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Abstract

We introduce an interacting particle system in which two families of reflected diffusions
interact in a singular manner near a deterministic interface I. This system can be used
to model the transport of positive and negative charges in a solar cell or the population
dynamics of two segregated species under competition. A related interacting random walk
model with discrete state spaces has recently been introduced and studied in [9]. In this
paper, we establish the functional law of large numbers for this new system, thereby extending
the hydrodynamic limit in [9] to reflected diffusions in domains with mixed-type boundary
conditions, which include absorption (harvest of electric charges). We employ a new and
direct approach that avoids going through the delicate BBGKY hierarchy.
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1 Introduction

With motivation to model and analyze the transport of positive and negative charges in solar
cells, an interacting random walk model in domains has recently been introduced in [9]. In that
model, a bounded domain in R? is divided into two adjacent sub-domains D, and D_ by an
interface I. The subdomains Dy and D_ represent the hybrid medias which confine the positive
and the negative charges, respectively. At microscopic level, positive and negative charges are
modeled by independent continuous time random walks on lattices inside Dy and D_. These
two types of particles annihilate each other at a certain rate when they come close to each
other near the interface I. This interaction models the annihilation, trapping, recombination
and separation phenomena of the charges. Such a stochastic system can also model population
dynamics of two segregated species under competition near their boarder. Under an appropriate
scaling of the lattice size, the speed of the random walks and the annihilation rate, we proved
in [9] that the hydrodynamic limit is described by a system of nonlinear heat equations that are
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coupled on the interface and satisfy Neumann boundary condition at the remaining part of the
boundary.

While the random walk model in [9] is more amenable to computer simulation, it is subject
to technical restrictions associated with the discrete approximations of both the diffusions per-
formed by the particles and the underlying domains Dy. Furthermore, that model does not
consider harvest of charges.

In this paper, a new continuous state stochastic model is introduced and investigated. This
model is different from that of [9] in three ways: the particles perform reflected diffusions on
continuous state spaces rather than random walks over discrete state spaces, particles are ab-
sorbed (harvested) at some regions (harvest sites) away from the interface I, and the annihilation
mechanism near [ is different. The model in this paper allows more flexibility in modeling the
underlying spatial motions performed by the particles and in the study of their various proper-
ties. In particular, it is more convenient to work with when we study the fluctuation limit (or,
functional central limit theorem) of the interacting diffusion system, which is the subject of an
on-going project [10].

Here is a heuristic description of our new model (See figure 1): Let Dy and I be as above.

A+

[,
Figure 1: I = Interface, AL = Harvest sites

There is a harvest region Ay C 9D\ I that absorbs (harvests) + charges, respectively, whenever
it is being visited. Let N be the (common) initial number of particles in each of D4 and D_. For
simplicity, we assume here that each particle in D1 performs a Brownian motion with drift in the
interior of Dy. These random motions model the transport of positive (respectively, negative)
charges under an electric potential. When a particle hits the boundary, it is absorbed (harvested)
on Ay, and is instantaneously reflected on 9D\ A1 along the inward normal direction of D. In
other words, we assume that each particle in D performs a reflected Brownian motions (RBM)
with drift in D4 that is killed upon hitting Ay. In addition, a pair of particles of opposite signs
has a chance of being annihilated with each other when they are near I. Actually, when two
particles of different types come within a small distance d (which must occur near the interface
I), they disappear with intensity ﬁ. Here A > 0 is a given parameter modeling the rate of
annihilation. N

The choice of the scaling ﬁ for the per-pair annihilation intensity is to guarantee that,
N

in the limit N — oo, a non trivial proportion of particles is killed during the time interval
[0,t]. Here is the heuristic reasoning. Since diffusive particles typically spread out in space,
the number of pairs near the interface is of order N2 (57\?'1 (because there are Noy number of



particles in Dy near I, and each of them is near to N (55{, number of particles in D_). With
the above choice of per-pair annihilation intensity, the expected number of pairs killed within ¢
units of time is about (N? 5;{?’1) ( t) = ANt when t > 0 is small. This implies that a non

NodHt
trivial proportion of particle is annihilated during [0, ¢] and accounts for the boundary term in
the hydrodynamic limit.

1.1 Main result and applications

We consider the normalized empirical measures

xNH (dr) = Z Lyt (dr) and £ Z 1,

a:an~vt ,8 Bt

Here 1,(dz) stands for the Dirac measure concentrated at the point y, while a ~ ¢ (resp. 5 ~ t)
denotes the condition that particle X (resp. X 5 ) is alive at time t¢.

Our main result (Theorem 5.2) implies the following: Suppose each particle in Dy is a
RBM with gradient drift %V(log p+), where py is a strictly positive function on D4. Sup-
pose §y tends to zero and liminfy_ o N 0% € (0,00]. If (f{N+ .’{ ~) converges in distribu-
tion, then the random measures (%iv o %ivf) converge in distribution to a deterministic limit
(ug(t, z)py(x)dx, u_(t,y)p—(y)dy) for any ¢ > 0, where (uy, u_) is the unique solution of the
coupled heat equations

ou 1 1
a—: = iAqu + §V(log p+) - Vug on (0,00) x Dy

up =0 on (0,00) x Ay (1.1)
8U+ A

= 1 D\ A
9y oy utu—lepy on (0,00) x 0Dy \ A4
and 5 . .

U
_— = _ — 1 N _ —

ot 2Au +2V(0g,0 ) - Vu on (0,00) x D

u_ =0 on (0,00) x A_ (1.2)
Ou_ A
o~ o -t on (0,00) x dD_ \ A_,

where n}. is the inward unit normal vector field on 9D of Dy and 1y is the indicator function
on I. Note that p+ = 1 corresponds to the particular case when there is no drift.

Remark 1.1. Generalizations and Applications: Actually, Theorem 5.2 is general enough to
deal with any general symmetric reflected diffusions and covers the case when the constant A
is replaced by any continuous function A(z) on I. It is routine to generalize to any continuous
time-dependent function A(t,z) and the details are left to the readers. Moreover, it is likely
that a further generalization to tackle multiple deletion of particles near the interface (similar
to that in [17]) can be done in an analogous way. As an immediate application of Theorem 5.2,
we obtain an analytic formula for the asymptotic mass of positive charges harvested during the
time interval [0, 7], which is

- /D+ ws (T, 2)ps () d — )\/OT/Iu+(s,z)u_(s,z) do(2) ds.



Remark 1.2. The condition liminfy_, N 6% € (0, 0] is an upper bound for the rate at which
the annihilations distance §y tends to 0. Such kind of condition is necessary by the following
reason: The dimension of I is d + 1 lower than that of D, x D_. So we can choose Jy small
enough so that particles of different types cannot ‘see’ each other in the limit N — oo, resulting
a decoupled linear system of PDEs with Dirichlet boundary condition on A4 and Neumann
boundary condition on 9Dy \ Ay. See Example 5.3 for a rigorous statement and proof.

1.2 Key ideas
Theorem 3.2.39 of [22] from geometric theory asserts that

2d( 16
lim HEL)

d—1

where I° := {(z,y) € Dy x D_: |z — z|> + |y — 2|> < 62 for some z € I}, cgy1 is the volume
of the unit ball in R! and H™ is the m-dimensional Hausdorff measure. In Lemma 7.2, we

strengthen it to
1
lim ———— drdy = dHo! 1.4
lim — s [ ) dady /I f(z,2) dH () (1.4)
uniformly in f from any equi-continuous family in C'(Dy x D_). Property (1.4) leads us to the
following key observation that

1 T 1 T
lim Tim_ WE/O Nt @ xN(1%) ds = JimTim WE/O Nt @ 2N (1%) ds.
This interchange of limit in turn allows us to characterize the mean of any subsequential limit of
(XN+, xN7) by comparing the integral equations (4.1) satisfied by the hydrodynamic limit with
its stochastic counterpart (7.6) . Using a similar argument, we can identify the second moment
of any subsequential limit, and hence characterize any subsequential limit of (XN, XV~). We
point out here that m fot Nt e f{év_( I%) ds quantifies the amount of interaction among
the two types of particles, and is related (but different from) the collision local time introduced
in [20]. The direct approach developed in this paper to establish the hydrodynamic limit avoids

going through the delicate BBGKY hierarchy as was done in [9].

1.3 Literature

Interacting diffusion systems have been studied by many authors and they continue to be the
subject of active research. See [30] and [32] for such a system on a circle whose hydrodynamic
limit is established using the entropy method. We also mention [16] for a recent large deviation
result for a system of diffusions in R interacting through their ranks. This large deviation
principle implies convergence of the system to the hydrodynamic limit. However, the methods
in these papers do not seem to work (at least not in a direct way) for our annihilating diffusion
model due to the singular interaction on the interface.

An extensively studied class of stochastic particle systems is reaction-diffusion systems (R-D
systems in short), whose hydrodynamic limits are described by R-D equations % = %Au+R(u),
where R(u) is a function in u which represents the reaction. R-D systems is an important class

of interacting particle systems arising from various contexts. They were investigated by many



authors in both the discrete setting (particles perform random walks) and the continuous setting
(particles perform continuous diffusions). For instance, for the case R(u) is a polynomial in wu,
these systems were studied in [17, 18, 28, 29] on a cube with Neumann boundary conditions,
and in [3, 4] on a periodic lattice. See also [7] for a survey of a class of discrete (lattice) models
called the Polynomial Model which contains the Schlogl’s model. Recently, perturbations of
the voter models which contain the Lotka-Volterra systems are considered in [13]. The authors
showed that the hydrodynamic limits are R-D equations and established general conditions for
the existence of non-trivial stationary measures and for extinction of the particles. Another
stochastic particle systems which are related to our annihilation-diffusion model is the Fleming-
Viot type systems ([5, 6, 24]). In [6], Burdzy and Quastel studied an annihilating-branching
system of two families of random walks on a domain. In their model, when a pair of parti-
cles of different types meet, they annihilate each other and they are immediately reborn at a
site chosen randomly from the remaining particles of the same type. So the total number of
particles of each type remains constant over the time, and thus this Fleming-Viot type system
is different from the annihilating random walk model of [9]. The hydrodynamic limit of the
model in [6] is described by a linear heat equation with zero average temperature. An elegant
result obtained by P. Dittrich [17] is on a system of reflected Brownian motion on the unit
interval [0, 1] with multiple deletion of particles. More precisely, any k-tuples (2 < k < n) of
particles with distances between them of order ¢, say (z,--- , z%), disappear with intensity
cr(k — 1)kt f[o,l]p(eaxil,y) ---p(e?, 2%, y) dy, where ¢, > 0 are constants and p(t,z,y) is
the transition density of the reflected Brownian motion on [0, 1]. The hydrodynamic limit is a
R-D equation with reaction term R(u) = — > }_, cxu* and Neumann boundary condition. In
contrast to [17], our model has two types of particles instead of one. Moreover, the interaction
of our model is singular near the boundary and gives rise to a boundary integral term in the
hydrodynamic limit.

