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Abstract Consider a system of particles evolving as independent and identically dis-
tributed (i.i.d.) random walks. Initial fluctuations in the particle density get translated
over time with velocity 9, the common mean velocity of the random walks. Consider
a box centered around an observer who starts at the origin and moves with constant
velocity v. To observe interesting fluctuations beyond the translation of initial density
fluctuations, we measure the net flux of particles over time into this moving box. We
call this the “box-current” process.

We generalize this current process to a distribution-valued process. Scaling time
by n and space by /n gives current fluctuations of order n¢/4 where d is the space di-
mension. The scaling limit of the normalized current process is a distribution-valued
Gaussian process with given covariance. The limiting current process is equal in dis-
tribution to the solution of a given stochastic partial differential equation which is
related to the generalized Ornstein—Uhlenbeck process.

Keywords Independent random walks - Hydrodynamic limit - Current fluctuations -
Distribution-valued process - Generalized Ornstein—Uhlenbeck process
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1 Introduction

In a system of independent random walks in dimension d > 1, the hydrodynamic
limit of particle density, under Euler scaling, satisfies the scalar conservation law

du(x,1) + Vi - fulx, 1)) =0, (1.1)
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with u(x,0) = ug(x) as the initial particle density and where r > 0, x € R? and
f(u) = uv, v being the mean drift of the random walks. What we mean by this
hydrodynamic limit is the following. If we start with a sequence of initial particle
configurations {ng(m) : m € 74} satisfying

1
7 Z Tlg(x)—>/uo(x)dx in probability
n A

xenANZ4

where A C R? is a bounded box, then the particle configurations at subsequent times,
n; (-), satisfy

1 n
d — s dx i babilit
o E Mt (X) /Au(x )dx in probability

xenANZ4

where u(x,t) satisfies (1.1) with initial condition u(x,0) = ug(x). This hydrody-
namic limit picture indicates that on time and space scales of O(n) we see shifts in
the particle profile along characteristic lines of (1.1) given by ny + nvt, y € R¢. To
capture diffusive fluctuations about these characteristic lines, we consider a box of ra-
dius O (4/n) moving with the characteristic velocity v, and we look at the net inward
flux of particles across the boundary of this moving box. The measurement of this net
flux of particles gives us what we call the ‘box-current’ process. We generalize this
box-current process to a distribution-valued process. In Sect. 2.3, we give a precise
definition of these current processes and explain the connection between the current
process and fluctuations about the hydrodynamic limit.

The question we resolve in this paper is the size and the distribution of the scaling
limit of current fluctuations. It turns out that the current process scaled by n=/4,
where n is the scaling parameter, gives us Gaussian scaling limits. The limiting
distribution-valued current process can also be attained as the solution of a stochas-
tic partial differential equation. An alternate representation of the limiting current
process as the solution of a stochastic differential equation is given in Sect. 2.5. The
limiting current process is expressed as the sum of two independent stochastic inte-
grals, where one of the integrals is a generalized Ornstein—Uhlenbeck process.

In 1985, current fluctuations in a system of independently moving particles was
studied in [2] in connection with the asymptotic behavior of trajectories in an infinite
particle system with collisions. Seppéldinen, in [10], found the scaling limit of cur-
rent across characteristics in the one-dimensional system of asymmetric independent
random walks. His work was extended in [7] where shifts in characteristics at the
diffusive scale were allowed. In both cases current fluctuations were of order n'/4,
where n was the scaling factor, and Gaussian scaling limits were obtained. In [7], a
representation of the limiting current process as the sum of two stochastic integrals
was given for the one-dimensional case which agrees with the results in Sect. 2.5 of
this paper. While in the one-dimensional system of independent random walks there
is a connection between the position of a tagged particle under elastic collisions and
a current process (see [2]), there is no such obvious connection in higher dimensions.

Equilibrium fluctuations in particle density, in a system of independent Markovian
particles in multiple dimensions, was studied by Anders Martin-Lo6f in 1976 [8]. Our
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results about current fluctuations hold in the equilibrium as well as non-equilibrium
case, under the assumption that the initial distribution of number of particles at each
site on the lattice Z¢ is i.i.d. It is interesting to note that in the absence of fluctuations
in the initial particle configuration (i.e. if we start with a deterministic initial config-
uration), our limiting current process is a generalized Ornstein—Uhlenbeck process.
Generalized Ornstein—Uhlenbeck processes appear as the fluctuation limits of sev-
eral infinite particle systems in the literature, for example see Chap. 11 of Kipnis and
Landim [1, 4, 6, 8].

Fluctuation results for other asymmetric models in multiple dimensions can be
found in the literature. We mention some of these. In multiple dimensions, equi-
librium fluctuations for a tagged particle in asymmetric exclusion processes and in
asymmetric zero range processes have been studied in [11, 14] and [13] respec-
tively. The diffusion coefficient for the two-dimensional asymmetric simple exclu-
sion process was studied in [15]. In [12], Sethuraman proves superdiffusivity of
occupation-time variance in the two-dimensional asymmetric exclusion process.

In this paper we extend the results of [10] and [7] to multiple dimensions. We also
generalize their results from a simple real-valued current process to a distribution-
valued current process. Our proof parallels the proof in [10] and [7] in several places.
Some significant differences arise in the treatment of a distribution-valued process.
As is typical for process-level distributional limits, our proof is in two stages: first, we
prove convergence of finite-dimensional distributions and second, we prove tightness
of the current process. We omit parts of the proof that are similar to parts in [7] and
refer the reader to [7] for details.

