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Abstract

A Kawasaki dynamics in continuum is a dynamics of an infinite system of interacting particles in R4
which randomly hop over the space. In this paper, we deal with an equilibrium Kawasaki dynamics which
has a Gibbs measure p as invariant measure. We study a diffusive limit of such a dynamics, derived through
a scaling of both the jump rate and time. Under weak assumptions on the potential of pair interaction, ¢,
(in particular, admitting a singularity of ¢ at zero), we prove that, on a set of smooth local functions, the
generator of the scaled dynamics converges to the generator of the gradient stochastic dynamics. If the set
on which the generators converge is a core for the diffusion generator, the latter result implies the weak
convergence of finite-dimensional distributions of the corresponding equilibrium processes. In particular,
if the potential ¢ is from Cg (R?) and sufficiently quickly converges to zero at infinity, we conclude the
convergence of the processes from a result in [V. Choi, Y.M. Park, H.J. Yoo, Dirichlet forms and Dirichlet
operators for infinite particle systems: Essential self-adjointness, J. Math. Phys. 39 (1998) 6509-6536].
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1. Introduction

A Kawasaki dynamics in continuum is a dynamics of an infinite system of interacting particles
in R? which randomly hop over the space. The generator of such a dynamics has the form

(HF)(y) = —Z/Rd dyc(y, x, (F(y \xUy) = F(y)), vyel. (1.1

xey

Here, I" denotes the configuration space over R?, i.e., the space of all locally finite subsets of
R4, and, for simplicity of notations, we just write x instead of {x}. The coefficient c(y, x, y)
describes the rate at which the particle x of the configuration y jumps to y.

Let u denote a Gibbs measure on I" which corresponds to an activity parameter z > 0 and a
potential of pair interaction ¢. In this paper, we will deal with an equilibrium Kawasaki dynamics
which has p as invariant measure. More precisely, we will consider an equilibrium Kawasaki
dynamics whose generator (1.1) has the coefficient c(y, x, y) of the form

c(y,x,y) =alx —y)exp[(1/2)E(x,y \ x) = (1/2)E(y,y \ x)]. 1.2)

Here, forany y € I"and u € R? \ y, E(u, y) denotes the relative energy of interaction between
the particle at # and the configuration y. About the function a(-) in (1.2) we assume that it is
non-negative, bounded, has a compact support, and a(x) only depends on |x]|.

Eq. (1.2) allows the following physical interpretation: particles from y which have a high
relative energy of interaction with the rest of the configuration tend to jump to places where this
relative energy will be low, i.e., particles tend to jump from high energy regions to low energy
regions.

Note also that the bilinear (Dirichlet) form corresponding to the generator (1.1) and (1.2)
admits the following representation:

§F.G) = / w(dy) / dx / dya(x — y)exp[=(1/2)E(x. y) — (1/DE(y, 1)]
I R4 R4
X (F(y Uy) — F(y Ux))(G(y Uy) — G(y Ux)).

Under very mild assumptions on the Gibbs measure u, it was proved in [11] that there indeed
exists a Markov process on I' with cddldg paths whose generator is given by (1.1) and (1.2).
We assume that the initial distribution of this dynamics is w, and perform a diffusive scaling of
this dynamics. More precisely, for each € > 0, we consider the equilibrium Kawasaki dynamics
whose jump rate is given by formula (1.2) in which a(-) is replaced with the function

ac(-) = e %a(-Je), (1.3)

and we additionally scale time, multiplying it by ¢ ~2. We denote the generator of the obtained
dynamics by H©.

So, the aim of the paper is to show that the scaled dynamics converges, as € — 0, to a diffusive
dynamics on the configuration space I'. Our main result is that, under weak assumptions on the
pair potential ¢ (in particular, we allow ¢ to have a singularity at zero), the generator of the
scaled dynamics, H ©, converges, on a set of smooth local functions, to the generator of the
(infinite-dimensional) gradient stochastic dynamics (also called interacting Brownian particles),
see e.g. [1,4,6,12,19-21,25,26] and the references therein. So, the limiting diffusive generator
acts as follows:
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i=1

CARICARNESDYS (—Ax,- F(xdp2 ) + ) (Ve Fap2 ). Vo (x; — x,~)>> ,
J#

where the constant c¢ is defined in Eq. (6.2). The corresponding stochastic process informally

solves the following system of stochastic differential equations:

dx; (1) = —g ;V(;S(xi(t) —x;(0)dt + vcdB;(1), i€N,
O, =y el,

where (B;)72, is a sequence of independent Brownian motions.

If the set on which the generators converge is a core for the diffusive generator H @i
then our main result implies the weak convergence of finite-dimensional distributions of the
corresponding equilibrium processes. In particular, if the potential ¢ is from Cg (R?) (hence, ¢
has no singularity at zero) and sufficiently quickly converges to zero at infinity, then we conclude
the convergence of the process from a result by Choi et al. [2].

The paper is organized as follows. In Section 2, we recall some basic facts of analysis on
the configuration space I'. In Section 3, we recall conditions which guarantee the existence
of a Gibbs measure on the configuration space. In Sections 4 and 5, we recall construction
of the equilibrium Kawasaki dynamics in continuum, and the gradient stochastic dynamics,
respectively. In Section 6, we formulate our main results. Finally, in Section 7, we present the
proofs.

2. K-transform and correlation functions

The configuration space over R4, d € N, is defined as the set of all subsets of R¢ which are
locally finite:

I' = Ipa = {y CcRY | |¥a| < oo foreach A € OC(Rd)}.

Here | - | denotes the cardinality of a set, y4 := y N A, and O.(R?) denotes the set of all open,
relatively compact subsets of R?. One can identify any y € I" with the positive Radon measure
>y ey Ex € M(R?), where ¢, is the Dirac measure with mass at x, and M (R?) stands for the set
of all positive Radon measures on the Borel o-algebra B(R¢). The space I" can be endowed with
the relative topology as a subset of the space M (R?) with the vague topology, i.e., the weakest
topology on I" with respect to which all maps

Paye(fn= [ foran =Y fm. 1 ec®).
Rd

xey

are continuous. Here, Co(R?) is the space of all continuous functions on R¢ with compact
support. We will denote by 5(I") the Borel o-algebra on I
Next, denote by I'y the space of finite configurations in RY:

o0
L= ]rg”. ¥ =i}, I”=ncR|m=n), neN.
n=0

Evidently, Iy C I'.
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Let

@:{(xl,...,xn)e(Rd)" |x,-7éxjf0ri7£j}.

