma. Hence,
/ H (21 — : 2) k(21 () dy s
< C’/ } log |y + zH } log |zy — 29 — kaf(l’l)k(lL'g)dl’ldl’gdy
lyl<p x1—x2—y|<1

< C | log |yl|dy

ly|<p

o
< C/ r|logr|dr < Cp*|log pl,
0

where in the second inequality, we used our first assumption on the initial data and the fact
that if p + |z| < 1, then the expression f\y|§p ||log |y + z||dy| is maximized as a function of
2z € R? when z = 0. This establishes the third part of the lemma.

To prove the sixth part of the lemma, note that, by the first part,

- 1 1

H(z; 2 S—/ log |z —y 1ily| < ptdy.
(732) < 5 x_yq\ | H|y+z| {lyl < p}

It follows that
/ |H (21 — 23 2) | k(1) k(22 day ds
1
< Cl/ ‘10g|$1 — X9 —y“]{?(lj)k(xg)d,fldl’gdy

wi<e Y+ 2 Jjai—zsyia

1 1
< C2/ dy < 02/ dy
wl<p ¥ + 2] el <pilel 1Y+ 2|

< es(p+12]). (2.28)
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We have deduced (2.20).

As for the seventh part of the lemma, first observe that L(z;z) = L(x + z;0). Hence we
only need to verify (2.21) when z = 0. In this case we divide the domain of integration into
the sets |z —y| < |1 —|y|| and |1 —|y|| < |x —y| < 1. Hence,

1

L(z;0) < — log |z — y|| + | log |z — y||*| d
@0) < 5o [ [[logle = l]+ |oglo— vl

1
27 J]1-tyl| <la—yi<1
p 14+p 9

/ r[|logr| + [logr[*] dr + / D log |1 —7|| + |log |1 — r|| } rdr
0 1—p

< Cp(logp)?,

establishing (2.21).
As for the eighth part of the lemma, let us write J(a) for 1{|a| < p} and define the
quantity [ according to

I = c(6) Y ~(ni,no) /dxldxgdxg /

R
ni,m2,n3

[10g 1 = [yll| + [0 11 = |yll[*]| 1(1y| € (1 = p, 1+ p))dy

IA

<|:61 — 2 |w—yl? | s — y’l2>‘2
6 d(nl) d(ng) d(ng)

Py (1) oy (€2 g (23)0° (2" = 4 + 2)Ve(2' — ) J (2 — o) () d2' dydy’.
We write

T = col6) / (o + 2V — 9) I — )T .y )d dydy,
RS

where G(2',y,y’) is given by

le—z L e yl* \xs—y’IQ)_2
+ Py (1) Py (22) By (23) d1 dod 3.
2 / ( ot ) (1) iy (22 (5) s vl

ni,n2 77«3')’ ni, 77/2
Using the elementary inequality abc < (a4 b% + c?)%/? we deduce that G(2',y,y’) is at most

S y(nnne)(d(n)d(ng)d(ns))*? / 1y — 2|7 |y — y| TPy —

ni,n2,n3€EN

hnl (l’l)hng (l’g)hn3 (l’g)dl’ldl'gdl’g.

From our assumptions on h, we deduce that G € LS . Hence,

I<C | w7 =y +2)V(d —y) & —y)J(y)d dydy' .

R6
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Note that, for fixed 2’ € R3,

Thus,

I < C| loge‘_1 / u (2 =y + 2)J (=) (y)d dy
R4

IN

C’}loge‘_I// u (2 =y +2)J (2 —y)dZ dy
K JR?

C| loge‘_lf dy’/2 |log |2 — o + 2||J (' — y/)dz' (2.29)
K R

IA

)

= C}logd_l/K II}1og|audagc\loge\‘l(p+\z|>2}1og(p+|z\)
a|<p+|z

where K C R? denotes a compact set containing the support J, and where we made use of
the first part of the lemma in the third inequality. This is the bound stated in (2.22). O

2.3 Estimating the terms
2.3.1 The case of H;, and H,

The estimate of Ey fOT | H,(t)|dt is derived in an identical fashion to that of Ey fOT | Hy4(t)|dt.
Note that

T T
EN‘/ Hy(t)t| < C\loge\‘QEN/ at Y fu (o =y 4 2) = (- )
0 0

i€l

]l{m, = Ml,mj = MQ},

where the constant C' depends on the L™ bounds satisifed by J, J and their time derivatives.
Hence

T
IEN‘/ Hus(t)dt| < Ky + K3,
0
where K is given by

T
C\loge\‘zEN/ ity
0

1,j€lg:|xi—xi|>p

]1{mz = Ml}]l{m] = Mg}

u(z; —xj + 2) —u(z; — xj)
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and K is given by

T
‘loge}_zEN/ dt Z ’uﬁ(xl —xj+2) —u(x; —xj)

i,j€lg:|mi—x | <p

]1{mz = Ml}]l{m] = Mg}
Firstly, we treat K;. Note that

C 1 -2 T Z2
K < MEN/ ¢S W{m= M} {m; = M} < C‘z/)' ,
0

t,j€lg:|lzi—x;|>p

where the first inequality follows from the third part of Lemma 2.4, and the final one from
the initial number of particles N equals Z|loge|.
We now treat the term K,. By writing,

