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Asymptotic behavior of a tagged particle in
simple exclusion processes

C. Landim, S. Olla and S. R. S. Varadhan

Abstract. We review in this article central limit theorems for a tagged particle in the
simple exclusion process. In the first two sections we present a general method to prove
central limit theorems for additive functional of Markov processes. These results are
then applied to the case of a tagged particle in the exclusion process. Related questions,
such as smoothness of the diffusion coefficient and finite dimensional approximations,
are considered in the last section.
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1 Introduction

In the early 80’s Kipnis and Varadhan [6] proved an invariance principle for the
position of a tagged particle in a symmetric simple exclusion process in equilib-
rium. Their proof relies on a general central limit theorem for additive functionals
of reversible Markov processes. Time reversibility and translation invariance of
the system are the basic ingredients of this method, which in principle can be
applied to any system with these two symmetries. Later it has been extended to
non-reversible processes that satisfy a sector condition, [21], or a graded sector
condition, [19].

The effective diffusion matrix of the limiting Brownian Motion is a function
D(«) of the density « of the particles. These diffusion coefficients are usually
expressed in terms of integrals of time correlation functions (Green-Kubo for-
mulas), or as infinite dimensional variational formulas. They also appear in the
diffusive equations that govern the non-equilibrium evolution of the conserved
quantities of the system. In order to have regular strong solution to these diffusive
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equations it is important to establish the regularity of these diffusion coefficients
as functions of the conserved quantities.

In this article we review some recent results on the central limit theorem for
a tagged particle in the simple exclusion process and on the smoothness of the
diffusion coefficient.

In the next section, we present a general method to prove a central limit theorem
for an additive functional of Markov ergodic processes and show that the proof
is reduced to the verification of a bound in H _; for the solution of the resolvent
equation. In the third section we show that this estimate can be deduced if the
generator of the Markov process has some properties, called the sector and the
graded sector condition. In the fourth section, we apply these results to prove a
central limit theorem for the tagged particle for mean zero exclusion processes
and for asymmetric exclusion processes in dimension d > 3. In the last section
we show that the covariance matrix depends smoothly on the density of particles
and we present some extensions.

2 Central limit theorem for Markov processes

The purpose of this section is to find conditions which guarantee a central limit
theorem for an additive functional of a Markov process. The idea is to represent
the additive functional as the sum of a martingale with a small term, that vanishes
in the limit, and to use the well known central limit theorem for martingales that
we now recall.

On a probability space (€2, P, F), consider a square-integrable martingale
{M, : t > 0} which vanishes at time 0 and denote by < M, M >, its quadratic
variation.

Lemma 2.1. Assume that the increments of the martingale M, are stationary
and that its quadratic variation converges in L' (P) to some positive constant
02.'foreveryt >0n>1land0 <syp <--- <&,

(MS| - MS07 DI} MSn - Msn,]) = (Mt+s1 - MZ+S09 e Mt—Hn - Mt+s,1_1)

in distribution and

) <M, M >, 5
im [ | S22 2] Z o,

=00

Then, M,/+/t converges in distribution to a mean zero Gaussian law with vari-

ance 0'2.
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TAGGED PARTICLE IN EXCLUSION 243

In this statement £ stands for the expectation with respect to P. The proof of
this result is a simple consequence of the well known central limit theorem for
sums of stationary and ergodic square integrable martingale differences.

It follows from the stationarity assumption that 0> = E[M}] because

E[<M M>,] = Y E<MM>; ,—<MM>
0<j<n

= Y E[(Mj;—M;)’] = nE[M]].
0<j<n

Consider now a Markov process X, taking values in a complete separable
metric space E endowed with its Borel o-algebra . Assume that there exists a
stationary ergodic state 7. Denote by L the generator of the Markov process in
L*() and by D(L) its domain. Let L* be the adjoint of L in L?(rr). Since 7
is stationary, L* is itself the generator of a Markov process. Assume that. there
exists a core C C D(L) N D(L*) for both generators L and L*. We denote by
P, the measure on the path space D(R, F) induced by the Markov process X,
starting from 7 and by [, expectation with respect to IP,,.

Fix a function V: E — R in L?*(). The object of this section is to find
conditions on V which guarantee a central limit theorem for

1 t
—ﬁ/o V(Xs)ds .

Assume first that there exists a solution f in D (L) of the Poisson equation
—Lf = V. 2.1

In this case a central limit theorem follows from the central limit theorem for
martingales stated in Lemma 2.1. Indeed, since f belongs to the domain of the
generator,

M, = F(X) — F(Xo) — /0 (LF)(X,) ds

is a martingale with quadratic variation given by

MM >, = fo ds {(LF2(X,) = 2f (X)(LHX)] -

Since f is the solution of the Poisson equation (2.1), we may write the additive
functional in terms of the martingale M,:

R M, f(Xo) — f(X)
ﬁ/o V(X)ds = 7 + —
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Since f belongs to L2(;r) and the measure is stationary, [ f(Xo) — f(X,)]1//t
vanishes in L*(P,) as ¢ 1 00. It remains to check that the martingale M, satisfies
the assumptions of Lemma 2.1.

The increments of the martingale M, are stationary because X, under PP, is
itself a stationary Markov process. On the other hand, since 7 is ergodic, in
view of the formula for the quadratic variation of the martingale in terms of f,
t7' < M, M >, converges in L'(P;), as t } 0o, to E,[Lf>—2f(Lf)] =2 <
f.(=L)f >, where < -,- >, stands for the inner product in L?(). Since
the martingale M, vanishes at time 0, by Lemma 2.1, 1~ Y2M;, and therefore
112 fot V(X,)ds, converges in distribution to a Gaussian law with mean zero
and variance 02 =2 < f, (L) f >,.