This paper is structured as follows. Section 2 contains a description of the inde-
pendent random walks model, the current process and a statement of our results. The
stochastic partial differential equation satisfied by the limiting current process and its
solution are also mentioned here. In Sect. 3 we find the finite-dimensional distribu-
tion limits of the process. We prove tightness of the process and complete the proof
in Sect. 4.

2 Model and Results
2.1 Independent Random Walks Model

Let d > 1 denote the space dimension. We start with an initial configuration of par-
ticles on Z¢ denoted by {no(x) : x € Zd}, i.e. no(x) is the number of particles at site
x at time 0. These particles evolve like independent, identically distributed (i.i.d.)
continuous time random walks. Let X, ;(¢), m € 74, j=1,...,n0(m) denote the
position at time ¢ of the j-th random walk starting at site m. Let {n,(x) : x € Z¢}
denote the occupation variables at time ¢ i.e. ;(x) is the number of random walks
(particles) at site x, at time ¢. Clearly,

no(m)

n() =y Y YXu () =x},

meZd j=1

xeZq.
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The common jump rates of the random walks are given by the probability kernel
{p(x) : x € Z¢} where we assume

> px) =1
xezd

The common transition probabilities of the random walks is given by

O -tk
P(Xon G+ 0 =X ) =x) = 3 p P — ),
k=0 ’
where
PP@= " > pE)-(2)-p)

X1+x2+-+xp=2

is the k-fold convolution of the kernel p(x).
We make the following assumptions.

Assumption 2.1 The initial occupation variables {no(m) : m € 7%} are i.i.d. random
variables with exponential moments i.e.

Efmm g

for some 6 > 0. Let pg := Eng(m) and vy := Varng(m).

Assumption 2.2 Given {no(m) : m € Z¢}, the evolution of the random walks
{(Xim,j(@) — Xm,j(0) :m € Zd,j =1,...,n0(m)} are i.i.d. continuous time random
walks on Z¢ starting at the origin, independent of 7o(-). We can assume without loss

of generality that the common jump probability kernel {p(x) : x € Z¢} is not sup-
ported on a hyperplane in RY. Let

U= pr(x)

denote average velocity of the random walks. Define a d x d matrix a, related to the
second moments of the random walks, as

a; )= > xixpo),

and choose matrix « such that

Assumption 2.3

for some § > 0.
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2.2 Some Standard Notation
We define the norm of x = (x1, ..., xg) € R as
|x| ;== max |x;].
1<i<d

For x € R, define

largest integer <x, ifx>0
[x]:= ] ] 2.1
smallest integer > x, ifx <O0.
Define
[x]:= ([x1]. ..., [xa])
for x = (x1,x2,...,x4) cRY,
Let
g (N ()
0x1 dxg
for a multi-index o = («q, ..., og) with o; > 0. For any nonnegative integer N and
multi-index o = (a1, ..., ag), a; > 0, define

1f v = sup {(1+1x1) ¥ [8% £ (o)}

xeRd

Let S(RY) denote the space of Schwartz functions. Recall that this space of functions
is defined as

S®RY) :={f e C®[RY) : || fll(va) < 00 YN, }.

We denote the dual of the Schwartz space as S’(R?). For any bounded subset B of
S(RY), let

qp(f)=sup|f@)|. feSRY).
$eB

Then {gp} is a family of semi-norms on S’(R¢) which defines the strong topology
on &' (RY). Fix T > 0, let D([0, T'], S’(R%)) be the space of mappings from [0, T'] to
S’(R?) that are right continuous and have left-hand limits in the strong topology of
S'(RY).

2.3 The Current Process and Fluctuations About the Hydrodynamic Limit

Let
By = {x eR?:|x| < M}
be a box centered at the origin with radius M. Suppose this box is centered about

an observer who starts at the origin and moves with constant velocity v. We define
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the ‘box-current process’ as the net inward flux of particles across the boundary of
this moving box, over time. Thus the box-current at time ¢ is simply the difference
between the number of particles inside the box at time ¢ and the number of particles
initially inside the box. Scaling space by 4/n and time by n, we construct a sequence
of scaled box-current processes given by

£t 1,) i=n"* " {0 (i + [n01]) — o)}

iGBMﬁ

no(m)

= n S S U X jur) € By g+ Dnil) — 1im € By )]

meZd j=1

In words, &,(, 1p,,) measures the cumulative net current of particles into the box
By s up to time nt as the box moves with fixed velocity v.

We generalize the above box-current process to a distribution-valued process by
taking the weighted average of the differences {n,;(i + [nvt]) — no(i)}, where the
weights are given by values of a Schwartz function. For ¢ € S(R?) and ¢ € [0, T,
define

En(t, @) i=n"")" {cﬁ(%) (e (i + [nt1) — 10(0)) } (22)
iezd "

This is our current process. Observe that &, (-, -) € D([0, T], S’ (R9Y). We can rewrite
En(t, @) as

En(t» ¢)
. no(m)
— Z ¢(17)i Z Z [{Xn,j(nt) =i + [nVt]} — 1{m = i}]}
iezd " meZd j=1

1o (m) ) —Tnv
3 Y [QS(W)(Z 1{Xm,j(nz)=i+[m7t]}>

meZd j=1 iezd

()]

1o(m) . —[nov
—rt 5 [o(Res ) ()] .

meZd j=1

In the last line of (2.3) we are summing over all random walks and adding their
contributions to the current. This is a more tractable form of the current process com-
pared to its initial definition in (2.2) and we will use this definition henceforth for the
current process.