T
Ky < C\loge\‘2EN/ it > {
0

t,j€lg:|mi—xj|<p

]l{m, = Ml}]l{m] = MQ},

u (z; — xj+2)| +

u (2 — ;)|

we obtain an expression on the right-hand-side which may be bounded by applying Lemma
2.2. As a result we can write Ky < Ky + Ko where Ko and Koy represent the first and
the second term on the right-hand-side in Lemma 2.2. For Ky, the relevant estimate is
provided by the fifth part of Lemma 2.4, with a bound of Cp?|logp|. To bound the term
Ky, note that, with the function J in Lemma 2.2 chosen to be J(z) = u(x + 2)1(|z| < p),
we have that

Tl = | wery 20+l < p}stay)

< C ’ 1\10g|56+y+ZH11{\x+y\Sp}S(dy)
o

Let us assume that |z] < p ans set a = x + z. We then have

J@) < c/| Hog |a + yl[1{Ja+ ] < 20}S(dy)
yl=1

c2p
< 2 / log(cvr)|dr < cap|log pl.
0

where for the second inequality we used that fact that the conditions |a +y| < p, |y| =1
mean that the point y belongs to an arc on the unit circle of center o = a/|a| and length
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2¢9p, and if the lenght of the arc oy is r, then |a + y| > ¢;r for positive constants ¢; and
Co.

In this way, we find that J is uniformly bounded by Cp|logp| and this in turn implies
that the term Ko is bounded above by

T
C‘ loge‘_zp\ logp|EN/ dt){(i,j) € Iq2 tmy = My,m; = Mg}) < CZ%p|log pl,
0

the latter inequality following from N < Z } loge‘. We find that
Ky < Cpllogp| .

Hence,

Cl7|

T
Exn / ng(t)‘dt <K+ K, < TZ + Cpllogp|.
0

Setting p = |2|/2, we find that

T
EN/ ng(t)‘dt§0|z|z}1og|z|}.
0

2.3.2 The cases of H; and H;

The estimate of Ey fOT |H3(t)|dt is derived in an identical fashion to that of Ey fOT | Ho(t)|dt.
Picking p € R that satisfies p > max {2|z| + Roe, 2Roe}, we write

T

| EwlHa)ldt < R+ R (2.30)

0
where
R, = |log IEN/ S dma) [T(gmst)]
0 jelylzi—zj|>p
’ufc(xz —x; + 2) —ul(x; — xj) }Jx(zi,mi, t) }dt,

and

Ry, = }loge‘_2EN/0 Z d(my)|J (x5, m;, 1))

t,j€lg:|wi—xj|<p

}Jx(zi,mi,t)}dt.

’u;(:):i -z + 2) — ug(w; — z;)
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Firstly, we examine the sum R;. Recalling that we consider test functions .J and .J respec-
tively supported on particles of mass M; and M,

R, <C"loge‘ d(M)

{(i,5) € Iq2 cmy = My, mj = My},

where the lower bound on p allowed us to apply the fourth part of Lemma 2.4. Thus,

M

&<C (2.31)

Secondly, we bound the sum R,. Note that

T
Re < |loge[ LI 7] d0n) By [ de Y
0

i,j€lg:|xwi—x 5| <p

= Ml,mj = Mg}

us (v — xj + 2) — ug(x; — x5)

< C}loge‘_z EN/ dt Z mm] mz +d(m]))

1,7€14
[u;(ajz —x; + 2)| + |ug (2 — ;) }ﬂ{}x, — x| §p}, (2.32)
where || - || denotes the L> norm and the constant C' depends on the test functions J and

J. The expression (2.32) is written in a form to which Lemma 2.2 may be applied. Doing
so yields

Ry, < C‘loge‘_zEN Zmimj<ﬁ($i_xj;0>+ﬁ(xi_xj;Z))

1,7€14

+C}10g€‘_2 EN/ dt Z mym; (d(m;) + d(my))
0

i,7€14

= R21 + Rgg <233>

where the function H appears in the sixth part of Lemma 2.4, and where J : R2xR? — [0, 00)
in this case is given by

~ 1
J(ZI}',Z)—%AJ:l

us(x +y+ 2)|[1{|z +y| < p}dS(y)
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From the sixth part of Lemma 2.4 and our assumptions on the initial data, we deduce
that

It follows from the second part of Lemma 2.4 that the function J satisfies the bound

| J(z;2)| < C 1{|z +y| < p}dS(y).

lyl=1 ‘I—Fy + Z‘

By our assumption, we certainly have |z| < p/2. Hence,

J(z:2)| < © /| :lriy;ﬂ{'“y' < 2}dS(y),

for a = x 4+ z. Note that there exists a positive constant c¢; such that the conditions
la+y| < 2p, |y| =1 mean that y € I', where I' is an arc of the unit circle with the center

o = —a/la|. It is not hard to show that there exist positive constants ¢; and ¢y such that
cl(ﬁ—l— ‘1 — \aH) <la+y| < 02(€+ ‘1 —|a| ),
where ¢ denotes the length of the arc from 0 = —a/|a| to y on the unit circle. From this

we deduce

[ J(;2)] < n{l—pgw§1+p}/n(clc;1\1—\a|\gegzc;lp) %dﬁ

< al{l—-p<|z+2 <1+ p}(|log|l — |z + 2|| + log (c2c1?))