Let S" be the group of all permutations of {1, ..., n} which acts on (R9)" by permuting the
coordinates. Through the natural bijection
(RA)1/S" s T 2.1)

one defines a topology on FO(”). The space I is then equipped with the topology of disjoint
union. Let B(Ip) denote the Borel o-algebra on . It can be shown (see e.g. [7]) that B(Ip)
coincides with the trace o-algebra of B(I") on [j. Note also that each function k : Iy — R
may be identified with the sequence (k("))Z‘;O, where k© := k({@}) and, for each n € N,

k™ : (R4)" — R is a measurable, symmetric function.

For any y € I, let Zn@/ denote the summation over all  C y such that n € I. For a
function G : Iy — R, the K-transform of G is defined by

(KG)(y) =) G 22)
ney

for each y € I" such that at least one of the series Y, ., G* (1), 2
GT := max{0, G} and G~ = max{0, —G}.
Let us fix a probability measure p on (I°, B(I")). The correlation measure of u is defined by

ney G~ (n) converges. Here

pu(A) = fF(KXA)()/)M(d)/), A € B(I)),

where x4 denotes the indicator of the set A. The p, is a measure on (I, B(Ip)) (see [8] for
details, in particular, measurability issues). Note that o, ({&}) = 1.
The following proposition was proved in [8], see also [13,14].

Proposition 2.1. Ler G € L'(I, Pu), then KG € LY(I", ), the series in (2.2) is absolutely
convergent for p-a.e. y € I', and

”KG”LI(M) = ”K'G'”Ll(u) = "G”LI(P;A.)'

Moreover, then

/ G(n)ﬂu(dn)=/(KG)(V)M(dV)~ (2.3)
I r

The Lebesgue—Poisson measure A on (I, B(Ip)) is defined by

R ooldx(@n
= @'FZ”‘ )

n=1""

where dx®" is defined via the bijection (2.1). Assume that the correlation measure P 1s

absolutely continuous with respect to the Lebesgue—Poisson measure A. Denote k,, := dp, /dA.

e ¢]

Then the corresponding functions (kl(f)) e are called the correlation functions of the measure p.
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In what follows, we will assume that k,, satisfies the Ruelle bound, i.e., there exists a constant
& > 0 such that

k() < &M forall y € I. (2.4)
Using (2.4), one, in particular, gets that all local moments of y are finite:
[F lval"w(dy) < oo, neN, AeO(RY). (2.5)
We will also use the following lemma.
Lemma 2.1. Let f : RY — R be a measurable function which is bounded outside a set

A e OC(R‘?) and such that e/ — 1 e L'(RY,dx). Let also g, g1, g2 : R — R be such
thatel g, el g1, e/ gy € L'(RY, dx). Define functions Gy, G2, Gz on I'y by

o0
Gr= (e -1®) ",
n=0
. o
G2 =(ne =12 Vo) .

Gy = (n(n ~ e/ = D22 o Elg) o (efgz))

o
’
n=

where © denotes symmetric tensor product. Then, G1, G2, G3 € Ll(Fo, pp) and

(KG1)(y) =7,
(KG2)(y) =g, p),
(KG)(y)=e Y " 3" aix)ga(x), (2.6)

X1€Y Xp€Y,X0%#X]
for p-a.e. y € I', and so KGi, KG2, KG3 € L'(I', ).

Proof. Using the Ruelle bound, we clearly have that G, G2, G3 € LI(F 0, op)- Hence, by
Proposition 2.1, we get KG1, KGo, KG3 € L'(I', ).

Since f is bounded on A€ and e/ — 1 € L'(R?, dx), we have f € L'(A°, dx). Therefore,
again using the Ruelle bound, we get: (| f|, yac) € LY(I", ). Hence, (|f|,y) < oo for u-
a.e. y € I'. Furthermore, we have g, g1, g2 € Ll(/l", dx), and so the functions (|g|, y) and
leey szey’ v 181(x1)g2(x2)| are finite for pu-a.e. y € I'. Thus the functions on the right-
hand side of formulas (2.6) are well-defined and finite for y-a.e. y € I'.

Next, assume that f, g, g1, g2 have compact support. Then, equalities (2.6) follow by a
straightforward calculation. The general case follows by approximation. [

We introduce a x-convolution of two functions on [, so that

(K(G1*G2)(y) = (KG(Y)KG2)(y)
(cf. [8]). Then, we have:

(G1xGo)(n) = Z Gi1(n1 Un)Ga(m Una), 2.7
(m1,m2,13)€P3(1)

where P3(n) is the set of all ordered partitions of 7 into three parts.
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For each A C RY, we denote
I'y={yel:ycAalL
A measurable function F : I — R is called local if there exists A € O¢(R?) such that
F(y)=F(yp) forally el

For such a function F, the pre-image of F under K is given by

(K™'F)() = xry(m Y (=DM F (), (2.8)
§Cn
see e.g. [8].
We will also need the space =1 re Which consists of all multiple configurations in R4. So,
I is the set of all Radon Z U {oc}-valued measures on R?. In particular, I" C I". Analogously to
the case of I', we define the vague topology on I" and the corresponding Borel o -algebra B (.
For each A C RY, we denote

Iy={y eI :supp(y) C 4}.