As in [10], here too there is a connection between the current process and what
the author in [10] termed the “second-order fluctuations” from the hydrodynamic
limit. We explore this connection below. Let (£2, F, P) be the underlying probability
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measure space for our independent random walk process. By our assumptions, under
‘P, the initial occupation variables {no(m), m € 7%} are i.i.d. random variables and are
independent of the evolution of the random walks {X,;, ;j(:) — X, ;(0) :m € 74, ) =
1,...,no(m)}. Under these assumptions we get

n~2y" ¢>( )nm i+ [nir]) =5 po/ d(x)dx in L3(P) forall 1 >0,

iezd xeRd
(2.4)
where E[no(m)] = po. (For general initial conditions with E[ng(x)] = ,00(%), the

right hand side would be f p(x, )¢ (x)dx where p(x, t) is the solution of a diffusion
equation with initial condition pg(-). Since po(x) = pg is a constant in our problem,
we get p(x,t) = pp.)

We can express &, (¢, ¢) as the difference of two terms:

E,(t,¢) = nd/4|:( —d/2 Z ¢< )nm i + [nvt]) / o (x) dx>
xeRd

iezd

(el o]
(n i§i¢<ﬁ no(i) — po xequﬁ(X) x

Using the observer as a frame of reference, the first term is the fluctuation from the
hydrodynamic limit at time # and the second term is the fluctuation from the hydrody-
namic limit at time 0. Thus, &, (¢, ¢) is obtained by subtracting the initial fluctuations
from the hydrodynamic limit from the fluctuations at time ¢ from the hydrodynamic
limit, as seen by the observer, and scaling this difference by n%/#. The current process
therefore looks at fluctuations beyond the rigid translation of fluctuations in the initial
configuration along the characteristic line y = x + vt.

2.4 Results

Recall that {p(x),x € Z?} denote the common jump probabilities of the random
walks. Let X (¢) be a continuous time random walk starting at the origin, with jump
probabilities p(x). Henceforth, in this paper, X () will always denote such a random
walk. By the martingale central limit theorem (refer pp. 339-340 in [3]), we have

X (nt) — [nvt]
Jn

where B(t) is standard d-dimensional Brownian motion. The probability density
function of « B(t) is given by

== Kk B(t)

o i A jxixj
- dx
2r1)?? /det(a)

(Note: Since p(x) is not supported on a hyperplane in R¢, a is positive definite.)

pi(x)dx = P(kB(t) € dx) = (2.5)
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Define
o1((s, 9), (1, 9)) :=f f SNV (@) pl—s)(z — y)dzdy
R4 JRRd

—/ [ ¢V () pi4s(z— y)dzdy (2.6)
R4 JRY

and

o2((s, ), (1,9)) == fRd fRd¢(y)w(z)pt+s(z—y)dzdy
—/ / oMV (@) pi(z—y)dzdy

Rd Rd
—/ / PNV () ps(z —y)dzdy

R4 JRY

+ /Rd ¢ ()Y (x)dx (2.7)
where p;(x) is the probability density function of k¥ B(¢) given in (2.5).

Theorem 2.1 Under Assumptions 2.1-2.3, as n — o0, &,(-, -) — &(-, -) in distribu-
tion in D([0, T1, S'(R?)) where £(-, -) is a mean zero, distribution-valued Gaussian
process with covariance function

E&(s, )51, ¥) = poo1 ((s, d), (1, ¥)) + voo2((s, d), (2, ¥)). (2.8)

Theorem 2.2 Under Assumptions 2.1-2.3, as n — 00, &,(-, 1p,,) converges in dis-
tribution in D([0, T, R) to a mean zero Gaussian process with covariance as in (2.8)
where ¢ = =1p,,.

Example We calculate the covariance terms (2.6) and (2.7) for a simple example.
Take ¢ = :=1p,, = ]_[fl:l 1—m M) and a = Iz4. Let @,(-) denote the cumula-
tive distribution function of a mean zero real-valued Gaussian random variable (i.e.

2

@, (x) = ﬁ [* e %) and define

u —a2m? d
I, = [2M{<Du(2M) — Py (=2M)} +2 2—(e W — 1)} )

54

Then

o1 ((S, ¢)’ (t’ I/f)) = I|I7S| - II+S7
and

o2 ((s, @), (1, V) = Ligs — I — I + 2M)“.
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Remark I In the long-run, the current process is asymptotically a stationary Gaussian
process. This can be observed by taking the long time asymptotic limit of the covari-
ance terms (2.6) and (2.7).

Remark 2 If we start with an initial configuration where no(-) are i.i.d. Poisson(})
random variables, the system of independent random walks is in equilibrium and
we get 1;(-) are i.i.d. Poisson(}) for all #+ > 0. Under this invariant distribution of
particles, the limiting current process in [7] and [10] are fractional Brownian motion
with Hurst parameter 1/4. In the present paper, under this invariant distribution of
particles, po = vg = A and

E[t, ¢) — &G, )]
= E[6(t, $)* +E(s, ) — 26(t, $)E(s, §)]

=k[/ ¢(X)W(X)dx—/ f ¢(y)w(z)pt—s(z—y)dzdy}- 2.9
R Re JRY

Thus, under the invariant distribution, &(-,¢) has stationary increments, as
E(&(t,¢) —&(s, $))? is a function of # — s. The time-indexed process £ (-, ¢) lacks the
self-similarity property of one-parameter fBM. However, the process £(¢, ¢) satisfies
the following self-similarity property:

Eat,pony) La?? . £t,p), fora>o0,

where 1,(x) = %, x € R¥; this is evident from the form of the covariance terms (2.6)
and (2.7).