Using this bound on J, and then applying Lemma 2.2, we learn that the term Ray is
bounded above by Rg1 + Raoo, Where

Roo1 = C‘ lOgE‘_QEN Z (L(SL’Z — xj;O) + L(xi — T z))mimj,
h3€lq(0)
and,

T
R222 = 20‘ lOg 6‘_2EN/ (i($l — LL’j) + L(LL’Z —Zj + z))mimj (d(ml) + d(mj))dt,
0

where the function L : R? — [0,00) appears in the seventh part of Lemma 2.4, and where
the function L : R? — [0,00) is given by

~ 1
L

() = o {1 —p<|z+y| <1+p}[|log|l—|z+yll|+1]dS(y)

ly|=1
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By the seventh part of Lemma 2.4 and our assumption on the initial total density k& =
>, nh, € L' we obtain
Rayg < Cp(log p)?. (2.35)

We decompose R222 = R2221 + R2222 where
T
R2227~ = 2‘ 10g 6}_2EN / (Lr (ZL’Z — Zlfj) + Lr (ZL’Z — Ty + z))m,m] (d(m,) + d(m]»dt,
0

for r = 1,2, where Ly(z) = L(z)1(|z| > p'/*) and Ly(x) = L(z)1(Jz| < p'/*). Let us now
analyse the behaviour of the function L. First observe that since the Lebsegue measure
on the circle is rotationally invariant, we have that the function L is radially symmetric.

Because of this, let us assume that = (a,0) and y = (cos#,sinf). Note that
|z +y> =14 a* + 2acos?.

As aresult, the condition |x+y| € (1—2p, 142p) for p < 1 implies that |a?+2a cos | < 8p.
Let us first examine the case |a| = |z| > p'/*. In this case we have that |a+2cos | < 8p/2.
This condition is not satisfied unless |a| < 2. In that case, choose 6, € [0, 7] such that
a+2cosfy = 0. Note that for smallp, the set {f : |a + 2cosf| < 8p**} is a union of two
disjoint f#—intervals about the points 6y and 6; = 27 — ;. We now argue that there exists a
positive constant ¢; such that the length of these intervals is bounded above by ¢;p/?. To
see this, first observe that the condition |a| > p'/* implies that for a positive constant c, we
have that |6, |6 — 7| > 2cop'/*. This and |a + 2cos| < 8p** implies that we also have
10,10 — 7| > cop'/* provided that p is sufficiently small. On the other hand since

2cos6 +a=—2(sinT)(0 — 6y),

for some 7 between # and 6y, we deduce that for some positive constant c¢;, we have that
0 — 0| < c1p™?. Also, there exist positive constants c3 and ¢4 such that if @ is close to 6,
then

11— |z +y|| > c3]a® + 2acos O] > ca\/pl0 — 6, ],

for 7 =0 or 1. From this we learn that if |z| > p'/*, then the term |L(x)| is bounded above
by
1 Oo+civ/p 1 01+c1/p

— [| log (can/p|0 — 6o|) | + 1] dO + — [| log (ca/p|0 — 64]) | + 1] d6.
27T 90_01\/5 27T 91—61\/ﬁ
As a result, |L(z)| < C\/p|logp|. This in turn implies that

R2221 S C\/ﬁ‘ log p| (236)
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We now turn to Rageo. For this, observe that the support of the function Ly is contained
in the set of points = for which |z| < p*/*. Note that if |a| < p'/*, then we can find a
positive constant c5 such that |0y —7/2| < esp'/4, |01 —37/2| < e5p'/*, where 0 = 27 — 6.
Forthermore, we can find a positive constant cg such that if 6 € (0,7), then

0+ 6y 0—0

a® + 2a cos 0| = |2a(cos by — cos 0)| = 2 |asin 5 sin 5 %\ > csla(d—6)].  (2.37)

The same is true if 6 € [7,27] (use 6, in place of 6y in (2.37).) As a result,
11— |z + y|| = cs]a® + 2acos O] > cscgla(f — ).
From this we learn that indeed
Ly(z) < Cllog |z||1{|z| < p1/4}.

To bound Ras90, let us apply Lemma 2.2 one more time to write Rosos < Raoggor + Ro9999,
where

Ragom = C‘ log 6‘_2EN Z (F(CL’Z — xj) + F(xz- —x; + z))mimj

i,jelq(())

and

Ry = } log e}_ZEN /OT (f(ajz — xj) + F(:ci —x; + z))mimj (d(mi) + d(mj))dt,

where the function T' : R* — [0, 00) is very similar to the function H that appeared in the
fifth part of Lemma 2.4 (except that p in the definition H is replaced with p'/4), and where
the function I' : R? — [0, 00) is given by

fe)= [ 0l sl <) logle -+ al|aS().

As in the fifth part of Lemma 2.4 we show
R22221 S Cp| log p| (238)

In just the same way that we bounded J in the subsection 3.3.1, we can readily show that
I'(x) < Cy/p|logp|. This in turn implies

R22222 S Cpl/4| log p| (239)
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Putting all the pieces together we learn from (2.30)—(2.31) and (2.33)—(2.39) that

T
| ot < ¢ |t o+ 0 10g
0

for p < 1. By making the choice p = |z|s, we find that

T
/EN\HQ(t)\dtgC\z|%\1og\z|}.
0

2.3.3 The case of G.(1) — Gy(1)

We now estimate the term

/T Ex|G.(1) — Go(1)|(t)dt.