Also, by analogy, we will say that a measurable function F : I" — Ris local if there exists
A € O.(RY) such that

F(y) = F(y,) forally el (2.9)
where Y (dx) = xa(x) y(dx).
3. Gibbs measures on configuration spaces

A pair potential (without hard core) is a Borel measurable function ¢: RY — R U {400} such
that ¢ (—x) = ¢(x) € Rforall x € R\ {0}. For y € I" and x € R?\ y, we define the relative
energy of interaction between a particle at x and the configuration y as follows:

Do —y). if Y l¢kx — )| < +oo,
E(x,y) = {yer yey (3.1
400, otherwise.
A probability measure p on (I', B(I')) is called a (grand canonical) Gibbs measure
corresponding to the pair potential ¢ and activity z > 0 if it satisfies the Georgii—-Nguyen—Zessin
identity [18, Theorem 2]:

/ n(dy) / Y (dX)F(y, x) = / w(dy) f ddrexp[—E(, M F(yUx,x)  (32)
r R4 r R4

for any measurable function F : I' x R — [0, +00]. We denote the set of all such measures n

by G(z, ¢).
Note that, by virtue of (3.1) and by applying (3.2) twice, we get, for any measurable function
U:T x (RY)? - [0, +o0],

d Uly.x1.x2) = | u(d d d
/FH«(J/)Z > Uy, x1,x) /FM(V)fRdzmAWZXz

X1€Y x€Y, X2#X]

x exp[—E(x1,y) — E(x2,y) — ¢(x1 —x2)]U(y U x1 Uxz, x1, X2). (3.3)
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Let us now describe the class of Gibbs measures of Ruelle type [24]. We will first formulate
conditions on the interaction.
For every r = (rl, el rd) € 74, we define the cube

| , |
O, =lxeR|ri—Z<xi<ri4+=}. (3.4)
2 2
These cubes form a partition of R?. For any y € I', we set

¥r =vo,, rez (3.5)

(SS) (Superstability). There exist A > 0 and B > 0 such that, for each y € Iy,

> sa-nzY (AnP-Binl).

{x.y}Cy reZd
Notice that the superstability condition automatically implies that the potential ¢ is semi-
bounded from below.
(LR) (Lower regularity). There exists a decreasing positive function a: N — R such that
> arlh) < oo
rezd

and for any A’, A” which are finite unions of cubes Q, and disjoint, with y’ € Iy,

y// c F/l”’
!/ " / "
dYoos—nz=— Y alr =" Diylvi
xey’,yey” r " eZd
Here, || - || denotes the maximum norm on R¥.

(D (Integrability). We have

/ le™?@ — 1]dx < +oo.
R4

For N € N, let Ay be the cube with side length 2N — 1 centered at the origin in R, Ay is
then a union of 2N — 1)d unit cubes of the form Q,.

A probability measure p on (I', B(I")) is called tempered if p is supported by So =
U2, Sn, where

Sp=qy el |[YNeN > |p> <n?lAyNZ
reANﬂZd

By G'(z, ¢) C G(z, ¢) we denote the set of all tempered grand canonical Gibbs measures.

Theorem 3.1 (/24]). Let (SS), (I), and (LR) hold. Then the set G'(z, ¢) is non-empty for each
7z > 0. Furthermore, each u € G'(z, ¢) has correlation functions which satisfy the following
bound: there exists &, > 0 such that

ku(n) < 6" exp [—w > |nr|2} . foralln € I. (3.6)

reZd

Note that the estimate (3.6) is evidently stronger than the Ruelle bound (2.4).
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In what follows, we will keep a Gibbs measure i € G'(z, ¢) as in Theorem 3.1 fixed, and we
will additionally assume that there exists ® € O, (R9) such that

sup ¢ (x) < oo. 3.7

xe®¢

Since ¢ is bounded from below, (I) is now equivalent to the condition ¢ € L'(©F¢, dx).
Furthermore, by [10, Lemma 3.1], the relative energy E (x, y) is finite for dx ® u-a.e. (x,y) €
RY x I', as well as E(x, y \ x) is finite for u-a.e. y € I" and forall x € y.

4. Kawasaki dynamics

We introduce the set FCy(Co(R?), I') of all functions of the form

sy Fy)=g{e1,v),....{on, ¥,

where N € N, ¢1,...,on € Co(RY), and g € Cp(RN), where Cp(RV) denotes the set of all
continuous bounded functions on RY . For each function F : I' — R,y € I',and x, y € R?, we
denote

(D5, F)(y) == F(y \xUy) — F(y).

We fix any a : RY — [0, 00) which is bounded and such that ¢ € LY(R?, dx) and
a(—x) =a(x) forall x € R?. We define a bilinear form

1
aRGwzzﬁu@oéﬂmmégmu—w
x expl(1/DE(x, y \x) = (1/2)E(y. y \ 0I(D5 I YD {6 (),

where F, G € FCy(Co(R?), I').
The following theorem was proved in [11].

Theorem 4.1. (i) The bilinear form (€, FCy(Co(R?), I')) is closable on L*(I', 1) and its
closure will be denoted by (€, D(E)).
(ii) There exists a conservative Hunt process

M = (2, F, (F)r>0, (©1)r=0, X(1))r=0, Py)ycr)

onI (seee.g. [15 p.92])whichis properly associated with (£, D(£)), i.e., for all (u-versions
of) F € L*(I', u) and all t > 0 the function

Isy e (b)) = [ FXOWP,
is an E-quasi-continuous version of exp[—tH]F, where (H, D(H)) is the generator of
(&, D(&)). In particular, M has | as invariant measure. M is up to p-equivalence unique
(cf. [15, Chapter 1V, Section. 6]).
(iii) We have FCy(Co(R?), I') € D(H) and for any F € FCp(Co(R%), I),
(HF)(y) = —/ J/(dX)/ dya(x —y)
R4 R4

x expl(1/2)E(x, y \ x) = (1/2)E(y, y \ ©)I(Dy ¥ F)(). (4.1)
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We will call the process M from Theorem 4.1 the Kawasaki dynamics (of continuous
particles).

Remark 4.1. In Theorem 4.1(ii), M can be taken canonical, i.e., £ is the set D([0, +00), I")
of all cddldg functions w : [0, 4+00) — I' (i.e., w is right continuous on [0, +0c0) and has left
limits on (0, 400)), X(t)(w) = w(t),t > 0, w € R, (F;);>0 together with F is the corresponding
minimum completed admissible family (cf. [5, Section 4.1]) and @y, t > 0, are the corresponding
natural time shifts.