The proof of both theorems involves two stages: first, showing convergence
of finite-dimensional distributions and second, proving tightness of the sequence
of processes. We use Mitoma’s theorem [9] to prove tightness of {&,(-, )} C
D([0, T1, S’ (R?)). According to Mitoma’s theorem, it is sufficient to prove tightness
for the sequence {&,(-, ¢)} C D([0, T], R) for each ¢ € S(RY). We use the tightness
criteria in [2] to prove tightness of the sequence {£,(-, ¢)} C D([0, T'], R). A descrip-
tion of Schwartz space S(RY), it’s dual space S’ (R?) and Mitoma’s theorem can be
found in [5].

2.5 Stochastic Integral Representation

The limiting current process in Theorem 2.1 has the same distribution as the solution
of the stochastic partial differential equation given below in (2.13).
Define operator A on S (R9) (the infinitesimal generator of k B(?)) as

1 d
Ap(x) =5 > ai o). (2.10)

ij=1
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Let {T;, t > 0} denote the semigroup associated to .A. Then

Tt(¢)(x)=/ ¢ pi(y —x)dy.
R4

Define covariance functions
d
016, ) = /Rd WZZIaf,,»a,-m)c)a,-w(x)dx, @.11)
and
056, 1) = /R A AV () d. @.12)
Consider the following spde,
dZ(t,) = JpodW; + AZ(t, ) dt + JooF()dt;  Z(0,)=0,  (2.13)

where W; is a centered S’ (Rd)-Wiener process with covariance Q1(-.-), {F(¢), ¢ €
S(R%)} is a Gaussian random field on S(R?) with covariance Q5 (-, -) and F and W;
are independent of each other. We can write

w? = / Vo (x) - kW) (dt dx) (2.14)
[0,¢]x R4
where Wy (t, x) is d-dimensional space-time white noise on Ry x R,
F(p) = /]Rf A (x)Wa(dx) (2.15)

where W (x) is a one-dimensional white noise on R4 independent of the white noise
Wi. Observe that the stochastic differential equation (2.13) has two independent
sources of randomness and thus we get the solution to (2.13) to be the sum of two
independent stochastic integrals

Z(t,$) = /o V(Ti—s¢(x)) - k Wi (dx ds)

[0,£]xR4
t
+ oo / f AT, () Wa(dx) ds. (2.16)
0 JR
Denote the two stochastic integrals in (2.16) as Z; (¢, ¢) and Z>(z, ¢) so that

Z(t, ) =/poZ1(t, ) + JoZa(t, P).

The first term /poZ1 (¢, ¢) represents space-time noise created by fluctuations in the
random walks. The second term ,/v9Z> (¢, ¢) indicates the fluctuations in the initial
configuration that get propagated as the system evolves. In the absence of fluctuations
in the initial configuration, i.e. if we take the initial configuration to be deterministic
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(vo = 0), the second source of randomness in the spde (2.13), ,/voF (-) dt, disappears.
The spde (2.13) in this case then reduces to

dZ(t,") = J/podW; + AZ(t, ) dt,

where the solution

Z(t.0) = o V(T @) - « Wi (dx ds)

[0,1]x R4

is a generalized Ornstein—Uhlenbeck process [4].
Fort,s €[0,T] and ¢, ¥ € S(RY),

Cov(Z(1,9), Z(s,¥)) = po Cov(Z1(t, §), Z1 (s, ¥)) + vo Cov(Za(t, 9), Za(s, ¥)).

Elementary calculations show that

Cov(Zi(t,¢), Z1 (s, ¥)) =01 ((s, ), (¢, ¥))
and

Cov(Za(t, d), Za(s, ¥)) = 02((s, ), (1, V).

We can conclude that the solution of the spde and the limiting current process in
Theorem 2.1 are equal in distribution as they are both mean zero, distribution-valued
Gaussian processes with the same covariance.

3 Convergence of Finite-Dimensional Distributions

We begin the proof of Theorems 2.1 and 2.2 with showing convergence of finite-
dimensional distributions.

Note Henceforth, in this paper, ‘c’ will denote constants that change from line to line
in calculations.

Fix N € N and choose (¢, ¢;) € [0,T] x S(Rd) for i = 1,..., N such that
(ti, ¢i) # (tj, ¢;) fori # j. Let (61,...,0n) € RN be an arbitrary vector.

Lemma 3.1 As n — oo, ZlN: 10i60(ti, ¢i) converges to a mean zero Gaussian ran-
dom variable with variance

d

o?= E 60 (eoo1 (i, i), (t;, d7)) + voo2 (i, ¢i). (1, $7)))-
i,j=1
Proof Define
no(m) -
_ X i(nt) — [nvt] m
—1 y _ "
Un(t@)i=n JZ_l M Ji ) ¢<ﬁ>]'
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Let Wy, = 10, 6;Un (t;. i). Denote Uy (t, ¢) = Up(t,¢) — EUp (1, ¢) and W, =
W — EW,,,. Choose r(n) so that »(n) — oo slowly enough that

(r(n))d . E[no(x)21 {no(x) > nd/s}] — 0 asn— oo. 3.1

Since {no(m) : m € Z%} are i.i.d., a simple calculation shows that En,(m) = po,
Vi > 0,m € Z% and hence E&,(t, ¢) = 0. Rewrite

Ze En(ti, i) —Z@S,,(tl,d)l)_ 3 W

meZd

This sum can be split into the following two sums:

N
dobEtidd= Y. Wut Y. Wa (32)

i=l Im| <r(n)/n m|>r(n)/n

We can now apply the Lindeberg—Feller theorem to the sum Z|m|§r(n) NG W,, and
show that it converges in distribution to the mean zero Gaussian random variable
with variance indicated in Lemma 3.1. The proof follows in the same vein as the
proof of Lemma 2 in [7] and we skip it.