0
To ease the notation, we do not display the dependence of J and J on the variable ¢. Note
that

[ Exle- - aumloar < Y- b, (2.40)

where

T
D1 = EN/ dt Z Oé(mk,ml)‘/;(l’k —xl)‘J(xk,mk)‘
0

k€I,

2(d-2) Z ‘7(%, ml)}

icl,

u(xp — x + 2) — u(xp — ;)

Y

each of the other seven terms on the right-hand-side of (2.40) differing from D; only in an
inessential way. Given this. the estimates involved for each of the eight cases are in essence
identical, and we examine only the case of D;. We write D; = D' + D? where we have
decomposed the inner ¢-indexed sum according to the respective index sets

{iel,i#kl |xy—ax;)|>p}and {i € l,i#kl |z — x| <p}.
By the second part of Lemma 2.4, we have that
-1
Clz||1 T
D1 S ME]\// dt Z Oé(mk,ml)‘/;(l’k — LL’l),
P 0 k€I,

where we have also used the fact that the test functions J and J are each supported on
the set of particles of respective masses M; and M,, and the fact that the total number of
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particles living at any given time is bounded above by Z ‘ log e‘. From the bound on the
collision that is provided by Lemma 2.1, it follows that

Clz|
< —.
p

Dl
Note that D? is bounded above by

CIEN/O dt Z a(my, my)Ve(zy — ) 1{my, = My }| logE\_QZ

k€I, i€l,

1|z, — 2| < p}1{m; = Mg}‘uﬁ(:ck — i+ 2) — (g — )| [ J (s, )|

T
< CIEN/ dt Z a(my, my)Ve(zp — x) 1{my, = Ml}} loge‘_QZ
0

k€I, i€l,

1|z, — 2| < p}1{m; = M) [|u6(xk — a4 2)| + (g — xi)@ | (x5,m3)].

Note that the last expectation is bounded by Lemma 2.3 because, by our assumption on «,
we can find v such that a < ~, with v satisfying the assumption of Lemma 2.3. The upper
bound provided by this Lemma in this particular application is computed in the last part of
Lemma 2.4. We find that D? < C(p + |z])log (p + |2|).

Combining these estimates yields

||

D3 < D'+D*< 07+C’(p+ |2])|log (p + |2]) |-

Making the choice p = |z|2 leads to the inequality D3 < |z|%} log |z|} Since each of the
cases of {Di e d{l,..., 8}} may be treated by a nearly verbatim proof, we deduce that

T
/ Ex|G.(1) — Go(1)|(8)dt < C|2|3 log |2].
0

2.3.4 The case of G,(2)
Recall that

G.(2) = —|log e‘_2 Z a(mp, my)Ve(xg — x)u(xr, — 0 + 2)J (21, me)J (27, my).

kel
If k,1 € 1, satisfy Vg(xk — :El) # 0, then |z — x;| < Rpe, and so

|z — 2+ 2| > |2| — Roe > |2]/2,
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provided that |z| > 2Rpe. This implies that

lu (2 — 1+ 2)| < C’log|xk —x;+ 2

Y

< C’logIZ\

where in the first inequality, we used the first part of Lemma 2.4 (restated). Applying this
bound, and using the fact that the test functions J and J have compact support, we find
that

T T
/ IEN|GZ(2)|dt§C‘log|z|“loge\_2EN/ S almpm)V(wy — x)dt
0

0 kilel,

whose right-hand-side is bounded above by C ‘ log |Z\H loge‘_l, according to Lemma 2.1.
That is,

T
/|GZ(2)|dtgo\log|z|\}1oge\‘1.
0

2.3.5 The case of Ey|X, — X

We now turn to Ex|X, — Xo|. Assume that |z| > Rpe. Using the second part of Lemma
2.4, we have that

Ex|X. — Xo(0)] < Cl / / hany (@) (9] — y|~drdy,
L2

where L is a bounded set that contains the support of J and J. Using our second assumption
on the initial data h, we obtain the bound C|z| for Ex|X, — X,[(0).
2.4 The martingale term

This section is devoted to proving the estimate (2.8). Note that

M.(T) = X.(a(T),T) — X-(q(0),0) — /OT (— + L) X (a(t),t))dt

is a martingale which satisfies

3 T
By [MTF] = By [ Auate).t)at,
i=1 0
where A;(q,t) and Ay(q,t) are respectively set equal to

2‘loge‘_4 Z d(My)
1€lg,m;=M1

2

Voo Y u(mi— x4 2)J (w5, My, £) (25, My, 1)
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and

2lloge| Y d(My)

iEIq,mi:MQ
2

Voo > (e — i+ 2)J (x5, My, )T (2, My, 1)

while Az is given by
} loge‘_4 Z a(mi, m;)Ve(z; — ;) (2.41)
ijel,

m; E —
[7u (2; — o + 2)J (4, 5 +my) T (g, M)
kel, m; + m;

my —
v € — J ’ 7 s .
o = ik 2 (g i) T (e m o+ m)
m; B
mu (x; — xp + 2)J (x5, m; + my)J (g, my)
m; . _
o +iju (), — xj + 2)J (@), my)J (2, m; +m;)

— u(z; — xp + 2) (2, mi) T (T, M) — u (2 — 25 + 2)J (28, M) J (24, M05)

— u(z; — xp, + 2)J (xj, my) I (zg, mg) — u(zg — 25 + 2)J (g, i) J (2, m;)
2
— u(z; — xj + 2)J (x5, m;) J (x5, mj)} .