The rest of the paper is organized as follows. Preliminary materials on setup, reflecting diffu-
sions, and notations are given in Section 2. A rigorous description of the interacting stochastic
particle system we are going to study in this paper is presented in Section 3. In section 4, we
give an existence and uniqueness result of solution of a coupled heat equation with non-linear
boundary condition, analogous to [9, Proposition 2.19]. The full statement of our main result
(Theorem 5.2) of this paper is given in section 5. Section 6 is devoted to the proof of Theorem
5.2. The proof of a key proposition that identifies the first and second moments of subsequential
limits of empirical distributions is given in Section 7.

2 Preliminaries

2.1 Reflected diffusions killed upon hitting a closed set A C D
Let D C R? be a bounded Lipschitz domain, and
WD) = {f € L*(D;dx) : Vf € L*(D;dx)}.

Consider the bilinear form on W12(D) defined by

£(f.9) = /D V/(z) - aVy(z) pla) dz,



where p € W12(D) is a positive function on D which is bounded away from zero and infinity,
a = (a¥) is a symmetric bounded uniformly elliptic d x d matrix-valued function such that
a” € W12(D) for each i, j. Since D is Lipschitz boundary, (£, W'2(D)) is a regular symmetric
Dirichlet form on L?(D; p(x)dx) and hence has a unique (in law) associated p-symmetric strong
Markov process X (cf. [8]).

Definition 2.1. Let (a, p) and X be as in the preceding paragraph. We call X an (a, p)-
reflected diffusion. A special but important case is when a is the identity matriz, in which
X is called a reflected Brownian motion with drift %V(log p). If in addition p = 1, then X is
called a reflected Brownian motion (RBM).

Denote by 7 the unit inward normal vector of D on dD. The Skorokhod representation of X
tells us (see [8]) that X behaves like a diffusion process associated to the elliptic operator

1
A= Tpv-(paV) (2.1)

in the interior of D, and is instantaneously reflected at the boundary in the inward conormal
direction 7 := afn. It is well known (cf. [2, 25] and the references therein) that X has a
transition density p(t,z,y) with respect to the symmetrizing measure p(x)dx (i.e., Py (X; €
dy) = p(t,z,y) p(y)dy and p(t,z,y) = p(t,y,x)), that p is locally Hélder continuous and hence
p € C((0,00) x D x D), and that we have the followings: for any 7 > 0, there are constants
c1 > 1 and ¢y > 1 such that

1 —caly — x|? €1 —ly —/?
_ < < — .
oz P ( " <pt,o,y) < 575 exp ot (2.2)

for every (t,x,y) € (0,T] x D x D. Using (2.2) and the Lipschitz assumption for the boundary,
we can check that

1
sup sup / p(t,z,y)dy < a +Cy forte (0,7] and (2.3)
veD 0<6<8o 0 Jps NG
sup / p(t,z,y)o(dy) < G +Cy forte (0,T], (2.4)
xeD JOD \/7E

where C1, Cs, 69 > 0 are constants which depends only on d, T', the Lipschitz characteristics of
D, the ellipticity of a and the lower and upper bound of p. Here D? := {x € D : dist(z, D) < 6}.
In fact (2.4) follows from (2.3) via Lemma 7.1.

Now we consider an (a, p)-reflected diffusion killed upon hitting a closed subset A of D. In
particular, A can be subset of D (this is the case for Ay in figure 1). Define

X t<T
X X A (2.5)
0, t>T1Th,

where 0 is a cemetery point and T := inf {¢ > 0: X; € A} is the first hitting time of X on
A. Since D\ A is open in D, Theorem A.2.10 of [23] asserts that X(*) is a Hunt process on
(D \ A) U0 with transition function P?(x, A) = P*(X; € A, t < Ty). The characterization
of the Dirichlet form of X*) can be found in [11, Theorem 3.3.8] or [23, Theorem 4.4.2]; in
particular, it implies that the semigroup {PtA}tZO of X is symmetric and strongly continuous



on L*(D \ A, p(z)dz). Clearly, X has a transition density p*) with respect to p(z)dz (i.e.
PM(x, dy) = p™(t, z,y) p(y) dy). Note that p™ (¢, z,y) < p(t,z,y) for all 2,y € D and t > 0.

So far A is only assumed to be closed in D. We will also need the following regularity
assumption.

Definition 2.2. A C D is said to be regular with respect to X if P*(Ty = 0) = 1 for all x € A,
where Ty :=1inf {t > 0: X; € A}.

This regularity assumption implies that p(®") (t,z,y) is jointly continuous in z and y up to the
boundary. In particular, p) (t,z,y) is continuous for z and y in a neighborhood of I. We now
gather some basic properties of p™ (¢, z,y) for later use.

Proposition 2.3. Let X be an (a, p)-reflected diffusion defined in Definition 2.1, and p™ (t, z,v)
be the transition density, with respect to p(x)dz, of XA defined in (2.5). Suppose A is closed and
regular with respect to X. Then p™ (t,z,y) > 0 and p™(t,z,y) = p™ (t,y,z) for all z,y € D
and t > 0. Moreover, p™ (t,z,y) can be extended to be jointly continuous on (0,00) x D x D.
The last property implies that the semigroup {PtA}tZQ of XA is strongly continuous on the Ba-
nach space Coo(D\ A) := {f € C(D) : f vanishes on A} equipped with the uniform norm on D.
The domain of the Feller generator of {Pt(A)}tZO; denoted by Dom(AW), is dense in Coo(D\A).

Proof Define, for all (¢,z,%) € (0,00) x D x D,
q(A)(t,m,y) =p(t,z,y) —r(t,z,y), where r(t,z,y) := E* [p(t — Ta, X1\, y); t > Tp].

Using the fact that x — P*(Th < t) is lower semi-continuous (cf. Proposition 1.10 in Chapter
IT of [1]), it is easy to check that if A is closed and regular, then

lim P (Ty < t) =1 (2.6)

n—oo

whenever ¢ > 0 and z,, € D converges to a point in A. Recall that p(¢,z,y) is symmetric in
(x,9), has two-sided Gaussian estimates (2.2), and is jointly continuous on (0,00) x D x D.
Using these properties of p together with (2.6), then applying the same argument of section 4
of Chapter II in [1], we have

(a) ¢™(t,z,y) is a density for the transition function X2,

(b)

(¢) ¢™(t,x,y) is jointly continuous on (0,00) x D x D.

(A) (t,z,y) > 0 and ¢ (t,z,y) = ) (t,y,x) for all z,y € D and t > 0.

(=)

From (c), the semigroup {Pt(A)} of XM is strongly continuous by a standard argument. Cyo(D\
A) is a Banach space since it is a closed subspace of C'(D). The Feller generator Dom(A®) of

{Pt(A)} is dense in Coo (D \ A) because any f € Coo(D \ A) is the strong limit limy g % fg P fds
in Coo(D\ A), and [ PV fds € Dom(AW), -

2.2 Assumptions and notations

We now return to our annihilating diffusion system. Recall that before being annihilated by
a particle of the opposite kind near I, a particle in D4 performs a reflected diffusion with



absorption on Ay C 9Dy \ I. If a particle is absorbed (in A1) rather than annihilated (near I),
it is considered to be harvested.

The following assumptions are in force throughout this paper.

Assumption 2.4. (Geometric setting) Suppose D and D_ are given adjacent bounded Lip-
schitz domains in R® such that I := D, N D_ = 0D, N OD_ is H% L-rectifiable. A is a
closed subset of D+ \ I which is reqular with respect to the (a, p+)-reflected diffusion X*,
where py € W2(D1)NC(Dy) is a given strictly positive function, axr = (af) is a symmetric,
bounded, uniformly elliptic d x d matriz-valued function such that aiﬁ € WH2(Dy) for each i, j.

Assumption 2.5. (Parameter of annihilation) Suppose A\ € Ci(I) is a given nmon-negative
continuous function on I. Let A € C(D4 x E:) be an arbitrary but fived extension of \ in the
sense that A(z,z) = A(z) for all z € I. (Such X\ always exists.)

Assumption 2.6. (The annihilation distance) liminfy_ o N 6% € (0, 00], where {5} C (0, 00)
converges to 0 as N — cc.

Assumption 2.7. (The annihilation potential) We choose annihilation potential functions
{ls: 6 >0} CC(Dy x D_) in such a way that £5 < Wlﬁ on Dy x D_ and

P\
1 ’ =0 2.7
Cqyq 001 r L2(DyxD_) (2.7)

lim HE —
6—0 0

Assumption 2.7 is natural in view of (1.3). Intuitively, if N is the initial number of particles,
then d is the annihilation distance and I~ controls the frequency of interactions. As remarked
in the introduction, we need to assume that the annihilation distance én does not shrink too
fast. This is formulated in Assumption 2.6.

Convention: To simplify notation, we suppress A+ and write X* in place of XA+ for a
(at, ps)-reflected diffusions on D4 killed upon hitting Ay. We also use p*(t, z,y), PtjE and A+
to denote, respectively, the transition density w.r.t. p, the semigroup associated to p* (¢, z,y)
and the Coo (D2 \ Ax)-generator (called the Feller generator) of X* = XA+, Under Assumption
2.4, X7 is a Hunt (hence strong Markov) process on

DY = (ﬁi \Ai) U {oF),

where 0F is the cemetery point for X* (see Proposition 2.3).

For reader’s convenience, we list other notations that we will adopt here:

B(E) Borel measurable functions on E

By(E) bounded Borel measurable functions on E

Bt (E) non-negative Borel measurable functions on F
C(E) continuous functions on E

Cy(E) bounded continuous functions on E

CH(E) non-negative continuous functions on £

C.(FE) continuous functions on £ with compact support

D(]0,00), E) space of cadlag paths from [0,00) to E
equipped with the Skorokhod metric



Coo(D\ A) {f € C(D) : f vanishes on A}
ol {® € C(ﬁj_ x D™) : ® vanishes outside (D4 \ A;)" x (D_ \A)™},
see Subsection 7.2

H™ m-dimensional Hausdorff measure
I {(z,y) € Dy x D_: |z — 22 + |y — 2|> < 62 for some z € I},
Cdi1 the volume of the unit ball in R*t!
Ls the annihilating potential functions in Assumption 2.7
XiN) the configuration process defined in Subsection 3.1
SN UN_, (DZ(m) x D?(m)) U {9}, the state space of (XgN))tzo
(%iv + Z{iv ") the normalized empirical measure defined in Subsection 3.2
En U]]\\QZIEJ(VM) U{0,}, the state space of (XN, 2N =0
M (E) space of finite non-negative Borel measures on E, with weak topology
Mo(E)  {pe Mi(E): u(E) <1}
m M<i(Dy \Ay) x M<1(D_\ A_), see Section 5
{FX:t>0} filtration induced by the process (X;), i.e. Fi¥ = o(Xs, s < t)
1, indicator function at x or the Dirac measure at x
(depending on the context)
=N convergence in law of random variables (or processes)
(f, m) [ f(@) p(de)
xVy max{z, y}
Ay min{z, y}

3 Annihilating diffusion system

In this section, we fix N € N and construct the normalized empirical measure process (X', xV:™)
and the configuration process XM for our annihilating particle system. In the construction,
we will label (rather than annihilate) pairs of particles to keep track of the annihilated parti-
cles. This provides a coupling of our annihilating particle system and the corresponding system
without annihilation.