We next show that the second sum in (3.2) converges to 0 in L? as n — oo. The
proof of this differs from the analogous step in [7] and so we give the proof in detail.
In [7] we use large deviations to control contributions to the current from distant
particles. This is not enough in the present situation and we need to appeal to the
rapidly decreasing property of Schwartz functions to bound these contributions.

By the Schwartz inequality,

2 N
E( > Wm) <I0PY D EUn(i, ¢’
Im|>r(n)y/n i=1 |m|>r(n)y/n
where [|0]|% = Z,N=1 91.2. It suffices to show that for a fixed > 0 and ¢ € S(R?),

> EUn(t.¢)*—0

m|>r (n)/n
asn — Q.
> EUt.¢)
m|>r(n)/n
st [ 3Rttt
Iml>r@m)yn L Jj=1

. 2
- poEqb(Xm’l(nf/)ﬁ_ [nvt]>:|

L

lm|>r(m)y/n
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since (a + b)? < 2a? + 2b* and no(-) have bounded moments by Assumption 2.1

_ X 1(nt) — [nvt] m

dj2 2 ) 2

= [ 2. ko ( NG )+ 2 ¢ (ﬁ)}
|m|>r(n)y/n |m|>r(n)/n

since 71 (-) have bounded second moments and are independent of the random walks
Jn
lm|>r(n)/n

+ E<¢2(—X’”’l(’") - [”"”)l{xm,1<nt) # Byt i + [m?t]})

NG
2 M
()]
where M (n) is chosen so that M (n) — oo asn — oo and M (n) = o(r(n)).

=en" (I + L+ I) (3.3)

where I, I, I3 denote the sums of the three terms resp. in the expression above. We
show below that the scaled limits of each of these sums goes to 0 as n — oo.

n P <en™? N P(X(nr) € By g + [n01] — m)
|m|>r(n)/n

since ¢ is bounded

=cn™ ¥ 3" P(X(nt) = [n¥] ¢ B,y i +i)

ieBM(n)ﬁ

<en—d? Z P(X(nt)—[nﬁf]?fB%r(n)ﬁ)

ieBM(n)ﬁ

as 3r(n)y/n < r(n)/n — M(n)/n (recall that M (n) = o(r (n))

= cn—d/2. Z P<|X(m) — [nﬁt]| > %r(n)ﬁ)
ZEBM(n)ﬁ
, E|X (nt) — [nvr]|"
(r(m)y/n)’

< cnid/zM(n)dnd/
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by the Markov inequality, r > 0
=cnPn T PM ) (r(n) ™
(as E|X (nt) — [nvt]]" is O(n'/?))

—0

as n — oo by taking r > d.
The following requires the rapidly decreasing property of Schwartz functions.

_ _ X, 1(nt) — [nvt]
iz Yy (e Raat )

meB‘( )fL>M(n)
X I{Xm’](n[) € BZﬁ N B(L-I—l)ﬁ + [nﬁt]})

—d 2
/ Z Z L2 X(nt)—[nvt]eBLfﬂB(L+1)f m)
meB¢ o )[L>M(n)

since ¢ € S(RY), |¢ (x)| < cjx_j forany j e N

< 33 Y. HP(x@n—min=i-m)

meB¢ . )\/,L>M(n)zeBLfﬂB<L+l)f

<n~2 Z T2 |BLme<L+1>f|
L>Mn)

by summing over m first and then i

—d/2 d—1
=n Z LZJ L\/_ \/_ Z L2] d+1 —0

L>M(n) L>M(n)

as n — 0o by choosing 2j > d and since M (n) — oo as n — 0o. And finally,
n_d/213 50/ ¢2(x)dx—>0
|x|>r(n)

as n — oo by a Riemann sum argument and since r(n) — 00 as n — 00.
Thus the right hand side of (3.3) goes to 0 as n — oo and since

2 N
E( 3 Wm) <10IP)° > EUn(i ¢,

iml>r(n)y/n i=1 m|>r(n)/n

we conclude that the second sum in (3.2) goes to 0 in L2. This proves Lemma 3.1. [
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4 Tightness and Completion of the Proof

Choose « > 0 and

B>d/4+da+1. “.1
FixgpeS (R9). We prove
Proposition 4.1 &,(-, ¢) is tight in D([0, T], R).

To prove Proposition 4.1 we use the tightness criteria in [2]. In Sects. 4.1 and 4.2
below, we check the two tightness conditions of Proposition 5.7 in [2] for the se-
quence of processes {&, (-, ¢)}. The first condition is a moment bound condition and
the second involves the modulus of continuity.

4.1 Verifying the First Tightness Condition

Let s, € [0, T] and without loss of generality we assume ¢ > s below. Let & denote
the centered current process. Choose an integer

r>28>2. “4.2)
We show that
Lemma 4.1 When (t —s) >n"#,
Efé,¢) = Ei(s. )" < Crlt = 5)° (43)

where o > 1, and C, is a constant depending only on r.