Recall that, by our convention, we do not display the dependence of J and J on the t-
variable. To bound these terms, we require two variants of Lemma 2.3 :

Lemma 2.5 There exists a collection of constants C : N?> — (0,00) such that, for any
continuous functions t,v,ay, as, a3 : R* — [0,00) and any z € R?,

IEN/ dt Z y(mg, my)t(x; —x; + 2)v(z; — xf + 2)

1,7,k€I4(t)

al(xi)ag(:cj)ag T Il{mz =Ny, Mg = n3}

< C1”1 n3|10g€| ZEN Z Anl n9,n3 xlaxjaxk‘)7

i,7,k€I 4(0)
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where AS : R® — [0, 00) is given by

ni,n2,n3

o1 — 22 |ag — y? |x3—y/|2>‘2
A:L ng,m, ) ’ - 6 ! +
Lz (T1 82, T3) = co(6)y(m ”’/( () d(ny) d(n)

t(z' =y +2)v(2' =y + 2)ar(2)az(y)as(y')d' dydy,
with v as in Lemma 2.35.

Lemma 2.6 There erists a collection of constants C : N* — [0,00) such that, for any
z € R, any continuous functions v, w : R* — [0,00) and another (a1, as,az) : R® — [0, 00),

IEN/O dt Z Y(ni,ng) Vel — xj)v(z — o + 2)w(z; — 2 + 2)aq (x;)az(zx)as ()

ki jel,
1{m; = ny,my, = ng,my =nz}
4 E E €
S Cnl,n3,n3 ‘ 1Og 6} IE]V Bmi7mj7mk7ml (’Z"l? x]? zk? Il)
na i,j,k,lelq(o)

1{m; < ny,mj < ng,my < ng,my < ngl,
where B, . nan, - R® = [0,00) is given by

€
Bnl,ng,ng,n:; (xla T, X3, 1'3)

. (8)/ (|$1 — 22 n |zg — 2/ n |23 — y? n |3 —?/\2)_3
O Jes U d(m) d(ny) d(ns3) d(ns3)

V(1 m2) V(2 = 2 (2 —y + 2)w(z =y + 2)ar(2)az(y)as(y)d2dz'dydy’,

with the function v : N? — (0,00) satisfying
7127(711, ng + ng) max {1, [M]s} < (712 + 713)7(”1, ng).
(n2)

The proof of Lemma 2.5 is identical to that of Lemma 2.3. The proof of Lemma 2.6 is
very similar to the proof of Lemma 2.3 and is omitted.

We now bound the three terms. Of the first two, we treat only A;, the other being
bounded by an identical argument. By multiplying out the brackets appearing in the defi-
nition of A;, we obtain that this quantity is bounded above by

C| loge‘_4 Z Vus|(z; =z + 2)| Vo | (2 — an + 2) T (2, ;)

i,5,k€I4
}7(:Ej,mj)H7(xk, my) [L{m; = My, m; = my, = My} (2.42)
+ Clloge| ™ S (s — x;+ 2)| [u (@i — @+ 2)| [V (@7, m)
i,j,k€ly
‘7(1’]',771]')‘ ‘7(5(7]“ mk)‘]l{ml = Ml, m; =my = MQ} (243)
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Let us assume that z = 0 because this will not affect our arguments. We are required to
bound the quantity appearing in the statement of Lemma 2.5, for each of the following cases:

(t,v,al,ag,ag) € {( J|, _) , (uﬁ,uﬁ, )} (2.44)

Recall that each of the test functions J, J, and their gradients, is assumed to be uniformly

bounded with compact support. To each of the two cases, Lemma 2.5 applies. For either
of them, the right-hand-side of the inequality in Lemma 2.5 may be written as a finite sum
of the expectations appearing there, with the sum being taken over triples of given masses
ni,ng and ngz. Such an expectation is bounded above by

Clloge] ™S //KS <|x1 — 7 |I;(;j|2 + |x2(;$/|2>_2 (2.45)

no €N

t(2" — ) v(2 — Yy (21) oy (22) Py (23)d2' dydy' dvy dzodis,

where K = {x : |z| < ¢} C R? is chosen to contain the support of J and J. As in Section
3.4 of [2], we can use our bounds in the first two parts of Lemma 2.4 and repeat the proof
of the eighth part of Lemma 2.4 to obtain

Ex /O A4 (q() + As(q(0)] dt < C|loge| (2.46)

We must treat the third term, A3. An application of the inequality
2
<a1+...+an> §n<a§+...+ai)

to the bound on Aj provided in (2.41) implies that

As(q) < 9|log e‘_4 Z a(m;, m;)Ve(x; — z;) {i (ZY) + YQ] (2.47)

ivjelq - kEIq

where Y] is given by
my;

—u i J 1y 1l 7 ) )
mi‘l'ij(x oy, + 2)J (@i, mi + my)J (wy, my)

and where {Y,- 1eq{2,..., 8}} denote the other seven expressions in (2.41) that appear in
a sum over k € I,, while Yy denotes the last term in (2.41) that does not appear in this
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sum. There are nine cases to consider. The first eight are practically identical, and we treat
only the fifth. Note that

‘loge‘_4 Z a(m;,m;)V. (ZY&)

i,j€Iq kely
— C’} log e}_4 Z a(mg,m;)Ve(z; — ;)
i€l
[ Z u(z; — wp + 2)u (1 — 2 + 2) I (25, m5) T (23, 03 T (1, m) | (2.48)
kel

In the sum with indices involving k,[ € I,, we permit the possibility that these two may be
equal, though they must be distinct from each of i and j (which of course must themselves
be distinct by the overall convention).