5. Gradient stochastic dynamics

We denote by D the set of all local functions F on I” which satisfy the following assumptions:
(i) For each fixed y € I, the function

RY > x > F(y +é&x)

is twice continuously differentiable.

(ii) Let A be the minimal subset of R? which is a finite union of Q, cubes, and such that (2.9)
holds for this set A. Then there exist { > 0,7 > 0,0 > 0,and 0 < p < 1 (depending on F)
such that, for each y € r ‘1 and each x € A,

p
IFW)IV IVeF(y +e)ll vV IVEF(y + el < ¢ exp {r (1 +o Yy |yr|2> } :
reZd

5.1)

Note that ®, in particular, includes all local functions‘ on I" which satisfy (i) and for which the
left-hand side of (5.1) is bounded, as a functj_on ofy e 'andx € R,
We also introduce the set F C%(Cg (R9), Iy of all functions of the form

sy F)=g(@1, v), - (o8, ¥),

where N € N, g1, ..., oy € C3(R?), and g € CZ(RY). Here and below, C§(R?) and C} (RY),
k € N, denote the space of all k times continuously differentiable functions on R? with compact
support, respectively the space of all bounded, k times continuously differentiable functions on
RY with bounded derivatives. We evidently have the inclusion

FCYHCIRY, I') c D,

and therefore the set © is dense in L2(I", ). (We have included functions from ® into LI, 1)
by taking their restriction to ['.)
In what follows, we will use the following

Lemma 5.1. Let A C R¢ be a finite union of Q, cubes and let ¢ > 0, T > 0, ¢ > 0, and
0 < p < 1. Define

p
U(y) :=§|V/‘|exp|:r<1~|—a Z |yr|2> j|, yel.

reZinA

Then, for each n € I,

p
(KUY < X, (D@ exp [r (1 +o ). |nr|2> } :

reZd
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Proof. The lemma follows from (2.8) if we take into account that the sum in (2.8) has exactly
2 terms. O

We fix any ¢ > 0 and define a bilinear form

EY9N(F, G) = g fp n(dy) /R 2 (Ve F(y + &), ViG(y +0) expl=E(x. y)], (52)

where F, G € ©, and we denoted by (-, -) the scalar product in R?. Using the Cauchy—Schawrz
inequality, Theorem 3.1, (5.1), and Lemma 5.1, the integral on the right-hand side of (5.2) is
well-defined and finite.

For a function F : I' — R, afixed y € I' and x € y, we denote

ViF(y) = VyF(y — &+ 8y)|y=Xv (5.3)

provided the gradient on the right-hand side of (5.3) exists at point x. Then, by (3.2), we also
have

9D (F, G)=§ f pu(dy) / y @)V F(y), ViG(¥)), 54
r R4

for F,G € ®.
The following theorem follows from [1,16,23], see also [19,26].

Theorem 5.1. Assume that ¢ is differentiable on R? \ {0}, e=? is differentiable on R?, and we
have

IVoll € L'(R?, ™™ dx) N L2RY, e=?Wdx).
Then:

(i) The bilinear form (€90 D) is closable on L*(I", w) and its closure will be denoted by
(€YD, DEWDY).

(ii) Denote by (HYD D(HYD)Y) the generator of (4D, D(EWDY). Then ® ¢ D(HYD) and
foreach F €D,

(H(diﬂF)()/)=% / y (dx) (—AxF(yH > <vxF(y>,V¢<x—u)>>. (5.5)
R4

uey\x
Here, Ay F(y) = Ay F(y \ x Uu)|y—x.
(iii) There exists a conservative diffusion process

| o . | |
MUD = (U0, D, F10),, (©f")=0, XD (1)), (PL™), 1)

on I’ (see e.g. [15, p. 92] ) which is properly as;ociated with (E(diﬂ, D(E(dif))). In
particular, MY has 11 as invariant measure. The MY is up to p-equivalence unique.

(iv) In the case d > 2, the set I' \ I' is 9D exceptional, so that I" may be replaced with T’
in (iii).

Ren_lark 5.1. Note that, even when d = 1, the finite-dimensional distributions of the process
M0 are concentrated on the Cartesian powers of the space I'.
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Remark 5.2. Note that the initial domain ® of the bilinear form £@ is bigger than the domains
of the corresponding bilinear forms in [1,16,23,26]. It is, generally speaking, an open problem
whether all these forms coincide after being closed (compare with Remark 4.14 in [16]). Note
also that, even in the case of a bilinear form £@0 with a smaller domain, the convergence result
of Theorem 6.1 below will still be true, however for a smaller set of functions F'.

6. Main results

Let us consider the Kawasaki dynamics M from Theorem 4.1. We will assume that a(x) =
a(x|) for all x € R?, where @ : [0,00) — [0, 00). We now perform the following scaling
of this dynamics. For each € > 0, instead of the function a, we use the function a. given by
(1.3). In the obtained dynamics, we also scale time, multiplying it by € 2. Thus, we obtain a
Kawasaki dynamics M©), which is exactly the Hunt process from Theorem 4.1 corresponding to
the function € ~2a.. We denote by (H©, D(H©)) the generator of this dynamics. Completely
analogously to the proof of [9, Lemma 4.1], we conclude that, for eache > 0, ® C D(H (5))
and, foreach F € D,

(HOF)(y) = —e—d—Z/ y(dx)f dya((x — y)/€)
Rd R4

x expl(1/2)E(x, y \ x) = (1/2)E(y, y \ )I(D5§ F)(¥). (6.1)

Theorem 6.1. Let the conditions of Theorem 5.1 be satisfied. Furthermore, assume that the
following conditions are satisfied:

(a) The function a has compact support.
(b) We have e=?/? € C}(RY).
(c) Foreach$ > 0, set

g(x) = sup e 2 Veo(y)l, xeRL
yeB(x;4)