Let m € {1,2,--- ,N} (in fact, m can be any positive integer). Starting with m points in
each of D?r and D?, we perform the following construction:

Let {X7 = XiAi ™, be (at, p+)-reflected diffusions on D4 killed upon hitting A4, starting
from the given points in Di. These 2m processes are constructed to be mutually independent.

In case Xii starts at the cemetery point 0%, we have Xii(t) = 0% for all t > 0. Let {Ri}, be
i.i.d. exponential random variables with parameter one which are independent of {X;"}™, and

{X5
Define the first time of labeling (or annihilation) to be

t m m

mi—inflt>0 2}\[/0 SOS o (XiH(s), X5 () ds > Ry b (3.1)

i=1 j=1



In the above, {5, (xz,y) = 0 if either x = % or y = 9. Hence particles absorbed at Ay do
not contribute to rate of labeling (or annihilation). At 71, we label exactly one pair in {(,7)}
according to the probability distribution given by

Usn (X (11=), X (1))

Yot Yooty Loy (X (1), Xg (11-))

Denote (i1,71) to be the labeled pair at 71 (think of the labeled pair as begin removed due to
annihilation of the corresponding particles).

assigned to (i, 7).

We repeat this labeling procedure using the remaining unlabeled 2(m — 1) particles. Precisely,
for k=2,3,--- ,m, we define

1 T4+ Tp—1+1
T i=inf{t>0: — E g EJN(X;_(S),X;(S))dS > Ry,
2N Ti++Tr—1 i LG e id L
i¢{in, -1} 3¢{d1, di-1}

At o ;=1 + 70+ -+ + Tk—1 + Tk, the k-th time of labeling (annihilation), we label exactly
one pair (i, ji) in {(4,7) : @ & {i1, - ,ik—1}, J € {j1,- -+ ,Jk—1} } according to the probability
distribution given by
£5N(Xj(ak_)7Xi_(o'k_))
Zi¢{i17“' sik—1} Zﬁf{jlw“ Jr—1} Csy (Xi—i_(ak_)’ Xi_(ak_))

assigned to (i, 7).

We will study the evolution of the unlabeled (or surviving particles, which is described in
detail below.

3.1 The configuration process XV)

We denote DY (m) the space of unordered m-tuples of elements in DY := (ﬁi \ Ai) u{oF}.
The configuration space for the particles is defined as

Sy =UN_, (Di(m) x D? (m)> U {a}, (3.2)

where 0 is a cemetery point (different from 0F).

We define &N) € Sy to be the following unordered list of (the position of) unlabeled (sur-

viving) particles at time ¢. That is,

(X7, Xh) AXT (@), X)), ifte(0, 01 =m);
N — .
XIE ) = ({X;r(t)}if{ilv“yik—l}’ {Xj (t)}j¢{j17"'7jk—1} )’ if t € [o)-1, 0p), for k=2,3,---,m;
9, if t € [y, 00).

By definition, XgN) € D?(m—k+1)x D% (m—k+1) when t € [o4_1, oy), and XiN) = 0 if and
only if all particles are labeled (annihilated) at time ¢ (in particular, none of them is absorbed
at A*). We call XWN) = (XEN))QO the configuration process.

Denote (§2, F, p) the ambient probability space on which the above random objects { X"},
{X7 MLy, {Ri2, and {(i1,41), -, (im,Jm)} arve defined. For any » € Sy, we define P* to be

the conditional measure p( : \XéN) = z). From the construction, we have

10



Proposition 3.1. {X™)} is a strong Markov processes under {P*: z € Sy}.

The key is to note that the choice of (ix, jx) depends only on the value of Xg)_, and that
=inf{t >0: A® > R } here A = = e Z ZE (X:F(s), X7 (s))ds
Tk+1 = = . t k+11> w t IN o Pt oN i ] '

Hence X™) is obtained through a patching procedure reminiscent to that of Ikeda, Nagasawa
and Watanabe [26]. The proof is standard and is left to the reader.

3.2 The normalized empirical process (XV*, XV7)

Next, we consider Ey := UJ\N/IZIEJ(VM) U {0.}, where

EM) 1 o 1 Do Do
N = Nzlmmﬁzl% Zi € +7yj€ -
i=1 j=1

and 0, is an abstract point isolated from Uf&:lE](VM). We define the normalized empirical

measure (XY, ¥V7) by
@NF 2Ny = Ue ™), (3.3)

where Uy : Sy — EJ is the canonical map given by Un(0) := 0, and

1 — 1
UN: (gay):(l‘la"'7xm7y1a"'7ym)'_> N;]'Iz?N;lyj

For comparison, we also consider the empirical measure for the independent reflected diffusions
without annihilation:

m

=N+ =N~ 1 - 1
i=1 j=1

For any p € Ey, we define P* to be the conditional measure o( - | (%éV’Jr, .’{év’f) = 11). From
Proposition 3.2, we have

Proposition 3.2. {(XN+,XxN7)} is a strong Markov processes under {P* : u € Ey}.

4 Coupled heat equation with non-linear boundary condition

Denote by Coo ([0, T]; D\ A) the space of continuous functions on [0, T] taking values in Coo (D \
A) == {f € C(D) : f vanishes on A}. We equip the Banach space Cu([0,T]; D4 \ Ay) X
Coo([0,T); D\ A_) with norm ||(u,v)|| := [Jullec + ||v]|co, Where || - || is the uniform norm.
Using a probabilistic representation and the Banach fixed point theorem in the same way as we
did in the proof of the existence and uniqueness result for the PDE in [9, Propostion 2.19], we
have the following:
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Proposition 4.1. Let T > 0 and uf € Coo(D+\A+). Then there is a unique element (uy,u_) €
Coo([0,T); Dy \ Ay) X Coo([0,T); D_ \ A_) that satisfies the coupled integral equation

{u.,.(t,x) :PtAJrua'(x) —% OthpM(t—7“79:,2)[)\(2)%(73 z)u_(r, z)|do(z) dr (4.1)
U_(t, y) = PtA_uo_(y) - %fg prA_ (t -nY, Z)[)\(Z)U_A,_(T‘,Z)U_(T, Z)]dO’(Z) dr.
Moreover, (u4,u_) satisfies

uy (t,z) = E* | uf A+ex_t.u_ _ s XML+

c(te) =B [ (60 exp (= [ )t = X2zt )] "

w-tt.0) = B[y (0 e (= [ e = X2z )],

where L1F is the boundary local time of XA on the interface I, i.e. the positive continuous
additive functional having Revuz measure o|r, the surface measure o restricted to I.

It can be shown that continuous functions (uy,u_) satisfying (4.1) is weakly differentiable
and satisfies the following PDE (4.3)-(4.4) in the distributional sense.

Definition 4.2. We call the unique solution (uy, u_) € Coo([0,T]; D1 \ A1) x Coo([0,T]; D_ \
A_) of (4.1) the weak solution to the following coupled PDEs starting from (ud,ug):

ag—: = Atuy on (0,00) x D4
up =0 on (0,00) X Ay (4.3)
8’U,+ A
— = — _1 D\ A
o e utu— Ll on (0,00) x 0D4 \ Ay
and 9
% =A u_ on (0,00) x D_
u-=0 on (0,00) x A_ (4.4)
au—_—iuul on (0,00) x 0D_\ A
o - p_ +W— {1} ) - —
where Vi = ayiiy is the inward conormal vector field on ODy. Here 1y is the indicator

function of I.

5 Main result: rigorous statement

Denote by M<1(D+ \ A1) the space of non-negative Borel measures on Dy \ Ay with mass at
most 1 and set B B

M= M1 (D4 \ Ay) x M<y(D-\ A),
equipped with the topology of weak convergence.

Remark 5.1. 9 is in fact a Polish space. Let {f,;n > 1} and {gn;n > 1} be sequences of
continuous functions with |f,| <1 and |g,| < 1 whose linear span are dense in C (D \ Ay)
and Coo(D_ \ A_), respectively. For p = (u4,u—) and v = (v4,v_) in M, define

_|_

olj1,v) = iz (' /D @) =)

/D In(y)(p— — u)(dy)D .

12



It is well known that 91 is a complete separable metric space under the metric p. ]

Regard 15+ as 0% and 0, as (0%,07), where 0% is the zero measure on Dy, respectively.
Clearly, Ey C 901 for all N, and the processes (X" F, X¥7) have sample paths in D([0,c0), 901),
the Skorokhod space of cadlag paths in 1.

. . L .
We can now rigorously state our main result. In what follows, — denotes convergence in
law.

Theorem 5.2. (Hydrodynamic Limit) Suppose that Assumptions 2.4 to 2.7 hold. If as N — oo,
(X0, %0°7) =5 (u (2)py (w)der, u (y)p—(y)dy) in M, where ul. € Coo(Dx \ As), then

(XN, 27) 55 (uy (1, 2)po (2)da, u_(t,y)p—(y)dy) in D([0,T], M)

for any T > 0, where (u4, u_) is the unique weak solution of (4.3)-(4.4) with initial value
0

(ul,u).

As mentioned in Remark 1.2 in the introduction, an assumption on the rate at which Jy
tends to zero, such as Assumption 2.6, is necessary for Theorem 5.2 to hold. Below is a counter-
example.

Example 5.3. Suppose that {X;"(#)}2°; and {X; (t)}32, are RBMs on D, and D_, respec-
tively, and they are all mutually independent. Note that XZ-+ and X ; never meet in the sense
that

P (Xf(t) = X, (t) for some t € [0,00) and i, j € {1,2,3,-~}> =0. (5.1)
This implies that there exists {dny} so that > 3_; an < oo, where

ay =P ( (X} (1), X; (1)) € I’V for some ¢ € [0,00) and 4, j € {1,2, - ,N}) . (5.2

Hence by Borel-Cantelli lemma, we know that with probability 1, there will be no annihila-
tion for the particle system (which occurs only when a pair of particles are in I oNn ) when N is
sufficiently large. In this case, (X7, X2'") converges to (Pug (z)dz, P ug (y)dy) in distri-
bution in D([0, 7], 9) instead, provided that (%éV’Jr, %év’f) converges to (ug (z)dz, ug (y)dy) in
distribution in 9.

Question. We will see from Theorem 6.6 below that the tightness of (.’{iv s %iv ") holds without

Assumption 2.6. Can we characterize all limit points of (%iv o+ f{iv ') without Assumption 2.67

Is liminf y_yoo N 5}‘{, € (0, 00] the sharpest condition for Theorem 5.2 to hold?

6 Hydrodynamic limit
Recall that Assumptions 2.4 to 2.7 are in force throughout this paper.

6.1 Martingales and tightness

In this subsection, we present some key martingales that are used to establish tightness of
(xN+, xN7). More martingales related to the time dependent process (¢, (%iV’Jr, %iv_)) will
be given in subsection 7.2.
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6.1.1 Martingales for reflected diffusions

We will need the following collection of fundamental martingales, together with their quadratic
variations, for reflected diffusions.