Proof Let
10 (m) - R
X i(nt) — [nvt] X i(ns) —[nvs]
o R
2 (o(*=7 N
We can write
En(t, ) —En(s.¢)=n"Y* D" A
meZd
Then
2r
E|&,(1,¢) = Eu(s, ) = n—’d/zE( > Am) (4.4)
meZ4

where A,, = A, — EA,.
To appropriately bound (4.4), we first find the following moment bound.
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Lemma 4.2 For any integer 1 < k < 2r, there exists a constant C that depends on r,
such that

Z E|Am|k < C(n_l/z—l-«/t—s)nd/z.

meZd
Proof
> ElALF <25 Y [ElAn ]
meZ4 meZ4

by applying (a + b)Yk <2k(jalk + |b|¥) and then Holder’s inequality

Xm,1(nt) — [nvt]
<2k [E no(m) kE’aﬁ(’—)
2 [Flwom) Vi

]

B ¢<Xm‘1 (ns) — [nﬁs])
by Jensen’s inequality and independence of no(-) from the random walks

Jn
o X1 (nt) — [nVt]\ (X1 (ns) — [nvs]
< | § pfo( T o ()

meZd

]

4.5)

since 719 (m) has bounded moments.
Define

D (x) := (319 (x), ..., dadp (x)),

where 0; denotes the partial derivative with respect to the ith co-ordinate of x. Let
¥ (x) := (1 + |x|)~" for some positive integer N.

Xm,1(nt) — [nvt] Xm,1(ns) — [nvs]
mZE“”( ) ()

=)

k

k

X1 (nt) — [nvt]

Jn

_ Xn,1(ns) — [nvs]
Jn

y 1{ ’ Xm.1(nt) — [nvr]
Jn

X, 1(ns) — [nvs]

i

e

]
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(o)

”Xm,] (ns) — [nvs] X, 1(nt) — [nvt]
x 1

Vn Vn

X1 (nt) = [n61]  Xp.1(ns) — [nvs][*

Vn vn

il

by applying the mean value theorem and | D¢ (x)| < cy ¥ (x).
We will treat one of the terms in the above inequality, the other being similar.

Xm.1(ns) — [nﬁs]))" X1 (nt) = [n61]  Xm.1(ns) — [ns][*
E —
NMZZ:[ (v (=% i i
me,l(m)—[nﬁr] ‘Xm,mns)—[nﬁs] ”
x 1 >
NG NG
1 X1 (nt) — [n0t] X 1(ns) — [nvs]|*
<o ¥ ok ’ —
meZd L>0 (a+ L)kN ﬁ \/1’_1
Xm,1(ns) — [nvs] ¢
. 1{f eBLnBM}]
1 X (nt) — X (ns) — [not] + [nvs]|*
o X Eot]
o7 L=0 (14 L)kN NG
X l{X(ns) € Bzﬁﬂ Bitiyymt [nvs] —m}:|
k

1 d—1 X (nt) — X (ns) — [nvt] + [nvs]
SCNL§)W((L+1)\/E) \/EE' N

by summing over m

=N [Z(l + L)_"N+d‘l]nd/2[(t — )2 4
L>0

using central limit theorem

< cnd/z[\/t -5 +n_1/2]

by choosing N large enough so that the sum in parentheses is finite and by bounding
(t — )2 <15 Ji—s and n=*/2 <n~ 12, 0

@ Springer



J Theor Probab (2011) 24:1170-1195 1187

Lemma 4.3 There exists a constant C depending on r such that

2r
E( ) Am> <Cl14 (4 (1 — 5P 4.6)

meZd

The proof of the above lemma uses Lemma 4.2 and is along the same lines as
Lemma 8 in [7]. (In fact Lemma 8 in [7] is a special case where r is 6.) We omit the
proof. The reader is referred to Lemma 8 in [7] for the idea of the proof.

By (4.4) and the above lemma we get, when |t — s| > nh,

E|&,(t,0) —Eu(s, ®)|7 <c[n 407" 4 (1 — )]

<07 F + )T 9P

<c(t —s)°

where o > 1 by our choice of r > 28 > 2 in (4.2) and where c is a constant depending
onr. d

4.2 Verifying the Second Tightness Condition

The second tightness condition involves proving that

lim P(wg, (n?) >€) =0, 4.7)

n—oo
where

we, (nF) = sup  |&,(t.¢) —Eu(s.9)|
|t—s|<n—B
is the modulus of continuity.

Recall the definition of the step function [-] in (2.1). For each n, we will divide
[0, T'] into subintervals such that [n9¢] is constant in each subinterval and each subin-
terval has length less than n~#. We construct a family Z, of left-closed right-open
subintervals by following the steps below.

Step 1: Seta =0.

Step 2: Let by be the largest real number greater than a such that [nv¢] is constant as
t varies over interval [a, by).

Step 3: Set b = min{by,a +n"#}.

Step 4: Include [a, b) in Z,.

Step 5: If b > T then stop, otherwise set a = b and repeat from Step 2.