Here, B(x:; 8) denotes the closed ball in RY centered at x and of radius 8. Then, there exists
8 > 0 such that gs € L'(R?, dx).
(d) There exists A € O(R?) such that

e Vel € L'(4, dx)
and the function e=%/?||V | is bounded on A°.
Let

c = / a(x)(xhH? dx 6.2)
Rd

and let (HYD | D(HYDY) correspond to the above choice of the constant ¢ (see (5.5)). Then, for
each F € O, we have:

HOF > HYDF in L2(I', u) as e — 0. (6.3)
Remark 6.1. Note that condition (a) heuristically means that, in the initial Kawasaki dynamics,

there is a finite maximal length of jumps of particles. Notice also that condition (c) of
Theorem 6.1 is slightly stronger than the condition e "%/2||V¢|| € L'(R?, dx).
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Next, we take the canonical realizations of the processes M®, ¢ > 0, and MO and define
stochastic processes Y© = (Yfe))eo and YWD = (Y;dlf)),zo whose law is the probability
measure on D ([0, +00), I"), respectively C([0, +00), I') (replace I' with I" if d = 1), given by

Q« :=/ P u(dy),
I
respectively

QU = /F PED u(dy).

Corollary 6.1. Assume that the conditions of Theorem 6.1 are satisfied. Assume additionally
that ® is a core for (HYD D(HWDY). Then, as € — 0, the finite-dimensional distributions
of the process M€ weakly converge to the finite-dimensional distributions of the process M{iD
with ¢ given by (6.2).

Following [2], we will now introduce additional conditions on the potential ¢.

Let o : [0, c0) — R be any monotonic, increasing, and concave function such that:
(i) ¢(0) > 1 and (L) — coas A — 0.
@) &’A) < [1/(1 + M]a(r) for A > 0, and there exists a constant ¢ > 0 such that

o (M) = —c[1/(1 + 1)1

For example, let /(X)) = log(l1 + A), A > 0. Then, for any n € N, the function «(A) :=

1+1 9. -c > [(2) satisfies the above conditions.

n times .
So, in what follows we will assume:

(A) We have ¢ € Cg (Rd), and there exist a constant ¢y and a function « that satisfy the
conditions (i) and (ii) above, such that, for all x € R?,

Vo) + V¢ )| + IV (x) || < expl—colog(1 + |x[Ha(l + [x]*)].

It was proved in [2] that, under condition (A), the set © is a core for the operator
(HYH p(HWDY)) (In fact, Choi et al. [2] found a core for the operator (H @if)  p(H@iDy)
which is, as can be easily checked, a subset of ©.) Furthermore, under condition (A), the potential
¢ clearly satisfies assumptions of Theorem 6.1. Thus, we get from Corollary 6.1:

Corollary 6.2. Assume that the function a has compact support, and assume that
condition (A) is satisfied. Then, as € — 0, the finite-dimensional distributions of the process
M© weakly converge to the finite-dimensional distributions of the process MWD with ¢ given by
(6.2).

Remark 6.2. Let us briefly explain a generalization of Theorem 6.1. Let us fix a parameter
s € [0, 1]. (Note that the results of this paper will correspond to the choice of parameter s = 1/2.)
By [11], there exists a conservative Hunt process on I" (a Kawasaki dynamics) whose L3I, w)-
generator (Hy, D(Hjy)) is the Friedrichs extension of the operator (H;, ©) given by

(HyF)(y) = —A@ y (dx) /Rd dya(x —y)
x expl(1 = )E(x,y \x) —sE(y,y \DID; TF)(y), FeD

(in the case s < 1/2, the potential ¢ must satisfy an additional assumption which reduces the
“strength of singularity” at zero).
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Next, for each ¢ > 0, it can be shown that, under some conditions on ¢ which are analogous
to the conditions of Theorem 5.1, there exists a conservative diffusion process on I” (respectively,
onlifd = 1) whose L2(I", W)-generator (Hs(dlﬂ, D(Hs(dlf))) is the Friedrichs extension of the

(dif) :
operator (Hy ', ®) given by

. 1
(HIOF)(y) = ¢ f y(dx) (——AXF(yH §j<vxF(y),sV¢<x—u>>>
RY 2

uey\x
X exp |:(—2s +1) ) ¢ — v):| , FeD.
vey\x

Note that, in the case s = 0, such a diffusive dynamics has been considered in [10].
Then, under the same scaling of the Kawasaki dynamics

a() > e 2a(-Je),

and with the same choice of the constant c, (6.2), we get the convergence of the generators on
©. More precisely, under an appropriate modification of the conditions Theorem 6.1, we get for
each F € ©:

HS(G)F — Hs(diDF in L2(I', pas e — 0 (6.4)

(we have used the obvious notation H, S(G)).

As for weak convergence of finite-dimensional distributions of the corresponding equilibrium
processes, it will follow from (6.4) if © is a core for (Hs(diﬂ, D(Hs(dif))). However, in the case
s # 1/2, no result has yet been proved about a core for this generator.

7. Proofs

Proof of Theorem 6.1. Denote the support of the function a by A. By (a), the set A is bounded
and hence r := sup,cx |h| < oo. Recall § from condition (c) of the theorem. In what follows,
we will assume that € € (0, §/r). Then

leh| <8 forallh € A. (7.1)
Fix any F € ©. By (6.1),

(HOF)(y) = €2 /R L v(do) /A dha(h) exp[(1/2)E(x, y \ x)
—(1/2)E(x +¢eh, y \X)I(F(y \ x U (x + &h)) — F(y)).
Using (3.2) and (3.3), we have:

/ (HOF)Y(y) u(dy) = / u(dy) [ zdx / dh, / dhy a(hya(ha)
I I R4 A A
X (F(y U (x + €h) — F(y Ux)(F(y U (x + €h2)) — F(y Ux))

X exp |:Z(—(1/2)¢(x +ehy —u) — (1/2)¢(x + €hy — u))}

ucy

+e-4/ L(dy) zdxlf de2/ th/ dhy a(hy)a(ha)
I R4 R4 A A
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X (F(y U (x; +€h1)Uxp) — F(y Ux; Uxp))
X (F(y Uxi U (x2 +€h2)) — F(y Uxy Uxz))