Lemma 6.1. Suppose X* is an (@, p)-reflected diffusion in a bounded Lipschitz domain D killed
upon hitting A. Suppose all assumptions in Proposition 2.8 hold, and f is in the domain of the
Feller generator Dom(AW). Then we have

M(t) = f(X() — F(X™(0)) —/0 AW £(XA(s)) ds (6.1)

s an .EXA -martingale that is bounded on each compact time interval and has quadratic variation
fg (aVf-Vf)(X2(s))ds under P* for any x € D\ A. Moreover, if X1 and Xo are independent
copies of X, and if M; is the above M with X™ replaced by X;, then the cross variation
(M, My), = 0.

Proof For f € Dom(A™), M(t) defined in (6.1) is an ngA—martingale that is bounded on each
compact time interval. Since D is bounded, f is clearly in the domain of the L?-generator of
XA, Hence it follows from the Fukushima decomposition of f(X}) (see [11, Theorems 4.2.6 and
4.3.11] that M(t) is a martingale additive functional of X of finite energy having quadratic
variation (M(t)), = fg(an -V f)(XA(s))ds. If X1 and X5 are independent copies of X*, then
M; and My are independent and so (M, M) = 0. O

An immediate consequence of Lemma 6.1 is
¢
/ PMaVf-Vf)(x)ds = E°[M(1)°) <8(|f|* + |AVf*#?) forzeD,  (62)
0
where ||g|| is the uniform norm of g on D.

6.1.2 Martingales for annihilating diffusion system

Theorem 6.2. Fiz any positive integer N. Suppose F' € Cy(EN) is a bounded continuous
function and G € B(EN) is a Borel measurable function on Ex such that

t
M, = FEY XN —/ GEY ZN ) ds
0

N,—

, @ ENT) ,
is an F; -martingale under P* for any p € En. Then
t
M, = PN 2Ny - / (G + KF)(xN+, x5 ds
0

y (de»vaYi) ;
is a Jy -martingale under P* for any u € En, where

M M
1 B o
KF() = =523 loy (@) (F(zx) — F(vt =Ny, v —N 11{%‘})) (6.3)
i=1 j=1

whenever v = <% sz\i1 1 + Z]]Vil 1{yj}) € EJ(VM), and KF(0,) := 0.
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Remark 6.3. (i) Theorem 6.2 indicates the infinitesimal generator of (XV:* XN:~) on Cy(Ey)
is given by L + K, where L is the infinitesimal generator of (?N’+,§N’_) on Cy(EN). Note
that G is merely assumed to be Borel measurable, the above provides us with a broader class of

Nt(¢+7¢*)

martingales (such as in Corollary 6.4) than from using the Cy(FEy)-generator.

(ii) Theorem 6.2 can be generalized to deal with time-dependent functions Fy € Cy(Ey)
(s > 0). See Theorem 7.6 in subsection 7.2. O

Proof of Theorem 6.2. We adopt the abbreviation X := (X, ¥V:~) when there is no confusion.

ft(xN#’XNﬁ)

In particular, we write F7* in place of . By Markov property for X, it suffices to

show that for all t > 0 and v € Ey,
t
B[ F(x) — F(Xo) — / (G + KF)(X,)ds| = 0. (6.4)
0

The idea is to spit the time interval [0, t] into pieces according to the jumping times of F/(X) (s €
[0,#]) caused by annihilation (excluding the jumps caused by absorbtion at the harvest sites AT),
then apply M in each piece and take into account the jump distributions.

Suppose v = (v, v7) = (%37 1o, %27:1 1,,) € Ej(vm). Recall that o; :== 71 + -+ 7
(1 =1,2,---,m) is the time of the i-th labeling (annihilation) of particles. write

F(X) = F(Xo) = Y (F(Xnor)-) = FEine)) + D (Fino,) = FRunoy) ). (65)
j=1

i=0
where 0¢ := 0, 041 1= 00 and X5 := lim, »; X;,. Hence it suffices to show that
tAO;41
B [F(Rrmi )~ Fin) = [ GJdS) = 0 and (6.6)
tAo;
tAo;
B [F(%in) ~ FXnoy )~ [ KF)dS] = 0 (67)
tAoj—1
fori € {0,1,2,--- ,m} and j € {1,2,--- ,m}.
The left hand side of (6.6) equals
t/\0'i+1

EY | EY [F(:{(t/\UH—l)—) — F(:{t/\ai) — /

t/\(ri

G(x,) ds( ffggi} ]

r x t/\0i+1—0i
= EV ]E a4 [F(’%(t/\o'i-q—l—a'i)—) - F(%O) - /0 G(%s) d8i| 1t>0i:|

V' x (t—o‘i)/\Ti+1
= E|E* [F(x((t—o'i)/\TiJrl)_) - F(%O) - /0 G(xs) ds} 1t>m‘ :| :

The first equality follows from the strong Markov property of X (applied to the stopping time
0;) and the fact that the expression inside the expectation vanishes when ¢ < ;. Note that
o; is regarded as a constant w.r.t. the expectation E*vi, because ]-'gi contains the sigma-
algebra generated by ;. The second equality follows from the easy fact that (t A 0j41) — 0y =
(t —03) A (0441 — i) = (t — 03) A Tit+1 on t > ;. Therefore, to establish (6.6), it is enough to
show that for any n € Ey and w > 0, we have

B[ F(X(unr)-) — F(X0) - /0 RNCER ds] =0, (6.)
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where 7 is the time of the first annihilation for X starting from 7 (i.e. 7 = 71 under P7 where 7
is defined by (3.1)).
(6.8) obviously holds if 7 is the zero measure since both sides vanish. Suppose 7 € E( n)

Observe that 7 is a stopping time for .7-'36 = a(]i ,{Ri;; 1 < i < n}) and that M, is a ]:t
martingale under P” since {R;} is independent of X under P”7. Hence, by the optional sampling
theorem, (6.8) is true, and so is (6.6).

Following the same arguments as above, the left hand side of (6.7) equals

. (t=0j—1)AT;
E [E 7t [F(x(t—o'j_l)/\'rj) - F(%((t—aj_l)/\fi)—) +/0 KF(X,) ds] 1t>0'j71 :|a

where o;_1 is regarded as a constant w.r.t. the expectation E*7i-1. Therefore, (6.7) holds if for
any n € Ex and 6 > 0, we have

ONT
JE”[F(ngT) -~ FEnn-) - | KF(%S)ds} —0, (6.9)

where 7 is the time of the first killing for X starting from 7.

Suppose n = (3 Yoy Ly, v 2oj—1 1y;) € EY and X,_ = (% Yy Lty N =1 ]'X]._(T—))’
where {X ];t : k =1,---,n} are reflected diffusions killed upon hitting A* in the construc-
tion of X. At time 7, one pair of particles among {(X;, if;) : 1 < 4,7 < n} is labeled
(annihilated), where the pair (X', X;) is chosen to be labeled (annihilated) with probability

by (X (r=), X (7))
22:1 22:1 KJN(X;(T_)vXt;(T_)) '

Hence

E" :F(ae(gm),) - F(ae%)} (6.10)
fii} 7 < 9]
Uy (X;F(7=), X5 (1))
— n J
dp»> S S oy (X5 (1), X (7))

- i=1 j=1
1

(F(%T_) = F(% = (5 lxr i, ;1)(]_(7_)))) LT < 9}
B E{ —_(2N) KF(X,)
Z;Lzl 22:1 géN(X;(T—)v Xq (7-))

- E’i[ /0 —KF(aes)ds}.

— &V _E" [F(aeT_) ~F(X)

(6.11)

;7'<9:|

The last equality follows from the fact that

= 1nf{t >0 2N/ ZZ@;N(X;(S), X (s))ds > R},

p=1g=1
where R is an independent exponential random variable of parameter 1 under P" (see Proposition
2.2 of [12] for a rigorous proof). Hence (6.9) is established and the proof is complete. O

The following corollary is the key to the tightness of (X%, X¥~). Recall that AT is the
Feller generator of the diffusion X* = X+ on Dy \ AL, respectively.
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Corollary 6.4. Fiz any positive integer N. For any ¢+ € Dom(A*), we have
1= N: N77
MO = (o, XYY 4 (0, X

t
—/ (A, XIT) + (A0, X7 - éwaw(m +o-), X @ X T)ds
0

; (:{N’+7%N77) y 12
is an F; -martingale under P* for any p € En, where

(F(x,y), 1w (do) @ p~(dy)) = 15 ZZf i,y;)  whenever p=(N"1) 1., N7y "1,).
i ;

Mt(¢+ 7¢*)

Moreover, has quadratic variation

1 t
(ool = = / (<a+w>+ Vo, X)) + (Vo - Vo, X))
0
1
5 by (01 + 6202, X @ X)) ds (6.12)
and supco 7 E”[(Mt(m’qﬁ*))ﬂ < & for some constant C that is independent of N and p.

N+:{N)

Proof From Lemma 6.1, we have the following two ]_-t(f -martingales for ¢+ € Dom(A*):

L (AN A E I v / (A6, ET) + (A9, X7 ) ds and
N = (0 X + (0, E))?
t
= [ 20 Z) 4 on ) (e B 4 (4o X))
0

1 p— —
+N<<a+v¢+ Vo, X, )+ (a-Vo_ - Vo_, XL >> ds.

Note that Fy(u) = Fi(ut,pu™) == (¢4, u") + (¢_,u~) is a function in C(Ey), with the
convention that ¢4 (0F) := 0 and F;(0,) := 0. A direct calculations shows that

KFi(1) = 5 sy (04 +0-), 1" @ p7)

XN+ xN-)

Therefore, by Theorem 6.2, M, (¢+9-) i5 an F; ( -martingale. Similarly, F5(u) := ((¢4, uT)+

(¢p_,pn~))% € C(EN) and

KFB(p) == ((¢+,0") + (90— p7)) oy (o1 +0-), pt @ p7) + %%N(m +o-)% pteu).

Hence Theorem 6.2 asserts that

2
NEr9) (<¢+,35§V’+> + <¢7,3€iv’*>)

= [ 2 (t0n Y+ (o ) (AT X (A5 20)

17



= (V6 - Vou, 20 4 (a Vo Vo, x1)
—((o4, X0) + (o=, XN loy (D4 + 0-), XV T @ x107)

1
o o (61 + 0-)%, XTT @ X7) ds

N, 2
is an ]__t(xN i )_martingale. Since <Mt(¢+’¢*)> — Nt(m’qﬁ*) is equal to the right hand side of

(6.12), which is a continuous process of finite variation, it has to be [M(¢+¢-)],. This proves
(6.12). Therefore,

E“[(Mt(¢+’¢‘))2] — E# { [M(¢+’¢_)]t}

< 1</t (PF(a, Vo - Voy) 35N7+>ds+/1t (Pr(a Vo Vo ), X)) ds
— N B S ? 0 0 s ) 0
1 t
g l0s 621 [t 300 032 )
1
< (S0P + 147,12 @) (1017 + 4617 #)

1 t
#3104+ 670 [ (s, 2% 025 ) as,
0
where we have used (6.2) in the last inequality. Finally, we show that

t
sup / EBX[(lsy, XN T @ M) < 1. (6.13)
neEEN JO

Let (3~€N + XN '~) be the normalized empirical measure corresponding to the case Ay being

empty sets. By applying the martingale Mt(¢+7¢—) to the case AL being empty sets and ¢ =1
(now 1 is in the domain of the Feller generator), we have

/ Bt £V @ V)] ds = (1 &) — B £V <1
0

We then obtain (6.13) by a coupling of (X™*, V) and (XN+, xN7). The idea is that
(xN+ xN~) dominates (XM, XN7). This coupling can be constructed by labeling (rather
than killing) particles which hit Ay, using the same method of subsection 3.1. Hence we obtain

the desired bound for E“[(Mt(m’d)*))Q]. O

6.1.3 Tightness

The proof of tightness for (X™V:*, XV:7) is non-trivial because E [(&;N, it e f{év’_>2} blows

up near s = 0 in such a way that limy_o fg E [(E(;N, i{év”L ® %5’_)2} ds = 0o. To deal with this
singularity at s = 0, we will use the following lemma whose proof is based on the Prohorov’s
theorem. We omit the proof here since it is simple. A proof can be found in [21].