Clearly Z,, forms a minimal covering of [0, T'] that satisfies the following two
conditions:

(1) V[a, b) € Z,,, |b — a| < n~? and [n¥r] is constant in [a, b), 48
(2) the subintervals in Z,, are disjoint. .
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A little thought gives us
Zu| <d[TnP +1] for large n

(i.e. number of such subintervals is at most d[Tr? + 1] where d is the dimension).
To verify the second tightness condition, it is sufficient to show

Lemma 4.4 Forany0<T < oo and € > 0,

Jim 3 P(sup [6.9) —&ula.9)] > €) 0. (4.9)

[a.b)eT, tela,b)

The reason that Lemma 4.4 is sufficient to prove (4.7) is the following. For any 0 <
s<t<T witht —s <n P, there exist [a], b1), [a2, by) € I, such that s € [ay, b)
and r € [a, by) ([a1, b1) may be equal to [az, by)). By the triangle inequality we get

&1 (2, ¢) — En(s5. @)
< [Ea(t, @) — En(az, §)| + |En (a2, #) — En(az +n"F, §)|
+|&n (a2 +n7P, ) — Enar, d)| + Enlar, ) — En(s, )| (4.10)

By applying Lemma 4.1 and |Z,,| < d[Tn? + 1], we get

P(ws, () >€) =2 3 P( sup [6,(t.9) — (@, 9)] > €/4) +nf I~

la,b)eZ,  !€lab)

As n — o0, the second term in the above inequality goes to O as o > 1.

Proof of Lemma 4.4 Let

0= > P(swp [6(.¢)—Eua.0)| >€). @.11)

[a.b)eL, tela,b)

‘We want to show that
lim () =0.
n—oo

We start by giving a general idea of the proof. The current process is written as
the sum of two parts: contributions from particles starting inside the box B,1/2+«
(recall @ > 0 from beginning of this section) and contributions from particles starting
outside the box B,,12+«. In the first case we bound the current by the number of jumps
executed by particles initially within the box B,1/2+« . In the second case we conclude
that particles starting outside the box B, 1,2+« can either travel a distance of order
greater than /n toward the origin, which would be a large deviation, or they would
remain sufficiently far from the origin, in which case the value of ¢ at that distance
from the origin would be small.
Choose y such that

O<y<a. 4.12)
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We first find a bound on the expected number of particles starting outside the box
B, 12+, which enter the box B,12+, at some point in time interval [0, nT].

Lemma 4.5 Define

no(m)
Ni= Y > UXp @) €Bupey +[nit]

|m‘>n1/2+a j=1

forsomeOfth}. (4.13)

Let | > 1. Then there exists a constant c¢ independent of n such that ENy <
cnd/27la+dy.

Proof Recall that X (nt) denotes a random walk starting at the origin, with the same
distribution as the evolution of the particles. Let X (nt) := X (nt) — [nvt].

ENy=py »  P(X(nt)€ B,y —mforsomet €0, T])

|m|>nl/2+a

since 19 is independent of the random walks

=po Y P(X(nt)¢ B, +iforsomet €0, T])

1S B,,1/2+1/

< po Z P()_((nt) ¢ B%n]/p,a for some ¢ € [0, T])

I€B 1/24y

for large enough n, $n'/2H < pl/2e —pl/247 a5y <

= po Z P( sup |)_((nt)’ > %nl/z“'“)

. 0<t<T
i€B 1/21y -

dEIX(nT)|'
(%nl/2+a)l

< cnd/z(n”)
by Doob’s inequality for any [ > 1

< Cnd/Z(ny)dnl/anlaflﬂ
as E|X(nT))|" is O(n'/?)
d/2—loz+dy‘ 0

<cn
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Let [a, b) € Z,,. Define

@by, Xm.jut) — [nﬁt]) 3 (Xm,j(na) — [nﬁa])
R0 ._¢( v & y .

We can rewrite (1) in (4.11) as

M= > P( sup

la.b)eZ, \'€la.D)

no(m)

> Y o)

meB 1240 j=1

nd/4e
2 (4.14a)

1o (m)

2 2 0>

nIEB,:l/2+a j=1

+ > P(sup

[a.b)eT, tela,b)

/4
6) (4.14b)

The two sums reflect the split in contributions to the current process from particles
starting within B,,1/2+« in (4.14a), versus particles starting outside B, 1,2+« in (4.14b).

We first show that the second term (4.14b) goes to 0 as n — oo. To do this we
split (4.14b) into two sums, the first containing contributions from particles that enter
B, 12+, at some time in [0, nT'] and the second containing contributions from parti-
cles that never enter B,,1/2+y .

nd/4
[a b) €
Yo 2 0> = )

meB' 1, J=1

Z P( sup
1o (m)
=< Z ( Z Z Cl{Xm,j(nt) € B, 124y + [nvt]

[a.b)eT, tela,b)
[a,b)eZ, meB¢

no(m)

o1/24a j=1

d/4

€ (4.15
) .15a)

n

for some ¢ € [0, T]} >

no(m)
+ Z ( sup Z Z |h[a b)(t)|

[a.b)eT, te[a,b)meBc]/2+ j=1

. nd/4€
x 1 Xyu j(n1) € B, ., + [n1), Vi € [a, b)) > J (4.15b)

To get (4.15a), we bounded hg: ’j.’) by some constant ¢ times the indicator function,
since ¢ is a bounded function.
Now using Lemma 4.5, we get

d/4
@152 < > P(cN1 > 3 6)

la,b)eT,

< cnﬂn_d/4EN1
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by Markov inequality and since |Z,| < d[Tnf + 1]

< enPpd/Apd/2—latdy
by Lemma 4.5. Choose ‘I’ large enough so that 8 4+ d/4 — la + dy < 0. Then the
right hand side — 0 as n — oo.