X exp |: —(1/DP(x1 + €hy — x2) — (1/2)¢(x2 + €ha — x1)

+ ) =1/ 1 —u) = (1/2)¢(x2 — u) — (1/2)¢(x1 + €h1 — 1)

uey

—(1/2)¢(x2 + €hs — u))] . (7.2)

Here and below, our calculations are justified by the assumptions of the theorem, the definition
of ®, Lemma 2.1, (2.7) and (3.6), and Lemma 5.1. Hence, by (7.2) and Lemma 2.1, we get:

r R4 A A

x /F/L(dy)(F(V U +e€hy) — F(y Ux)(F(y U(x +€h2)) — F(y Ux))

X K(((ef(l/2)¢(x+6h17~)7(1/2)¢(X+€/’l27~) _ 1)®n)oo 0)(J/)
n=

+e—4/ zdx1/ zdxzf dhlf dha a(hy)a(hs)
R4 R4 A A
x exp[—(1/2)¢(x1 + €h1 — x2) — (1/2)¢p(x2 + €hy — x1)]

X /Fu(dy)(F(J/ Uxy +eh)Uxz) — F(y Uxp Uxp))

X (F(y Uxi U (x2 +€hp)) — F(y Ux1 Uxp))
x K (((e~(1/2901=)=(1/29 (=)= (/2 (b1 =)=(1/2)@ (rareha =) _ [y®m)00 y(,/

) (7.3)

Foreachy e I'and x, h € R4, denote by y1(y, x, h) a point in the segment [x, x + &] such
that

1
Fly U +m) = Fy Ux) = (Ve F(y Ux), h) + S(VIF(r U ), i) =y rm-
(7.4)
Also, for each x, h € R?, we denote by y2(x, h) a point in the segment [x, x + &] such that
e~ W2DpGth) _ o= (1/Dd(x) e—(1/2)¢()’2()€,h))(_(1/2)V¢(y2(x’ h)), h). (7.5)

Note that the existence of yi(y, x, k) and y,(x, h) follows from the definition of the ® and
assumption (b) of the theorem, respectively. Note also that, by (7.1),

e (D02 Tg (yy(x, e < g3 (x), xR e A.
Now, by (7.3)—(7.5), we have:

/ (HOF)Y () u(dy) = / zdx / dhy / dhy ah)athy) / 1(dy)
r R4 A A r
x (2FQ o x ) + e FO @ b b € + B (rox o)

x(KG<1><-,x,h1,hz,e>><y)+/ zdxlf ZdX2/ dhlf dhy a(hy)a(ha)
R4 R4 A A
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X (e_‘pm_m +euy(x1, x2, b1, ha, €) + €2ur(x1, x2, hy. ha, 6))
22 —1 2
x / wdy) (e 2FG v, x1, 00, b o)+ € FQ (0, x1, 300, b, o, €)
r

+ F(gz)(l/, x1,x2, by, ha, e)> (KGP (-, x1,x2, h1, hp, €))(¥). (7.6)
Here,

ur(xr, x2, hy, ha, €)
— o~ (1/2)p(x1—x2) <e—(1/2)¢(y2(X1—XZVGhl))(_(1/2)V¢(y2(xl —x2,€hy)), hy)

e (DO ((1/2) Y (y2(x2 — x1, €h2)). ha) )
s (x1, X2, by, o, €) = e~ (1/DB02(x1=32,6h1)) o= (1/2) (32 (x2=x1,€h2))
x (—(1/2)V (y2(x1 — x2. €h1)), i) (—(1/2)V (32(x2 — x1. €h2)). h2), (1.7)
and
FY(y.x.h1, hy) = (Ve F(y Ux), (Vs F(y Ux), hy),
FO . x hi hy€) = (Ve F(y Ux), h)(1/2)(VEF(y U y), b3 sy, (yox.cha)
+ (Ve F(y Ux), i) (1/2)(VEF(y U ), A |y, (porichy)
ES" (v x, by, o, )
= (1/A(VFF(y Uy), B oy oren (Vs F( U 3D, S =y (e (7.8)
and
FO (v, x1.x2, h1, hy) = (Vi F(y Uy U), )V, F(y Uy Uio), ),
Fizl)(y,xl,xz, hy, ha, €)
= (Vi F(y Ux1 Uxz), h1)(1/2)(VF (y Ux1 U ). hS) sy, (yun. s
+ (Vi F(y Ux1 Uxa), ha)(1/2)(V3F(y Uy Ux2), R ymyy gy )
FsP (v x. hi hy,€) = (1/4)(VEF(y Uy Ux2), hE) |y, (yUssorr.ehn)
X (V2F(y Uxi Uy), hE%) |y, (pUx) oy (7.9)
and
GV (., x, hy, hy, €)
- ((e—'f’(x—') 1+ egVCox iy o) + €28V x . b, e))®")°° ,

GO x1, 30, o, €) 1= (P70 g
2 2 e
g Coxioxn o €) + €28 (oo b))

n=

where
ggl)('y X, hla h27 6)
— e—(1/2)¢(x—‘) (e—(1/2)¢(y2(x—u€h1))(_(1/2)V¢(y2(x — -, €hy)), hy)
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e D0k (1/2) Ve (32(x — -, €h)), h2))
g3 Cox i, ha,€) = e (2P0 ((1/2)V (ya(x — -, €hn). )
x em (20D (—(1/2) Ve (ya(x = -, €h2)), ha),

¢@ (x1x, By, B, €) = e~ (VDB01=)=0 (2= =(1/24 021 —eh))

X (=(1/2)Vp(y2(x1 — -, €h1)), h1)
_I_e—d’(xl—~)—(1/2)¢(162—-)e—(1/2)¢J(yz(xz—-,éhz))(_(I/Z)Vd,(yz(x2 — -, €h)), hy),

2
gé V(. x1, X2, by, ha, €)
— o= (1/2001=)=(1/2p (2= ,—(1/2)¢ (2 (x1—,eh1)) = (1/2§ (12 (12 —,€h2)