Lemma 6.5. Let {Yn} be a sequence of real-valued processes such that t fot Yn(r)dr is
continuous on [0,T] a.s., where T € [0,00). Suppose (i) and (ii) below holds.
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(i) There exists ¢ > 1 such that imy_,s E[th |Yn(r)|9dr] < oo for any h > 0,

(il) limano Imyoe P(f5° YN (r)|dr > €0) = 0 for any g9 > 0.
Then { [§ Yn(r) dr}nen is tight in C([0, T],R).

Here is our tightness result for (X", ¥¥:7). Note that it does not require Assumption 2.6.

Theorem 6.6. (Tightness) Suppose {6n} tends to 0. Then {(XN+, XN7)} is tight in D([0, T], 90N)
and any of subsequential limits is carried on Cyn[0,T]|. Moreover, {Jn} is tight in C([0,T1]),
where Jn(t) := fg sy s Nt e xl ) ds.

Proof Recall from Remark 5.1 that 90 is a complete separable metric space. Since Dom(AT)
is dense in Coo (D4 \ A1), we only need to check a ”weak tightness criteria” (cf. Proposition
1.7 of [27]), i.e. it suffices to check that {({¢4, XNF), (¢p_, XN7))}y is tight in D([0, T], R?)
for any ¢+ € Dom(A%*). By Prohorov’s theorem (see Theorem 1.3 and Remark 1.4 of [27]),
{({ps, XNHY, (¢, XN7))} v is tight in D([0, T], R?) if the following two properties (a) and (b)
hold:

a) For all t € [0,T] and &g > 0, there exists a compact set K (t,e9) C R? such that
(a)

supP (64, ), (6-, %)) ¢ K(t.20)) < 0.
N

(b) For all g9 > 0,

lim Tm Pl osup | (04, 20, (0o 207 ) = (04, X0), (0o, XDT))| > 20 | =0,

v—0 N—o0 [t—s|<vy
0<s,t<T
Property (a) is true since we can always take K = [—||¢+|loo, |+ |lcc] X [=|l@=]loos ||¢—|lcc]. To

verify property (b), we only need to focus on X+, Note that (writing ¢ = ¢ for simplicity)
by Corollary 6.4, we have

t 1 t
(6, 27) — (0, 2]F) = / (AT¢, X)) dr— o / oy &, X @) dr+ (M (t) = M(s),
(6.14)
where My (t) is a martingale. So we only need to verify (b) with (¢, %iv’+> — (¢, x") replaced
by each of the three terms on the right hand side of (6.14).
The first term of (6.14) is obvious since (AT¢, X2 T) < | At¢|. For the third term of (6.14),
recall that limy_, E [M N (t)Q] = 0 by Corollary 6.4. Hence, by applying Chebyshev’s inequality
and then Doob’s maximal inequality, we see that (b) is satisfied by the third term of (6.14).

For the second term of (6.14), we show that

t
lim lim P | sup / sy, XNFT @xN"Vdr>¢0 | =0. (6.15)
¥—0 N—oo [t—s|<vy Js
0<s,t<T
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Observe that, since (¢5,, Nt @ x7) is non-negative, it suffices to prove (6.15) for the domi-
nating case where Ay are empty. We now prove this together with the tightness of {Jx} at one
stroke by applying Lemma 6.5 to the special case ¢ = 2 and Yy(r) = ((5,, Nt g %{«V_>

Using the Gaussian upper bound (2.2) for the heat kernel of the reflected diffusions, we have

Jim [ B[y, X @ X ) ds < C(d, Diy D)o+l lp-|| |57 ds < oo
oo Jh h

The hypothesis (i) of Lemma 6.5 is therefore satisfied, since (?N’—i_, ?N’_) dominates (XN, xN:7).

It remains to verify hypothesis (ii) of Lemma 6.5, that is, to prove that for any gy > 0,
limg 0 My 00 P(Jp (@) > €9) = 0. By Corollary 6.4 again, for any ¢ € Dom(A™"), we have

t t
3 | (oo X0 @ XY ds = (02— (0.0 ¢ [ (A0, X ds M), (6.1

where My (t) is a martingale and limy_,o0 E [(MN(t))ﬂ = 0 for all £ > 0. Note that the left

hand side of (6.16) is comparable to Jy(t) whenever we pick ¢ € Dom(A") in such a way
that ls, ¢ ~ £5,. The idea is to pick ¢ ~ 1(p,),, then let r — 0 to bound Jx(t) from above.
Here 1(p,), is the set of points in D whose distance from the boundary is less than r. More
specifically, for any r > 0, let 1, € C (D) be such that ¢, = 1 on (D)., ¥, = 0 on Dy \ (D)o,
and 0 <1 < 1. Let ¢, € Dom(AT) N CT (D) be such that ||¢, — 1,||co = o(r). Such ¢, exists
since Dom(A™T) is dense in C(D,). Then (6.16) implies

0

IN

JIn(a)
[ s = i, 5 @ 27|+ (00, 3) — (00, ) + 146+ M)
0

IN

< o(r)In (@) + (¢, X0 + AT G| e + My ()] whenever 7 > 26.
This is because when r > 20, ¢,(z) is close to 1 on (D )s, . Hence we have, for r > 24y,
(1= o(r) In(a) < (6, X7 F) + [ A ¢ || a + [ My (a).

From this, we have

lim lim P(Jx(a) > 3<) < lim P (<¢,ﬂ,3€évv+> > eo(1 — 0(1"))) :

a—0 N—oco

Note that 0 < ¢ < 1(p,),, + o(r). So for r > 0 small enough,
P((6,X07) > 20(1 = 0(r) ) < P(A(p, 1, X)) > 20/2).

. L . Y
Moreover, since %év’+ — ug (z)dz with uf € C(D), we have

lim lim ]P)(<1(D+)2T,Xév’+> > 80/2) =0.

r—0 N—oo

Hence the second hypothesis of Lemma 6.5 is verified. We have shown that (ii) is true. Thus
(XN+, xN7) is relatively compact. Property (ii) above also tells us that any subsequential limit
has law concentrated on C([0,00),9) (detail can be found in [21]). O
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6.2 Identifying subsequential limits

Recall that we have already established tightness of {(X™'* X™~); N > 1} in Theorem 6.6.
Hence any subsequence has a further subsequence which converges in distribution in D([0, T, 90).
Let P> be the law of an arbitrary subsequential limit (X°F, X°7). Then P> ((X°F, X°7) €
C([0,00),9t)) = 1 by Theorem 6.6. Our goal is to show that

(2, %) = (up (b, 2)py (0)de, u_(ty)p—(y)dy) P —as.

An immediate question is whether X°> and X°~ have densities with respect to the Lebesque
. . +N,+ =N,— .
measure. For this, we can compare (XN, XN7) with (X X ) to get an affirmative an-

swer. The construction in subsection 3.1 provides a natural coupling between {(X™+, XxN:7)}
and {(?N’+,§N’7)}. We summarize some preliminary information about (X°°%, X°7) in the
following lemma. Its proof can be found in [21].

Lemma 6.7.
P2 (X010, < (PP 0)p, and (B77,00), < (P g o0),
fort >0 and ¢+ € Coo(D+ \Ai)> =1.

In particular, both X;° "+ and X7 are absolutely continuous with respect to the Lebesque measure
for t > 0. Moreover, (X%, 25°7) = (vi(t,2)ps (x)dx, v_(t,y)p_(y)dy) for some vi(t) €
By(Dy) with vi(t,z) < Prud (z) and v_(t,y) < P ug (y) for a.e. (x,y) € Dy x D_.

The characterization (X, X°>7) will be accomplished by the following result of “mean-
variance analysis”:

Proposition 6.8. For all ¢+ € Coo(D+ \ A1) and t > 0, we have
E*[(ve(t), ¢+)p,] = (ux(t), o), (6.17)
E®[(vx(t), ¢+)2,] = (ux(t), $2)7, . (6.18)
where vy is the density of X°°F, w.r.t. pi(x)dx, stated in Lemma 6.7.

We postpone the proof of Proposition 6.8 to Section 7, and proceed to present the proof of
Theorem 5.2.

6.3 Proof of Theorem 5.2

Proof Tightness of {(X™M+,¥N7)} was proved in Theorem 6.6. It remains to identify any
subsequential limit. We conclude from (6.17) and (6.18) that

(3, 64) = (us(t), 64),, and (X7, 60) = u (1), 9),_ P as

for any fixed t > 0 and ¢+ € Coo(D+ \ A1). Recall that (X°°F X°7) € C([0,00),M) by
Theorem 6.6 and that Cuo(D+ \ A1) is separable. Hence through rational numbers and a
countable dense subsets of C (ﬁi \ A1) to strengthen the previous statement to

P ((3€§°’+, X°7) = (us(t, 2)py (z)de, u—(t,y)p—(y)dy) € M for every t > 0) =1

This completes the proof of Theorem 5.2. O
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7 Characterization of the mean and the variance

The goal of this last section is to prove Proposition 6.8. We first strengthen a result from
Geometric Measure Theory .

7.1 Minkowski content for {(z,z): z € I}
We first look at a single domain and prove a related result.

Lemma 7.1. Let D C R?% be a bounded Lipschitz domain. If F C C(D) is an equi-continuous
and uniformly bounded family of functions on D, then

lim sup f( )dx — f(x)a(da:)‘ =0.

e=0 rer aD

Proof The result holds trivially when d = 1, by the uniform continuity of f. We will only
consider d > 2. The idea is to cut dD into small pieces so that f is almost constant in each
piece, and then apply (1.3) in each piece.

Fix n > 0. There exists § > 0 such that |f(z) — f(y)| < n whenever |z —y| < §. Since D
is bounded and Lipschitz (or by a more general result by G. David in [14] or [15, Section 2]),
we can reduce to local coordinates to obtain a partition {Ql Y, of D in such a way that for
any 4, @; is the Lipschitz image of a bounded subset of R?~! (hence it is (H9!)-rectifiable),
diam(Qi) < § and 0Q; is (H??)-rectifiable. Here 0Q; is the boundary of Q; with respect to
the topology induced by 9D.