Note that the expression (2.48) appears in the statement of Lemma 2.6, provided that

€ € 2 177 |I'7
(v.w, 01,02, a5) = ([, ], 2 [T, 7))

is made. Again we set z = 0 because this does not affect the estimates. Given that the

the choice

support of each of the functions ay, as, az : R® — [0, 00) is bounded, we must bound
Z// \36’1—2\2 |2y — 2| 4 |23 — y|? X |$3—y/|2)_3v<5—zl)
4 d(ng) d(ng) d(ng) €

no€N
ue(z/ ‘hm (1) Py (22) g (23) Py (23) d2d 2" dydy dvy dxodasdas,

(Z—y)\

for a compact set L. This expression is bounded above by

5 A
/ V(Z - )ue(é —y)u(2 —y")dzdz dydy’
L3 €

Z/ <|931—Z| |932—Z/|2 n |23 — y|? n |933—?/|2)_3
K3 d(ny) d(ns3) d(ns3)

na€N

hnl (l’l)hng (l’g)hna (l’g)hn3 (l’g)dl’ldl'gdl’gdl’g,

which is less than

C/ V(Z —Z >u5(2 —y)u (2 —y)dzdZ dydy'.
L3

€

The proof of this follows the proof of the eighth part of Lemma 2.4; we use the elementary
inequality abed < (a® + b + ¢* + d*)? and the fact that the function

) =3 d(m)! / ho(y) | — | */2dy
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is locally bounded. Noting that the bound |u(z)| < |log|z|| implies that

/L u (2 —y)dy

is bounded above by a constant, we find that

2—2

/L3 V<2 - Z/)ug(é —y)u(z' —y')dzdZ dydy’ < C/ V( )dgdzf‘

€ L2 €

This is at most Ce?. Applying Lemma 2.6, we find that the contribution to

EN/OT Az (q(t))dt
arising from the fifth term in (2.47) is at most
06_2‘_162 = C|log e‘_l.
We now treat the ninth term, as they are classified in (2.47). It takes the form

gl 3™ V. (o )

i€l
u* (LE‘Z — Ty + Z)zj(.l’i, mi)27(iﬁj, mj)2.
This is bounded above by
C|log e}_g Z a(miamj)‘/e(xi - Ij);
ijely

because u® < C ‘ log e‘ in the support of V. by the first part of Lemma 2.4. The expected
value of the integral on the interval of time [0,7] of this last expression is bounded above
by

T
C|log e‘_sEN/ dt Z a(mi, m;)Ve(z; — x;) < Cllog e‘_l,

1,5€14

where we used Lemma 2.1 for the last inequality. This completes the proof of (2.8).
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2.5 Using the estimates
The inequalities (2.6), (2.7) and (2.8) imply that, for large T,

/OT Hyy (t)dt + /OT Hls(t)dt'dt —0

lim limsup Ey
|z|—0 el0

That is,

lim lim sup‘ log e‘_zEN
[z]—=0  ¢]o

/0 dt Y a(mi,mg)J(,mi)J(x;,m;)

h,j€1q(t)

[VE(:EZ- —xj+2) = Vi(r; —x;) + Ve(r; — x5 + 2)u (v — x5 + z)] ‘ = 0.

(Recall that we simply write J(z;,m;) and J(z;,m;) for J(x;,m;,t) and J(x;,m;,t).) This
implies that

T
| log e}_Q Z a(mg, my)V(z; — x;)J (2, m;)J (x5, m;)dt

0 LJEL )

T
= ‘ 10g 6}_2 Z oz(mi, mj)Ve(:L’i — Zj + Z)J(SL’Z', mi)j(xj, mj)

i,jEIq(t)
[1 + |log e‘_luﬁ(xi —z; + z)] dt + Erri(e 2), (2.49)
where Err, satisfies
|li|m01im sup EN}Errl (e, z)} =0. (2.50)
20 )0

€
mi,m2

1— T(ml, mg)
21 + 7(my,ma) )
for a satistying V¢(a) # 0 and 7(my,ma) = a(my,me)/(d(m1) + d(m2)). Recalling from
(1.9) that

By Theorem 3.2, the expression 1+ |loge|~lu (a) is uniformly close to

Q = ‘ log 6‘_1 Z oz(mi,mj)VE(:L’i - LE‘j)J(SL’Z’, mi)j(xj, mj)
(i,j)EIq

and writing

Qz) = }log e}_l Z B(my, mj)Ve(x; — x; + 2)J (w5, m;) I (25, m;), (2.51)

1,5€14
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it follows from (2.49) and Theorem 3.2 that

/ Q(t)dt = / Q(2)(t)dt + Erry(e, z), (2.52)

where E'rry satisfies

lim lim sup EN‘ET‘TQ (e z)‘ =0.
|z|—0  ¢lo

From this, it is not hard to deduce that

Q(z—2) = |loge|™? Z B(mi, m;)Ve(x; —xj + 220 — 21) (2.53)
ijel,
J(z; — 21,m) J(x; — 20,mj) + Err(e, 21, 22),
where
IEN}EM’(G, 21,22)} < C(Jz1] + |2)).
(See Section 3.5 of [2].) By (2.52) and (2.53),

/0 TQ(t)dt

T
— |log5|_2/ dt Z B(mi,m;)J (x; — z1,m;) T (x5 — 29, m;)

7 ]Efq(t)

/R2 /R2 VE((xi —21) — (x5 — 22))0~ U(5)5 77<5>d21d22 + Errg(e 5)

= |loge|™ 2/ dt/ddwldwg Z VE(wy — wo) B(mi, my)J (wi, m;)J (we, m;)
R2

NI
5_277(% 3 )5_ (%) + ETT3(€,5)