We use the property that Schwartz functions are rapidly decreasing to show (4.15b)
goes to 0.

no(m)
@15h< Y ( YooY Y v+

[a,b)eI, meB¢ /24 j=1 L>nY¥
X, (nt) — [novt d/4
Xl{Lf inf Mf(L+l)}>n €
tela,b) Jn 4

since [ (x)] < ey (1 + [x)~N

ooy Y o end+D7

[a,b)€T,, meB® 2t L>nr

Xm.1(nt) — [nvt]
P(T

—d/44

€ B N B(41) for some 1 € [a, b))

by the Markov inequality and since 7 is independent of the random walks

ooy D doend+DN

[a,b)eZ, meB¢ 2t L>nv

_d/ 4

x P(X(nt) — [nvt] € Bzﬁ N B(y41)ym —m for some 1 € [a, b))

n—d/4

ov Y > A+ V(L) T

la,b)eZ, L>nY

by summing over m and allowing ¢y to absorb all the other constants

ZLN+d1

L>nY

nd/4+p

since |Z,| <d[TnP + 1]

d/4+p—y(N—d)

<cnn —0

by choosing N large enough so thatd/4 + 8 — y (N —d) < 0.
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We finally turn to (4.14a). To prove (4.14a) goes to 0, we show that the number
of particles initially inside B,,12+« that jump during a time interval of length n'=P s
stochastically smaller than O(nd 4.

Recall, by definition of Z,,, [nvt] is constant for ¢ € [a, b) € Z,.Therefore for ¢ €
la, D),

|he? ()] < c1{Gly P},

where G[” f) = {X,j(nt) jumps during time interval ¢ € [a,b)} and C =
2Spr€Rd¢)(x) Define

10 (m)
Alab) .= 10gE|:exp{ Z Z G[a b) }:|

meB 1p1q j=1
and
AP = log E[exp{1{Gr 7' }}]
Let IT1(n'~#) be a Poisson(n!~#) random variable.
Al#) =1og{1 + (e — 1) P(X,,1(nt) jumps during time interval € [a, b))}
<log{l+ (e = DP(M(n' ) = 1)}

sinceb—a<n?

<(e-DP(M(n'F)>1)
=cn'F (4.16)

by the Markov inequality.

AP =Y log Eexplno(m) Al

MEB, 1/24a

by independence of ng from the random walks

< Z log[l + ,Oocnl_ﬁ(e -1+ o(nl_ﬁ)]

MeB, 1/24a
by (4.16) and since no(m) has exponential moments

< Z Cnl—ﬁ < Cnd/2+dot+l—ﬁ (417)

MeB 1/24a
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Putting all this together, we get

1o (m) nd/4e
@l < Y ( 3 Z1{G“”>} )

[a,b)eZ, meB /24 Jj=1

since |1l (1) < CU{GLy' Y} for 1 € [a, b)

_pdl4e 10 (m) b
< Z exp{ °C } exp Z Zl{GmJ}

[a,b)e, meB 1/21a j=1

by the Markov inequality

df4g

=3 exp{ —

}exp{A,[f’b)}
[a,b)eZ,

<d[Tn? + 1]exp{—cn¥*(1 — pd/4+det1=F)}
by applying (4.17) and |Z,| < d[Tn® + 1]

-0

as n — 0o, since 8 > d /4 + da + 1 by definition (4.1).
This proves Lemma 4.4 and thus verifies the second tightness condition (4.7). [

Proof of Proposition 4.1 Lemma 4.1 and (4.7) satisfy the tightness criteria in Propo-
sition 5.7 of [2], thus we get &, (-, ¢) is tight in D([0, T'], R). O

Proof of Theorem 2.1 We invoke Theorem 4.1 in [9] which states that Proposition 4.1
is sufficient to prove that the sequence {&,(-,-)} is tight in D([0, T], S'(R%)). This,
together with Lemma 3.1 proves the theorem. 0

Proof of Theorem 2.2 The proof of this theorem follows almost verbatim from that
of Theorem 2.1. A few places where the proof differs from that of Theorem 2.1 are
highlighted below.
When proving tightness, the proof of Lemma 4.2 is different. From (4.5) onward
in Lemma 4.2, the proof differs as follows.
]

TR b oy RIS ) ST AR
Z | | ‘ meZd ’ ﬁ ¢ ﬁ

meZ4

<c2” Y " [P(Cw) + P(Dw)]

meZ4
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where Cpy = {Xp,1(nt) € By jz + [nUt], Xim.1(ns) ¢ By + [nUs]} and D, =
{Xm1(nt) & By s + [n01], Xpn 1 (n5) € By sz + [n0s]}.

> P(Cw)=P(X(nt) € By + [n¥t] — m, X (ns) ¢ By j + [ns] — m)

meZd

Z Z P(X (nt) — X (ns) € By + [n0t] — [nvs] — j

meZd i¢By i
| X (ns) = j + [nvs] —m) X P(X(ns) = j + [nvs] —m)

> P(X(n(t = 5)) € By g + [nvt] — [nis] — )
J¢Byyn

D P(Xu(t.s) € Byt )
JEBy s

where X, (¢,5) = X(n(t — s)) — [nVt] + [nUs]

=Y P(Xu(t.9)=k) > 1ke By ;+j)

kezd JEBy s

My — d—1
52 Z P(X,(t,s)=k)n"Z |K|

I=0 kezd:|k|=l

+ ) P(Xu(t.s) =k)en?/?
|k|>M /n

§nd%]E’)_(n(t,s)’ ~|—cnd/2P()—(n(t,s) > Mﬁ)

Y 2
5 () 2 PO

M?n
since E|X (n(t —s)) —n(t — s)v| is O(/n(t —s))
M2n

fc[n%( n(t—s)+1)+

< cnd/z[\/t -5 +n_1/2].

t— 1
nd/2n( s) + :|

Similarly,
> P(Dy) <enP[Vi=s+n717].
meZd4
The proof of (4.7) holds for indicator functions without any modifications. U
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