Let (@) = {ac € D : dist(z,Q;) < €} and (0Q;)e := {z € D : dist(z,0Q;) < €}. Since
{(Qi)e \ (0Qi): Y, are disjoint and UN,(Q:): \ (0Q:): € D: € UN,(Q;)e, we have

N N
‘Z/ fdac—/ fd:r’SZ/ |f| dx. (7.1)
=1 (Qz)s De =1 (8Qz)s
Therefore, we have
‘1 fdz— / fda‘
€ JD. aD

N N
‘i/DEfdx—i;/(@i)afdx‘+‘i;/(@i)sfd:c—/wfda‘

N N
< iZ/aQ.)E |fdx+;‘i/@i)€fdx—/@ifda) by (7.1)
< i(ufuoo W f—f(&-)dx‘+!f(§z-)!‘|(Q;)a‘ )| +] [ 1=t ae])
i=1 i)e i
< 0> (194 o)) s 3 (0D 1@ q))).

=1 =1
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Since 0Q; and (Q;). are (H??)-rectifiable and (H?~!)-rectifiable, respectively, [22, Theorem
3.2.39] tells us that
lim ‘(an)s‘ — Hd_g(aQi) and lim ‘(Q )8’ — Hd_l(Qi),

i
e—0 0262 e—0 €

where ¢, := [{x € R™ : |z| < 1}|. Thus,

— 1
I e/DEfd“f‘/and"‘ <213 0(Q) =20(0D)n

Since n > 0 is arbitrary and the above estimate is uniform over f € F, we get the desired result.
O

Now we prove an analogous result for the interface I.

Lemma 7.2. Under our geometric setting in Assumption 2.4, if F C C(Dy x D_) is an equi-
continuous and uniformly bounded family of functions on Dy x D_, then

lim sup |(cg+1 5d+1)1/ f(z,y) d:cdy—/f(z,z) do(z)| = 0.
6=0 feF g I

Proof By the same argument as in the proof of Lemma 7.1, we can construct a nice partition
{Qi}Y| of I and apply [22, Theorem 3.2.39 (p. 275)]. The only essential difference is that now
we require 0Q; \ I to be (H9~2)—rectifiable, where JI is the boundary of I with respect to the
topology induced by 0D, or equivalently by 0D_. Moreover, instead of (7.1), we now have

‘g/cgi)éfdxdy_ /,jdmdy’ = é/(a |f| dady. (7.2)

Qi\oI)s

Note that we do not need any assumption on 91. O

Corollary 7.3. Suppose F C C(Dy x D_) is a family of equi-continuous and uniformly bounded
functions on Dy x D_. Then

lim sup ‘/m /D Ce(a,y) (2, ) dﬂcdy—/lf(z,z)a(dz)‘ ~0.

e—0 fer

Remark 7.4. Following the same proof as above, clearly we can strengthen Lemma 7.2 and
Corollary 7.3 by only requiring F to be equi-continuous and uniformly bounded on a neigh-
borhood of the interface I. We can also generalize Lemma 7.1 to deal with [, f(z)do(x) for
any closed H¢ !-rectifiable subset of J of @D, and by requiring F to be equi-continuous and
uniformly bounded on a neighborhood of J.

7.2 Martingales for space-time processes

In this subsection, we collect some integral equations satisfied by (X%, ¥V:~) that will be used
later to identify the limit. These integral equations can be viewed as the Dynkins’ formulae
for our annihilating diffusion system, and will be proved rigorously by considering suitable
martingales associated with the process (¢, (.’{iv’Jr, %iv_))

23



Lemma 7.5. Suppose X™ is an (a, p)-reflected diffusion in a bounded Lipschitz domain D killed
upon hitting a closed subset A of 8]_3 that is reqular with respect to X. Then for any T > 0 and
bounded measurable function ¢ on D\ A, we have

PA 6(XM) is a ng—martingale for s € 0,77, (7.3)
under P* for any x € D\A. Moreover, its quadratic variation is [ aV P & VPE o(XANr))dr.

Proof (7.3) follows from the Markov property of X, Denote by £(" the L?-generator of X (%),
Then for every ¢t € [0,T), P:/p\_ 0 € Dom(£L™). It follows from the spectral representation of

LA that
H E(A)PT/"\75¢HL2 <

Thus (s,z) — P} .é(z) for s € [O,T) and z € D\ A is in the domain of the Dirichlet form
for the space-time process (s, X S(A)). By an application of the Fukushima decomposition in the
context of time-dependent Dirichlet forms, one concludes that the quadratic variation of the
martingale s — PR ¢(X2) is IS aVP} ¢ VP2 ¢(X2(r))dr; see [31, Example 6.5.6]. O
As mentioned in Remark 6.3, a time-dependent version of Theorem 6.2 is valid. We now state
it precisely. A proof can be obtained by following the same argument in the proof of Theorem
6.2, but now to the time dependent process (, (%iV’Jr, %iv "7)). The detail is left to the reader.

T s

9l 22
T—s

Theorem 7.6. Let T > 0, and fs € Cyp(EN) and gs € B(EN) for s € [0,T]. Suppose

M, — fs(aef*,aef")—/ @ T ar
0

FNA+ V-
7% )

is a F\ -martingale for s € [0, T], under P* for any u € En. Then

M, = fo(&NH, 2N) - / (g0 + K £) (XN 2N) dr
0

N+ xN,—
15 a }}(x x )-martingale for s € [0,T], under P* for any p € En, where the operator K is

given by (6.3).

Consider X, ) == (X{7,--+, X;F, X7, , X)) € (DI)™ x (D?)™, which consists of inde-
pendent copies of X*’s. The transition density of X (n,m) W-I.b. P ) 18 p(m™)  where
n m
p" (8, (&, 5), () = [ [ o (b 2) [T o (8 y5,9))
i=1 j=1

n m
nm)fg Hp-l— Li Hp—
1=1 7=1

(n,m)
t

The semigroup of X, ,,), denoted by P, , is strongly continuous on

clvm) .= {® € C(DYy x D) : ® vanishes outside (D4 \ A4)" x (D_ VAL (7.4)
Clearly, CL% = Coo(Dy \ Ay) and COY = O (D_ \ AL).
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Corollary 7.7. Let n and m be any non-negative integers, T > 0 be any positive number and
d e C’ég’m). Consider the function f: [0,T] x En — R defined as follows: f(s, 0y) := 0 and for
an arbitrary element p € Ey \ {0}, we can write p = (3 Dica, lay, + > jea ly;) for some

index sets Ay and A_, then

f(S, 'u) = Z Z Pj(fi;n)q)(mu? ,l’i", yjl’... ’yjm),
i1, i J1, jm

distinct distinct

where the first summation is on the collection of all n-tuples (i1,--- ,in) chosen from distinct
elements of A, the second summation is on the collection of all m-tuples (ji,- - ,jm) chosen
from distinct elements of A_. Then we have

F(s (XN %)) / Kf(r, )@+, 25 dr
0

xN,+7xN,—)

s a ]:5( -martingale for s € [0,T], under P”, for any v € Ey.

Proof Clearly, f(s,:) € Cy(En) for s € [0,T]. By Lemma 7.5, we have f(s,Xs) is a FX

S
martingale for s € [0,T] for all T'> 0. Hence we can take g, to be constant zero and f, to be

f(r,+) in Theorem 7.6 to finish the proof. O

As an immediate consequence, we obtain the Dynkin’s formula for our system: For 0 < ¢ < T,
we have

B[f(T, (), 207)) = £t (0, x57)) - / K @R a] =0 (1)
t

Corollary 7.7 is the key to obtain the system of equations satisfied by the correlation functions
of the particles in the annihilating diffusion system. This system of equations, usually called
BBGKY hierarchy, will be formulated in the forthcoming paper [10]. The specific integral
equations that we need to identify subsequential limits of {(X™* X™:7)} are stated in the
following lemmas. These equations are a part of the BBGKY hierarchy.

Lemma 7.8. For any ¢+ € Coo(D+ \ Ax) and 0 <t < T < 0o, we have

E (64, XV + (0, XY —E [(PE_ior, X)) +(Pro-, 20| (7.6)

1 [T _ _
— _2/ E[(sy (P, é+ + Pp_,0-), XNT o xN7)] dr
t

and
E (64, X)) B [(Pf_i64, 27| (7.7)
= - /t U (P 61 ) (loy (P61, X @ 3Y7) ] dr + o),
where o(N) is a term which tends to zero as N — oo. A similar formula for (7.7) holds for

XN,
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Proof Since Dom(A%) is dense in Coo (D4 \ Ax). Therefore, it suffices to check the lemma for
¢+ € Dom(A%).
Identity (7.6) follows directly from Corollary 7.7 by taking f(s, u) = (P} ¢4, p7)+(Pp_ -, u™).

(
For (7.7), we can apply Lemma 7.5 and Theorem 7.6, with fs(u) = <P;5_qu+,,u+)2 and
gs(:u) - ]{f<a+vp’1f_s¢+ : VP;_S¢+7 1UJ+>7 to obtain

E (64, X3 — BUPE_ 64, X))

T

- / E[(Ph dp, X5 (65, (P 1), X 0 2] dr
t
1 T

tov | E 28, VPl 61 - VP by, XVF) + (lsy (Pf_,00)% XY T @ 207)] dr,

Note that the term with a factor % converges to zero as N — oo. This can be proved by the

same argument for the bound of the quadratic variation E“[(Mt(¢+’¢_))2] in Corollary 6.4. Hence
we have (7.7). O

We now derive the integral equations satisfied by the integrands (with respect to dr) on the
right hand side of (7.6) and (7.7). The integrand (with respect to dr) of the right hand side of
(7.7) is of the form

<¢,u+><w,u+®u‘>=%(ZZdK%) i) + 0D dlw)e(@i ),
i

0 i#l g

where ¢ € B(Dy x D_), ¢ = ¢4 € B(D4) and p= (& >, Loys & >.;1y;) € En. We define

(6, 1) e, it @ 7)) (7.8)

= (ZZP(U (9¢) (i, ) "'ZZZPN (¢¢) xg,:rz,yj))

ARETAN
= (P, “(w)(m,xz,y),u (day) © p* (daz) © p~ (dy))

+ 2 AP (6) () — PV (0g) ), i (de) © ™ (dy)),

In P (qbcp) we view ¢p as the function of two variables (a,b) — ¢(a)p(a,b); in P (d)go)
we view ¢y as the function of three variables (a1, az,b) — é(a1)@(az,b). The definition of P,

is motivated by the fact that f(s,p) := P}*_)s<¢+gp, pt @ pt ® o) is of the same form as the
function in Corollary 6.4.

Lemma 7.9. For(mygoECll), ¢+ € Co(Dx \ Ay) and 0 <t < T < o0, we have

El(p, X7 @ XN 7)] —E[(P1Y o, VT 0 2)V7))

1

= —Q/tTIER&sN(x,y) ((Fr(w,-), X7+ (F( ), 355’*)—]1,5(%?/))’

XNF(dr) ® xivv—(dy)” dr (7.9)
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and

El{gs, X)) (e, 20T 0 20 7)] - E [P, (610, 2T 0 2 0 277)]

_ _;/tTIER&;N(m,y) (<Hr<x,~,~>, 2N+ @ )

+<H7‘('7x7 ')7 %,’N,‘i’ & %7]“\7,7> + <H7"('7 '7y)7 %7]"V7+ @ %7]“\[,+>

e LB, ), %)  (Hy (o w,9), RY) + (B, ), X))

o (G, ), 2Y7) + (Gw), ZY) — (), )

+$ 2H, (2, 2,y) — Gr(x,y)o, N (dr) ® %iv’_(dy)>] dr, (7.10)
where F, = Py, Gr = P2 (64g) and Hy = P2 (6rg). A similar formula for (7.10)

holds for E [ (¢_, ) (¢ ,x%@%T >]
Proof We first prove (7.9). Consider, for s € [0,T], fs(u) = f(s,p) = <P7(w1 12(,0, pt®po).