T
= / dt/ / dwldwgve(wl —wg)ﬂ(Ml,Mg)J(wl,Ml)J(wg,M2)
0 R2 JR2

o ¥ (5]

’iEIq:miZMl

{‘ loge‘_1 Z 5_2n<xj ;W)] + Errs(e,0),

J€lgymi=Mo

where E'rrs; satisfies

lgfgl hrr:l%up EN‘ET’T;), (e 5)‘ =0,
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and where in the last equality, we made use of the fact that the test functions J and J take
non-zero values only on particles of a given mass, respectively M; and M. Thus,

/0 ' Q(t)dt

_ /OTdt/RQdwﬁ(Ml,Mz)J(waMl)j(waM2)Dloge‘_l > 5_277(%?)}

iEIq:mi=M1

[‘loge‘_l 3 5_2n<xj5_w)]+Er7‘(e,5)

J€lgmj=M>

where Err = Errs + err with the function err = 0(55_5) also satisfies

16%1 lin:l%up Eyx }err (e, 5) ‘ =0.

This completes the proof of Proposition 1.

3 Potential theory

The purpose of this section is twofold. Firstly, we show the existence of the function u® that
satisfies (3.1). Secondly we evaluate the limit of u°|loge|™ in the support of V¢, as € — 0.
This limit was used in the evaluation of 3 in Section 2.5. We start with the statements
of the main results of this section. Let V : R — R be a continuous function of compact

support with V' > 0 and / V(x)dx = 1. We also write K, for the topological closure of
R2
U, where

Uy ={x:V(zx) #0}. (3.1)

Given a measure u, let us define

Gul(x) = / log [ — ylyu(dy).

When the measure p is absolutely continuous with respect to the Lebesgue measure with a
density g, we simply write Gg for Gu.

Theorem 3.1 There exists a number vy > 0 such that for every v € (0,7%) and a € R,
there exists a unique function uw € C*(R?) such that u(z) = O(|log|z||) as |z| — oo and

u=7G((u+a)V). (3.2)
Moreover Z =~ [(u+a)Vdz #0 and (u+a)Z~* > 0.
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Recall that we are searching for a function u® such that
Au® = 1(n,m) [Vou® + VF],
where 7 = 7(n,m) = a(n,m)/(d(n) + d(m)). For this it suffices to have
ut = gus, (3.3)
where pf(dz) = 5=7(Vou® + V)dz. This can be rewritten as

1
ut = %Tag (Ve [u® + |logel]),
where 7¢ = 7|loge|™!. Evidently we can apply Theorem 3.1 to deduce the existence of the
function u® for sufficiently small €.

Our next theorem was used in the previous section for the evaluation of (.

Theorem 3.2 For every positive k,

uf(ex)|loge| ™" + T =0

lim sup S
T+T

0 |z|<k

Proof of Theorem 3.1
Step 1. Let J be a bounded continuous function with J > 0 and

/>1 J(z) (log |z])* dz < oo.

Define
H= {u . u is measurable and / u?(x)J(z)dr < oo} : (3.4)
R2

We then define F : H — H by F(u) = G(uV). Observe that H is a Hilbert space with
respect to the inner product

(u,v) = /R2 u(z)v(x)J(z)de.

Let us verify that F is a bounded operator. To see this, write
rw) = [ |togle = yl|V(5)dy. (35
R

40



When |z| is sufficiently large, we have that I'(z) < log(2|z|) because 0 < log|z — y| <
log(2|z|) whenever V(y) # 0. Otherwise we have

F(:E)SCO/ ‘10g|x—y|}dy§cz,
lz—y|<c1
for constants cg,c; and co. As a result
[(x) < c+log" || (3.6)
for a constant c. Also, we may use Holder’s inequality to assert
dy 2
F@)? < (1) [ [logle VO ) s
R2 ['(z)

o) [ [logle = ul|V ()’ )iy

IN

From this we deduce

| F@@rs@ < |

R

Ve | [ r@losts = vl o)z | .

If V(y) # 0 then |y| < Ry for a suitable Ry. Define
Ity) = [ T)|1ogle = ol
R2
Note
I(y) = / +/ F(x)} log |z —yHJ(x)dx
|z|<2Ro |z|>2Ro
< cl/ ‘log|x—y\‘dx+cl/ }log|xH2J(:c)dx,
|lxr—y|<3Ro |z|>2Ro

where for the second line we have used (3.6). From this and our assumption on J we deduce

that sup I(y) < oo. As a result,
ly|<Ro

V(y)u(y)dy < c / u?(y)J (y)dy

R2

[ Fomri < |

R2
because V is of compact support and J > 0. This shows the boundedness of the operator
F:H—H.