X(=(1/DVP(y2(x1 — -, €h1)), hi)(=(1/2D) VP (y2(x2 — -, €h2)), h2). (7.10)

Since F is a local function, so are F;i),i =1,2,j=-2,—1,0,as functions of y € I'. Then,

by (7.6), we get
/<H<€>F>2(y)u(dy>=/ zdx/ th/ dhy a(hyya(hy)
r R4 A A
x fp pyu(dn) (Ir1 (e*ZFEQ(-,x,hl,hﬁ+e*1Filf<-,x,h1,h2,e)
0

+ Fél)('wxa h], hz, E)) o G(l)(.’x’ hl’ h2’ €)> (n)

+/ delf dez/ dh]/ dhra(hi)a(hy)
R4 R4 A A
X (e_¢(x1_x2) +eui(xy, x2, hy, ho, €) +e2u2(x1,x2,h1,h2,e))

x /P putdm) (K= (e 2FRCoxx0 b ) + € FQCox o, b o €)
0
FP( hi,h @ hi,h
+ 0 (1x19x27 1, 2a6) *G (,xlsXZ» 15 276) (77) (711)
Collecting the coefficients by powers of €, we get:

/F (HOF)?(y)n(dy) = c_a(€)e > +c_1(€)e ! + cole) + ci(e)e, (7.12)

where

c—2(€) =/ de/ dhl/ dhza(hl)a(hz)./ ou(d
R4 A A FO o
y <K1F(12)(., x, hi, h) * (<e¢(x~) B 1)®"> ) "
n=0

+/ zdxlf zde/ dh1/ dh,y e~ ?C17%2)
R4 R4 A A

x /P pu(dn) (K—lFi?c,xl,xz,hl,hz)
0

. ((e—ml-)—wxz—» _ 1)®n>::o) ),
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c_1(6) =/ zdx/ th/ dhza(hl)a(hz)/ pu(dn)[(K_lFilz)(ux,huhz)
R4 A A Iy
®(n—1) o
*(n (0w —1) og§‘)(~,x,h1,hz,e>) >(n)
n=0

+ (KIF(I])(',X, hi, ho, €)* ((6‘7’("') — l)®n> ) (ﬂ)i|

n=0

+/ Zd)q/ zdx2/ dh1/ dhs a(hy)a(hs) [e—¢<x1—x2)
R4 R4 A A

x /F P (dn) (K‘lFi?(~,x1,xz,h1,h2,e)
0

. ((e—¢(X1—-)—¢(X2—-) _ 1)®"):o_0> )

+u1(x1,x2,h1,h2,€)f pu(dn) (K_IFEZZ)(-,xl,xz,hl,hz)
Iy

) ((e—zp(xl—»)—mxz_.) _ 1)®”>:020> )

e i) / <K_1F£22)(', X1, X2, hi, h)
Iy

®(n—1) >
* (n <ei¢(xli')7¢(x27.) - 1) @ g;Z)(v X1, X2, hlv h2» 6)) > (n)} s

n=0

co(e) =f zdx/ dhlf dhza(hl)a(m)/ p,Adn)[(K—lFS;(.,x,hl,hz)
R4 A A Iy
n—2 2
(=g (=) o (o Coxtnin, 0)”

®(n—1) o
+n (00 1) © 85" (o x hy o, e)) ) )

n=0
+ (K‘F“f(-,x,hl,hz,e)

®(n—1) o
x <n (e_‘/’(x_‘) - 1) © ", x, by, ha, e)) ) )
0

n=

+ (K_lFél)(', x,hy, hy, €)% <(e_¢("_') — 1>®n) ) (Tl)i|
0

n=
+/ zdx1/ ZdX2/ dhlf dhy a(h)a(hy)
R4 R4 A A

x [e_"’m_xz)/ Pu(dn) (K_lFéz)(-,xl,xz,hl,hz,E)
Iy

* <<e—¢(x1—')—¢(x2—') _ 1>®,1):0:0> )

e i) /P pu(dn) (K‘lFizfc,xl,xz,hl,hz,e)
0

®(n—1) o
x <n (e*¢<xv->*¢<xr~> - 1) © g2 ¢ x1, x2, by, b, e)) ) ()
0

n=
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e dm) / Py (dn) (K”Fi’?(-,xl,xz,hl, h2)
Iy
Bn-2)
. (n(n —1)(1y2) (emPImeta) )T

@) ®2
© gl ('9 X1, X2, h17h21 E)

®(Mn—1) o0
+n (e—fﬁm—-)—d’(xz—‘) - 1) © g2 ¢, x1,x2, b, o, e)) ) )

n=0
+u1(x1,x2,h1,h2,e)f Pu(dn) (K_IFEZI)(-,xl,xz,hl,hz,6)
Iy

* ((e—fﬁ(xl—')—lﬁ(xz—') _ 1>®n):ozo> )

+u1(x1,x2,h1,h2,e)/r pu(dn) (K_lFizz)(-,xl,xz,hl,hz)
0

®Mm—1) ©
x (n (e_¢(x‘_')_¢(x2_’) - 1) © 8P, x1,x2, by, o, e)) ) )
0

n=

+u2(x1,x2,h1,h2,e)/F op(dn) (KIF(Z;(-,Xl,m,hl,hz)
0

N ((e¢>(x1~)¢(x2~) _ 1>®n> ) (n)i| , (7.13)
n=0

and c1 (¢) is defined so that equality (7.12) holds, i.e., by subtracting from the right-hand side of
(7.11) the expression c_a(€)e 2+ c_1(e)e ! + cple), given through (7.13), and dividing by €.
We evidently have:

/ a(h)hidhzo, ief{l,...,d}, (7.14)
Rd
and therefore

c—2(€) =c_1(e) = 0.

Furthermore, as easily seen c1(€) = O(€) ase€ — 0.