Then (7.9) follows from Corollary 6.4 by directly calculating E[K ( IATENE T 7)] as follows:
If Un(Z,9) = p where (Z,9) € Ej(vm), then

~Kf(n) = 5y SN oy (i) <fr(u) B s Y O Nl{yj})>

i=1 j=1
= % ZZ Usy (s yj) <]\%2 (Z Fr (@i, u) + ZFT(:ck,yj) - F,,(xz-,yj)>>
=1 j=1 1 k
= I fonlaen ) (i) + g Br)t) = PG )
= %<€5N(<Fr, poYy+ (B = NI, pt @ o).

For (7.10), we choose f,(u) := P}*)S@W, pt@ut@u~) instead and follow the same argument
as above. The expression on the right hand side of (7.10) follows from the observation that, for
fixed (i,7), we have

1 _ 1
N’ <gr(u) A s e Y Nl{yj})>
= ZZHT(xiaxquf)+ZZHT(xp7xiay€>+ZZH7‘(xpaxq7yj)
p l p q
_ZH %,%»ye ZH 'Ipa:pivyj _ZHr(miaxqayj)+HT(xiamiayj)
q

—|—ZG (@i, ye) +ZG (#p, yj) — Gr(wi, )

_ZH 33@73%9( ZH xpaxpvy])—i_H(xZ)wl:y])
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The above expression can be obtained by using the Inclusion-Exclusion Principle. O

The next two sections will be devoted to the proof of (6.17) and (6.18), respectively.

7.3 First moment

The goal of this subsection is to prove (6.17) in Proposition 6.8. The following key lemma allows
us to interchange limits. This is a crucial step in our characterization of (X°*%, X°7), and is
the step where Assumption 2.6 that lim inf y_,o N 6% € (0, 00] is used.

Lemma 7.10. Suppose Assumption 2.6 holds. Then for any t > 0 and any ¢ € C&’l), as
e — 0, each of E® [(le¢, vi(t)py @ v_(t)p—)] and E [(E o, X N+ ® % )} converges uniformly
in N € N and in any initial distributions {(f{év’Jr,f{O 7)}. Moreover,

A%(t) = im E[(led, v1.(t)p1 @ v-(t)p-)] = lim lImE [<45¢, Mt g xfﬂ}

N’'—00e—0

for any subsequence {N'} along which {(XNT,XN7)}n converges to (X°°F,X%7) in distribu-
tion in D([0,T],9). Furthermore, |A°(t)] < [lo|l | B £ I1Pr gl o+l o~ (1)

Proof Since p+ € C(D4) and is strictly positive, for notational simplicity, we assume without
loss of generality that p; = 1. (The general case can be proved in the same way.) Recall from

(7.9) that for any ¢ € C’é},’l), ¢+ € Coo(D+ \ A1) and 0 < s < t < 00, we have
E (¢, " 0 2°7)| —E (P16, £+ 0 2007) (7.11)

1/t 1
= 5 [ B[ (to (P800 2y 4 PV 1) = R ) ¥ 0 2 |

Note that £.¢ € C&l;l) for € small enough since I is disjoint from Ayr. We fix s € (0,¢). Putting
le, ¢ and L., ¢, respectively, in the place of ¢ in (7.11) and then subtract, we have

6 i= |El(le, 6, X @ X)) ~ El(fe, X 0 27 | (7.12)
_ ‘ [(Fy, XN+ @ %) / [<£5N<Fr,%fy">+(Fr,%,{V’Jr)—%Fr),%fy’*@%,{v’_ﬂdr)
< e[irl 20T ] 5 B ( A ES

+%E[< D T S S >}+—E{<]€5NF,?ﬁv’+®¥,{v’_>]dr
<

| P (| F) || + 2/ (A + Ag + A3) dr,

where F, 1= P (6,6 = £,0), Ay = | PO (65 POV (ED) |
and Ag := N H Pr (‘E SN FTD H

Clearly HPSQ’U (IFs]) || < [ Fs|l. By applying Lemma 7.2 to the equi-continuous and uniformly
bounded family

{(l’,y) = ¢(‘T)p(t -5, (avb)v (:c,y)) : (avb) € E-‘r X E—} C Céé’l) C C(E-‘r X E—)v
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we see that ||Fy|| converges to zero uniformly for N € N and for any initial configuration, as &1
and g9 both tend to zero.

By definition of A;, (1.3), the Gaussian upper bound estimate (2.2) for the transition density
p of the reflected diffusion, we have

A= s [ + [t (su0 P (7D () ) o ). (o)

IN

((Sup) P (|F.]) (m,y)) C(d’[;j") if N> N(d,Dy,D_).
T,y

Using this bound, we have

t
/ AldT

c [ — (1 pLD)
< = ’ —
< G [ awr (1R o ta0)]) ) ar
C t—s
= (s;gpt_w (1P (6 = 1,6)) (1) duo
C N e |
- ¢ / up ‘ / / (e — £0y) (&, G)p(w <m,b>,<x,y>>dmdy'p (t = w.9.)db) duw
S 0 (z,y) D4 _
< — . .
< 5 (/0 Tt e | D (6,6 — Loy ) Hdw (7.13)

The last inequality holds for any « € (0,¢ — s). This is because

sup/ / / (Z,9) p(w, (z,b), (z,9))dzdygp™ (t —w,y,b)db
() Dy JD_

_ sup/ 0(&,9) P (w, 2, 7) p (£, y, §) d df
(z,y) Dy

by Chapman-Kolmogorov equation for p~
2C(d,D4,D_,T) p—y
Vw
Hence, from (7.13), by letting « | 0 suitably and applying Lemma 7.2 to the equi-continuous
and uniformly bounded family

<

by applying the bound (2.3) on D,.

{(a:,y) = o(z) p(w, (a,b), (x,y)) : (a,b) € Dy x D_, w € [a,t — s]} c C(Dy x D),

we see that fst Ay dr converges to 0 as €1 and €9 tends to 0 uniformly for N large enough. The
same conclusion hold for fst Ay dr by the same argument.
So far we have not used the Assumption 2.6 of liminfx_oc N 0% € (0,00]. We now use this

assumption to show that fst As dr tends to 0 uniformly for N large enough, as €1 and €5 tend to
0. By a change of variable r — t — w

t—s
/ Asdr / sup/ / (t —w,(a,b),(z,y)) E(;N x,y) ‘P(ll (leyd — Ly @) (2, y) | dudy dw
Dy

(a,b)
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204 @1 Cy [t°
wmﬁm()Vw“”WmﬂL [P (lerd = beat) | o

The last inequality holds for any a € (0,t — s), where C; = Ci(d,Dy,D_,T,¢) and Cy =
Cy(d, D4, D_). This is because for £ > 0,

ap [ ([ [oe g))@(@g)dmg) Pt = 0, (0,0), (2,9)) 5L (2,9) oy
e

< ——— = supsup / / w, (z,y), (&, 9))pt —w, (a,b), (z,y)) dydz
cqq1€9t1 (ab) (2,7) Cd+1N5d 5N D_NB(z, 5N
15| C(d,D-) / .
< e ; p
= gt )2 Sl;psgp Cd+1N5§lVH D+Np t(w,z,2)pT (t —w,a,r)d
[I°]  C(d,D-) C(d,Dy) 1 . ]
= CdJrlf":d—*_1 td/2 Sd/2 Sl;p Cd+1N(57V+1 DiN p (wa xz, iU) dx
by the Gaussian upper bound (2.2) for p*
Ic d,Dy,D_) 1
o for N > N(d, D+),

ca e S22

by the assumption 1}\rfn inf N 6% € (0, 00] and the bound (2.3) on D,
—00

In conclusion, we have shown that {E[(fgqb, %iv T ® %i\f*ﬂ} . is a Cauchy family and con-
e>

verges as € — 0 to a number in [—00, 0o|. Furthermore, the convergence is uniformly for N large
enough and for any initial configuration. On other hand, since {(X"* XV ~)}y converges in
distribution to a continuous process to (v (-, x)dz, v_(-,y)dy) and (u™, u=) — led, p* @ =)
is a bounded continuous function on 9, we have

E™ (€0, vi () @ v- ()] = lim E (o, X" 0 %)

N’'—o00

for all ¢ > 0. Hence the proof for the convergence of lim._,g E® [{{.¢, vy (t) ® v_(t))] is the same.
Finally, the bound for |A?(t)| follows directly from Lemma 6.7 and Lemma 7.2. This bound also
tells us that A?(t) actually lies in R. O

From the above lemma, we immediately have

Corollary 7.11. Suppose that Assumption 2.6 holds and {N'} is any subsequence along which
{(xXNF xN7) v converges to (X597, X°%7) in distribution in D([0,T],9M). Then for ¢ €
Coo(Dy \Ay)UCs(D_\ A_), we have
lim E[((5,, ¢, xNF @ xN TV = A%(r)  forr >0, and
N'—o0

t t
Nlim E [<€5N,¢, Nt @ .’{,{V/’W} dr = / A®(r)dr for0 < s <t < oo. (7.14)
/=00 s

s

Question. It is an interesting question if one can strengthen (7.14) to include s = 0.

We can now present our proof for (6.17) by applying a Gronwall type argument to (7.18).
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Proof of (6.17). Without loss of generality, we continue to assume pi = 1. Recall from (7.6)
that for ¢ € Coo(Dy \ Ay) and 0 < s < t < 00, we have

t
E[(0+,20)] ~E[(BL,00,350)] = =5 [ B[ty BE,00 2V 020 )] dr. (115)

y (7.14), we can let N — 0o to obtain

E¥(61, 02 (0)] - BB 0 on(o)] = 32~ | [ AR @yar| @0

for 0 < s <t < oo. Now let s — 0. By the uniform bound for (v4,v_) given by Lemma 6.7, the
continuity of (v4(s),v_(s)) in s and Lebesgue dominated convergence theorem, we obtain

e—0

E%[(6,, vy (8))] — (P s, u) = ; /0 m E™ [(6 By, va(r) @ v_(r))] dr. (7.17)

Using the first equation in (4.1) in the definition of (uy,u_), the above equation (7.17) also
holds if we replace (v4,v_) by (u4+,u—). On subtraction, we get

(64, ws(t) — E=[os (1) (7.18)
- 2 /0 tiny [ / ) Bt 64 @) (ws (2 () — B¥[os (r2)o_(r,9)]) didy dr.

The above equation holds for ¢ € Coo (D4 \Ay) (and since py has support in the entire domain
D), so we have

— E®[v (t)] (7.19)
= —/O 21_13%/ D+£ zy)pt(t—r ) <u+(r,x)u_(7’, y) — Ex¥vs(r, z)v_(r, y)]) dxzdy dr

almost everywhere in D, .