Step 2. Since the operator F is bounded, the equation

(id —=7F)(u) = g
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has a solution, where g(z) = —~vyal'(z) with I" as in (3.5) and id denotes the identity
transformation. Note that our assumption on I' implies that I" € H because of (3.6). So far
we have shown the existence of a unique solution v € H of u — 7F(u) = g. From this and
the Holder continuity of V' we can readily show that in fact u € C? and that v is a classical

solution of
Au =21y(u+ a)V. (3.8)

(See for example Section 4.2 of [1].)
Step 3. In this step we verify Z # 0. Observe that u = Gu for a measure p with a bounded
support. From this we can readily deduce

u(z) = p (R?) log |z + O (|z|7), (3.9)
Vu(z) = 1 (R2) # +0 (j2]72). (3.10)

We now choose R > Ry and use Au = 27y(u + a)V to write

/ (u+ a)Audr = 2%7/ V(u+ a)’d.
lz|<R

lz|<R

After an integration by parts we obtain

- / |Vul?dz + / (u+a)Vu-ndS = 27T'y/ V(u+ a)’dz,
lz|<R lz|=R

lz|<R

where n = W is the normal vector and dS is the Lebesgue measure on |z| = R. Now if
x

Z = p(R?) = 0, then we can use (3.9)(3.10) to deduce that
/ (u+a)Vu-n dS=O(R™).
|z|=R

As a result,
— [ |Vul|*de = 27w/ V(u+a)idz.
R? R?

From this we deduce that / |Vul?dz :/ (u+a)*Vdr = 0. This in turn implies that
R2 R2
u = 0. But this contradicts u = G(V(u + a)). Hence we can not have Z = 0.
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Step 4. It remains to show that (u+a)Z~' > 0. We only establish this when Z > 0. The
case Z < 0 can be treated likewise. First take a smooth function ¢s5 : R — (—o00,0] such

that ¢%5 > 0 and
(r) 0 r > —a,
7” prng
7o a+r r<-—a-—2>9.

We then have

5 (u)|VulPdr = 27?7/ ws(u)(u+ a)Vdx (3.11)

lz|<R

/ ws(u)Vu.ndS —
ja|=R 0| <R
by an integration by parts. (Here n = x/|z|.) If Z > 0, then we can use (3.9) to assert that
u(z) > 0 and ¢s(u(zr)) = 0 whenever |z| = R and R is sufficiently large. Since the left-hand
side of (3.11) is negative for such large R and (u + a)@s(u) > 0 we deduce

/ o5 (u)|Vul*dr = / V(u+ a)ps(u)dz = 0.
R2 R?
We now send § — 0 to deduce
0= / |Vul?1(u+a < 0)dr = / V(u+a)*(u+a < 0)dz.
R? R?

As a result, on the set A = {z : a + u(x) < 0} we have Vu = 0. Hence u is constant on
each component B of A. But this constant can only be —a because on the boundary of
A we have u 4+ a = 0. This is impossible unless A is empty and we deduce that u > —a
everywhere. O

We now turn to the proof of Theorem 3.2. We first state and prove a lemma. Let us
write A, for pf(R?) where pf was defined right after (3.3).

Lemma 3.1 We have that A. > 0 for small €. Moreover

limsup A; < 1.
e—0
Proof Let us write 4° for (u® + |loge|)AZ and ¢ for AZ'p®. By Theorem 3.1 we
have that fi° is a probability measure and u® > 0. Note that the support of the probability
measure [i° is the set e Ky. Moreover u° is harmonic off e K, and

|loge|

=g+ A
()

. (3.12)
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By a well-known theorem in potential theory we have

eCap(Ky) = Cap(eFy) > exp (—%) |

where Cap denotes the logarithmic capacity. (See for example Theorem 9.8 of [3].) As a

result loz O
og Cap(Ko) 1> _i.
| log ¢ - A
From this, we can readily deduce the claims of the Lemma. O

Proof of Theorem 3.2 It suffices to show that for every positive k,

lim sup |u®(ex)|loge| " + A | =0, (3.13)
e—0 |:c|§k
and -
lim A, = 3.14
el—r% 2+ 71 ( )

Recall that by Theorem 3.1 and Lemma 3.1 the expression u®(ey)|loge|™' + 1 is nonneg-
ative Also recall that Ry is defined so that the ball Bg,(0) contains the support of V. Let
us write ¢, for the maximum of u®(ex) over the ball Bg,(0). We then have

ut(ex) = % /log lex — ey| (v (ey)|loge| ™ + 1) V(y)dy (3.15)

= A.loge + % /log |z —y| (u(ey)|loge| ™ + 1) V(y)dy

IA

Acloge + % (C-|loge|™" 4+ 1) / log |z — y| V(y)dy.

|z—y|>1
Hence for every x with |z| < k we have
u(ex) < Aloge + ¢ (L loge| ™" +1)
where ¢ is a constant that depends on k only. By choosing k£ = Ry we deduce that
(1 —clloge|™") €. < A.loge +c.
Hence
(. = max u®(ex) < 2A.loge + 2¢ (3.16)
lz|<Ro

for sufficiently small €. This in turn implies

l|loge| ™t +1 <2, (3.17)

44



for small e. Moreover, by the second equality in (3.15),

_ T . _
(o) Togel + A = 5 [ togle =yl (u*(ew)]Tomel " + 1) Vi)dy = X+ Xa

where
-
X1 = o log |z — y| (v (ey)|loge| ™ + 1) V(y)dy,
U 2rloge] Juyer gle —yl (u(ey)| loge] ) V(y)dy
T J—
X2 = Slogel log |z — y| (u(ey)[loge[™ +1) V(y)dy.

27‘-‘ IOg €| |lz—y|>1

Since the expression u(ey)|loge|™' + 1 is nonnegative and bounded above for y in the ball
Bpg,(0), we deduce that both X; and X, converge to 0 in low e limit. This completes the
proof of (3.15).

We now turn to the proof (3.16). By the definition of A, and (3.15),

T

A = o= [ (u(ey)lloge[ " +1) V(y)dy
T T
= (-8 [ Vs o) = (1= A) + o(1),
This immediately implies (3.16). O
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