Below, we denote ¢/ (x) = (3/3x")¢p(x) and ¢ (x) = (0%/3(x")?)¢ (x). So, using (7.14),
the equalities

/Rda(h)h"hfdhzo, i,je{l,....d}, i # ],

/ ahy(W)?dh =c, i€ell,...,d}
R4

and the dominated convergence theorem, we get

lim | (H9F)*(y) u(dy) = lim co(e)
e=0Jr e—0
= ) /zdx/ pM(dn)[<K—1(a/ax")F(.Ux)(a/axf)p(.Ux)
i j=T,..d /R To

. <n(n ~1 (e—¢<x—'> _ 1)®(n_2) o (e—¢<x—->(—1/2)¢>£ (x — ~))
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O (U =1/28)0r = -1/} =) ) )

+ <K—1 (0/0x")YF (- Ux)(8?/(0x))})F(- Ux)

. (n (et = 1) o (e 1200 - -)))oo O) 0

n=|

e 0= ) )(77)}+/ ZXmf zdxp (€_¢(x‘_x2)/ pu(dn)
n=0 d R4 o

+ (K—1<1/4><82/<ax">2>F(- Ux)(@%/(3x)*)F(-Ux)
x [( “1(1/4)(8%/(0x)}) F (- U x; U x2)(82/(0x))) F (- U x1 U x2)

R ((e¢(x1')¢(xz') _ 1)®">:0) )

+ (K—l (8/9x))F (- Uxj Ux2)(8/(9x§)2) F(- Uxy Uxp)

. (n (e—¢(X1—-)—¢(X2—~) _ 1)®(’””

o (e—¢(x1—‘>—¢(xz—‘>(—1/2)¢£(x1 - ))) ) w

n=0

+ <K—1 (8/3x})F(-Uxy Ux)(3/0x])F(-Uxj Uxa)

* (n(n -1 (e—¢(x1_.)_¢,(x2__) _ 1)®(n—2)

0 (e—¢(X1—-)—¢(XZ—-)(_1/2)¢I{(XI — )) 0] (e—¢(x1—-)—¢(Xz—-)(_1/2)¢} (xp — ))

tn <e—¢(xl—')—¢(xz—') _ 1>®(”’”
o0

© (7¢I (1/2)g](x1 — ) (x2 - ))) )(n)} — (1/2)¢](x1 = x2)

n=0

x / pu(dn) (K‘(a/axi>F<~ U x1 Ux2)(02/(0x)2) F(- U x; Uxz)
Iy

. ((e—¢(x1—-)—¢(x2—.) _ 1)®”>::0> )

— @i (x) — Xz)/F pp(dn) <(3/3Xi)F(V U x; sz)(a/axg)F(V Uxy Uxp)
0

. (n (e—¢(X1—-)—¢(X2—~) _ 1)®(’””
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© (P TIPET (1/2)¢) (x2 — ) ) ) (n)
n=0
= (1/2)¢](x1 = x2)(=1/2)¢ (x2 = x1)

x /F pu(d) <K1<a/axi>F<y U x1 Ux2)(3/0x3) F(y Uxy Uxa)
0

N ((e—¢(X1—~)—¢(x2—-) _ 1)®”> ) (,7)> , (7.15)
n=0

Using (3.2), (3.3) and (5.5), we next have:
2

/ HFY G uy) = 5 f w(dy) / zdrexp[((—1/2)p(x — ). )]
I r Rd

x :mxm Ux)? =24, F(y Ux) Y (Vo F(y Ux), Vo (x — u)

uey

+ ) (ViF(y Ux), Vo (x —u))?

ucy

+ Y D (VF(yUx), Vo —un))(ViF(y Ux), Ve (x — Mz))}

ULEY upey\uj

2
+CZ/ M(dy)/ de/ zdxpexp[(—¢(x1 — ) —P(x2 — ), ¥)
r R4 R4

—¢d(x1 — x2)] {AxIF(V Uxi Ux)A, F(y Uxp Uxo)

—2A, F(y Uxi Ux) ) (Vi F(y Uxi Uxa), Vo (x2 — u))

uey
=24, F(y Uxi Ux2)(Vy, F(y Uxp Ux2), Vo (xz2 — x1))

+ Z(VX.F()/ Uxi Ux2), ¢(x1 — )} (Vi F(y Ux1 Ux2), Vo (x2 — u))

uey

+Y Y (Y Fly Uxi Uxy), Vo (x1 — u1) (Ve F(y Uxi Uxa), V(xz — u2))

UIEY urey\uy

+ 22<VX1F(V UxpUx2), Vo(xr —u)) (Vi F(y Uxi Uxz), Vé(xz2 — x1))

uey
+ (Vi F(y Ux1 Uxz), Vo (x1 — x2)) (Vi, F(y Ux1 Uxz), Vo (xz — xl))} . (7.16)

By Lemma 2.1, the right-hand side of (7.15) is equal to the right-hand side of equality (7.16).
Hence,

lim F(H“’Fﬁ(ym(dy) = fp (HY9D )2 () (dy). (7.17)

Analogously, one may also prove that

lim F(H@)F)(y)(H(‘“ﬂF)(y)u(dy) = /F (H® 9D F)2(p) u(dy). (7.18)
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Now, (6.3) follows from (7.17) and (7.18). [

Proof of Corollary 6.1. By Theorem 6.1, [3, Chapter 3, Thf;orem 3.17], and the assumption of

€ di .
the corollary, we see that, for each r > 0, e*’H( N e”H( ! strongly in LZ(F, n) ase — 0.

To conclude from here the weak convergence of finite-dimensional distributions, we proceed as
follows.

Wefixany0 <t <t <--- <t,,n € N.Fore > 0, denote by ufl’m‘ the finite-dimensional

tn
distribution of the process Y© 9 at times ti,...,t,, which is a probability measure on /™. Since
I’ is a Polish space (see e.g. [17]), by [22, Chapter II, Theorem 3.2], the measure y is tight on I".
Since all the marginal distributions of the measure u, _, are u, we therefore conclude that the
set {u7, . | &> 0}is pre-compact in the space M(I™) of the probability measures on I with
respect to the weak topology, see e.g. [22, Chapter II, Section 6]. Hence, the weak convergence
of finite-dimensional distributions follows from the strong convergence of the semi-groups.  [J
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