Let wy(t) := ug(t) —E>®[vs(t)] € By(D4) and |[Jw(r)||+ be the L* norm in Dy. Then by the
a.s. bound of vy in Lemma 6.7 and a simple use of triangle inequality, we have ||u (r, z)u_(r,y)—
E* v (r, 2)o- (r, )]l < (lug | - ()| + llug || w+(r)]). On other hand,

/ / (x,y)p" (t —r,z,a) dxdy (7.20)
Dy

= cdﬂedﬂ/ pT(t —r,z,a)drdy

o Sy 7
< - pt(t—r,z,a)dydr
Capret - Jn@eonn: ( )
B(x,e) N D=
< % pt(t — 7z, 0) de
Cd+1€ D3,
C(d,D ~ _
< ¢ D) +C(d, D) uniformly for a € Dy, for e < e(d, D).

Vit
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Using these observations, it is easy to check that (7.19) implies

o < [ 0+ o e ) S22 (721
By the same argument, we have
o1 < [ a0+ o e ) S 2= (7.22)
Adding (7.21) and (7.22), we have, for C = C(||ud ||, ||lug ||, d, D+, D_,T),
¢ 1
oy (D)4 + [w-@B)]- <C /O (w— ()l + [ (r)1) = (7.23)
By a “Gronwall type” argument (cf. [21]), we have ||w4(t)||+ + |Jw=(t)||= = 0 for all ¢ € [0,T].
Since T > 0 is arbitrary, we have ||Jwy(t)|+ + [[w—(¢)||= = 0 for all ¢ > 0. This completes the
proof for (6.17). O

7.4 Second moment

In this subsection, we give a proof for (6.18) in Proposition 6.8. We start with a key lemma that
is analogous to Lemma 7.10.

Lemma 7.12. Suppose Assumption 2.6 holds. Then for anyt > 0 and any ¢ € Coo(D+\AL), as
e — 0, each Of]EOO |:<¢7 U+(t)>p+ <€ (Z)v 'U_A,_(t)p+ ®v- (t)p—>:| and E |:<¢7 N7+><€ ¢7 %i\[7+ ® %iv’_>:|

converges uniformly for N € N and for any initial distributions {(X, XNt %0 )}. Moreover, we
have

Bt) = LmE® (6, vy (1), (6, vi(t)ps @0 (t)p-)]

e—0

—  lim lmE [<¢>, 2Ny 0., XN ®3€{V"—)] eR

N’—00e—0

for any subsequence {N'} along which {(XNT,XN:7)}n converges to (X°F,X°7) in distri-
bution in D([0,T],9M). Similar results hold for ¢ € Coo(D— \ A_), but with (¢, v_(t)), and

o
(¢, .’fiv_> in place of (¢, v4(t)),, and (¢, X ’+) respectively.

Proof The proof follows the same strategy as that of Lemma 7.10, based on (7.10) rather
than (7.9). We only provide the main steps. Without loss of generality, assume ¢ = ¢4 €
Coo(Dy \ A}) and py = 1.

Suppose t > 0 and s € (0,t) are fixed. Then (7.10) implies that

0 = ]E(¢>, XNl 25T @ X)) = (0, X Nl X7 0 X)) | (7.24)
< B (PO (@) (e (@2, ) = beywa, y))b(wa), X (drr) @ X (doa) 0 X7 (ay))) |

¢
/ |:<€5ny ( ( 7'7')7%1{V,+®%7{V7_>
+<HT(‘7 7‘)7 %7N7+ ® %T]'V77> + (HT’('7 ‘7y)7 %TZ'V7+ ® xi\/v7+>
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% [<2H ( )7 %7]"\[77> + <HT('71:7?/)7 37]’\]7+> + <Hr(x7 '7y)’ }:i\fﬁr)]
+% [<Gr(x7 ')7 x7]"\[77> + <GT('ay)7 %1{\[7+> + <Hr('7 'ay)v :{7{\[7+>]
1
Nz

281 (2.2.1) - Gu)] ), o) & X2 ) |

where
G, = ‘Ptl 1)<¢2(ac) (ley (z,y) — Loy (z, ) )’ eclYceD, xD_) and
H, = ‘p 2, ”( Vo(@2) (Ley (2, 91) — Coy (22, 11)) )( eV co(D; xD.).

In the formula for G, above, Pt(f’rl)(gp(m, y)) € C(Dy x D_) is defined as

(a,b) = [ pOVE =7, (a,b), (z,y)) dedy.
D+><D,

The expression Pt(z’,,l)(np(a:, y)) is defined in a similar way.

Comparison with (", ) then yields
O < (1+ ) IH,ll + 1 G, H+/St<i&+Bl+B2>dT= (7.25)
where, with abbreviations that will be explained, B
A= [ PO (b, ) [POV H ) ) |
4 = ||POD (45w || POV (2, )] |
Ay = || POY (b, )| PEOHC )] |
A= [P (65 )| POV H e, ) |
Ay = % pty (ﬁaN(myHP“’H(wx,y)}D H
Ag = % P (L (@,9) [ PO H (-, 9)]) |
A= < [ POY (6@ )| POVG ) |
s = | B (6 )| BOGC o)) |
Ay = % 00 (65, (,9) [ PP HC )] |
Bi o= oy || PO oy (o) () |
By = WHP’SM (%M%@&(%WH

In the above, the first Pﬁl’l) acts on the (z,y) variable, while the second Pr(i’j ) in each A; acts
on the ¢ - 7 variable. Beware of the difference between PT(Z’O)HT(-, -, y) and P,gl’o)Hr(‘, y) in
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As and Ag respectively. In fact, P;Q’O)HT(, -,y) is defined as the function on ﬁi which maps

(a1,a2) to [pe p@O(r, (a1, az), (x1,22)) Hy (21, 20, 7y) d(z1, 22), while PT(I’O)HT(-, -,y) is defined
T

as the function on D, which maps a; to fD+ p(1:0) (r, a1, x) Hy(z, x,y) dx.

The rest of the proof goes in the same way as that for Lemma 7.10. For example, note that

IHsll = sup

(a1,a2,b1)

/ (w1)6(w2) (b (22, 11) — Loy (22, 31)
D2+><D,

PPVt = s, (a1, a9,b1), (21, 72, 91)) d(1, 72, Y1) )
By applying Lemma 7.2 to the equi-continuous and uniformly bounded family

{(@1,22,) = d(1)d(x2) p®D(t=5, (a1,a2,b), (x1,22,9)) : (ar,a2,b) € Dy xD_} € C(D;xD-),

we see that ||H|| converges to zero uniformly for N large enough and for any initial configu-
ration, as €1 and €3 both tend to zero. The integral term with respect to dr can be estimated
as in the proof of Lemma 7.10, using the bound (2.3), Lemma 7.2 and Assumption 2.6 that
liminfy 00 N 6% € (0, 00].

We have shown that {E [(gb, N, 2V @ %iv_)]} . is a Cauchy family which con-
e>

verges, as ¢ — 0, uniformly for N large enough and for any initial configuration. Hence B?(t)
in the statement of the lemma exists in [—o0, 0o]. Finally, we have B?(t) € R since |B?(t)| < oo
by Lemma 6.7 and Lemma 7.2. O

From the above lemma, we immediately obtain

Corollary 7.13. Suppose Assumption 2.6 holds and {N'} is a subsequence along which {(%N’Jr, %N’f)}
converges to (X°T X°7) in distribution in D([0,T],9M). Then for ¢ € Coo(D4 \ Ay),
Nlim E [(qﬁ, %iV/’JF)(&;N,qb, kAR %ivl’_)] =B%(r) forr>0, and
'—00
t

t
lim [ E [<¢, XNV e, 0, XN @ :{fY“*)] dr = / BO(r)dr for0<s<t<oo (7.26)

!
N'—oo Jg

We are now ready to give the

Proof of (6.18). As before, without loss of generality we assume py+ = 1. Recall from (7.7) that
for = ¢4 € Coo(Dy \ Ay) and 0 < s <t < 0o, we have

E[(¢, X, ")%] — E[(PL 6, X)) (7.27)
t
= _;/ E[ <Pttr¢7 x7{V,+> <£5N (Pttr¢)7 %£’V7+ ® %'f'v7_> ] d7’ + O(N)

Letting N' — oo in (7.26), we get

E= ({6, v+(0)") ~ EX(P7 6, vs ) == [ BR*(0)ar
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for 0 < s <t < oco. Now let s — 0. By the uniform bound for (v4,v_) given by Lemma 6.7, the
continuity of (v4(s),v_(s)) in s and the Lebesgue dominated convergence theorem, we obtain

B (61, vs ()] ~ (P, )P =~ / lim B> (P, vs (M) {lePF oo, v (r) @ v-(r))] dr.
0 (7.28)

Using the definition of (u,u_), the above equation (7.28) also holds if we replace (vy,v_)
by (u4+,u—). On subtraction, we get

B0, v (0]~ s = 5 [ e[ (P00 (0) (B0 04 8 u-(0)
0

e—0
B, () WP 6, 0 (r) @ 0 | dr (720
The left hand side of (7.29) equals E*®°[(¢, v () — uy (£))?] because E*®[(¢, v (£))] = (¢, u (1))

Since E*®[{(. P, ¢, vi (1) @v_(r))] = (l P .0, us(r) @ u_(r)), the integrand in the right hand
side of (7.29) with respect to dr equals

lm B [((PF, 6, v+ () © v (1) (P, us () = v ()] < CE [ (B0, () = va ()] ]

The constant C' = C(¢, f, g, D+, D_) above arises from the uniform bound for v(r) in Lemma
6.7 and the bound (2.3). Hence we have

E[(, vi (1) — up (1)) < C /0 B [ [(PE o, ui () = vi ()] ] ar.
Letting wy (t) = u4(t) — v4(t), we obtain
E[(0. we (D)) <C [ B[P0 wi () ar (7.30)

We can then deduce by a ” Gronwall-type” argument that E®[(¢, w. (t))*] = 0 for all ¢ > 0. In
fact, by Fubinni’s theorem, the left hand side of (7.30) equals

/ (1)6 () B w (£, 21w (£, 32)] day dava, (7.31)

Dy JDy

and the integrand with respect to dr of the right hand side of (7.30) is

/ ¢(a1)¢(a2)/ / pT(t—r,z1,a1)pt (t—r, 22, a2) E¥[wy (t, 21)wy (t, 22)] dz1drodaidas.
Dy JDy Dy JDy

Hence for a.e. aj,as € D, we have

Clwy (t, a)w4(t, az)]

< C / / / Tt —r,x1,a10)pt (t — 7,22, 02) E®[w, (t, 21)wy (¢, 22)] dx1 dog dr.
D, JDy

Let f( ) = p( )652 {Em[w+(t,a1)w+(t,a2)] ) 7(75) <
ap,a2 + .
c fo r)dr. Note that f(r) € L[0,¢] since it is bounded. Hence by Gronwall’s lemma, we

have f(t) = 0 for all ¢ > 0. This together with (7.31) yields E®[(¢, wy(t))*] = 0. Hence
E>®[(¢, vy (t))?] = (¢, uy (t)). The same holds for v_. This completes the proof for (6.18). [
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