Of course the existence of a solution f in L?(;r) of the Poisson equation (2.1)
is too-strong and should be weakened. To state the main result of this section,
we need to introduce the Sobolev spaces H, H_; associated to the generator
L.

2.1 The Sobolev spaces H, H_,
Consider the semi-norm | - ||; defined in the domain of the generator D(L) by
IFIE =< £ (D) f > . 22)

Let ~ be the equivalence relation in (L) defined by f ~, git | f — gl =0
and denote by G| the normed space (D(L)Ll, | - II). It is easy to see from
definition (2.2) that the norm || - ||; satisfies the parallelogram law so that |,
the completion of G| with respect to the norm || - ||, is a Hilbert space with inner
product < -, - > given by polarization:

1
<fig== {1 +elt-1f-gli}.

Notice that in this definition only the symmetric part of the generator, § =
(1/2)(L + L*), plays a role because

IFI} =< fi =L f >x =< f,(=5)f >x .
It is also easy to check that for any f, g in the domain of L,
< f,g>1=<fi(=8)g >
and that ||c||; = 0 for any constant c.
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Associated to the Hilbert space {1, is the dual space #_| defined as follows.
For f in L%(n), let

1F12 = s [2< fig=x — lel]

geD(L)

Denote by G, the subspace of L*(rr) of all functions with finite | - ||, norm.
Introduce in gﬂl the equivalence relation ~_; by stating that f ~_; g if || f —
gll-1 = Oanddenote by G_, the normed space (QO_1 '~,1 , I =1). The completion
of G_| with respect to the norm || - || _;, denoted by # _1, is again a Hilbert space
with inner product defined through polarization.

Before we state the main result of this section, we summarize some properties
of the spaces #1, H_, that will be repeatedly used. It is easy to check from
the variational formula for the /| norm that for every function f in D(L) and
every functions g in L*>(w) N H_,

< fig>a| < Ifliligh-r. (2.3)

The same variational formula permits to show that a function in D(L) belongs
to H _, if and only if there exists a finite constant Cy such that

< f,g >z = Colgl (2.4)

forevery ¢ in D(L). Inthis case, || f|| -1 < Cy. Finally, it is not difficult to show
(cf. [15], Lemma 2.5) that a function f belongsto #{ | if and only if there exists
h in the domain of «/—S such that ~/—Sh = f. In this case || fll_1 = ||&llo,
which means that

112, = <hh>,=< (=)= f >0 =< (=8)"'f, f >

because $ is symmetric.
We may now state the main result of this section. Fix a function V in L?(;r) N
HH_, 2 > 0 and consider the resolvent equation

A — LA = V. (2.5)
Theorem 2.2. Suppose that

sup LAl < o0 (2.6)

0<r<l
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Then, t~1/2 fot V(X,)ds converges in law to a mean zero Gaussian distribution
with variance
2 . 2
o° = lim .
tim | £
Notice that

sup ||ILAill.i < oo ifandonlyif sup ||Afill-1 < oo 2.7)
O0<2r=1 0<r<l

because V belongs to H ;.

The proof of this theorem is divided into two parts. We first compute in the
next subsection the limiting variance of :~!/2 fé V(X,)ds and show that it is
bounded by a multiple of the H{_; norm of V. If the generator is symmetric,
i.e., if 7 is a reversible measure for the Markov process, the limiting variance is
equal to 2| V||? ;- In subsection 2.3, we prove that a central limit theorem holds
for 1172 fot V(X,)ds, V satisfying the assumptions of Theorem 2.2, provided
the following two conditions are satisfied;

%i_%)»llfxll% =0 and lim|fi—fli =0

for some f in ZH;. Finally, in subsection 2.4, we show that the bound (2.6)
implies the previous two conditions.

2.2 The limiting variance

We estimate in this subsection the limiting variance of the integral fé W(X;)ds
for a mean zero function W in L?(r). Let

o(W)? = limsupEn[(% /OIW(XS)ds)z].

—o0

Denote by P; the semi-group of the Markov process X,. Since x is invariant, a
change of variables shows that for each fixed ¢ the expectation on the right hand
side of the previous formula is equal to

1 I ! 1 r t
—/ ds / dr Bx[W (X js_)W(X0)] = —f ds / dr < Py W, W >,
tJo 0 t Jo 0
t
:Zf ds[l—(s/t)] < PW, W >, .
0
Denote by a* the positive part of a: a* = max{0, a}, so that

o(W)? = 21imsup/ ds[1— (/O] < PW,W >, . (28)
0

=00
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In the general case, itis not clear whether this limsup is in fact a limit or wheter
it 1s finite without some restrictions on W. However, in the reversible case, the
sequence is increasing in ¢ because < PW, W >,=< P;,W, P;p,W >, isa
positive function. Hence, in the reversible case, by the monotone convergence
theorem,

oo

o(W)? = 2 lim ds[1—(s/D)]" < W, W >,

—>0c0 0

o
:2/ ds < PW, W >, .
0

In the general case, one can show that o (W)? defined in (2.8) is finite provided
the function W belongs to the Sobolev space H_;: there exists a universal
constant Cj such that

a(W)2 < Co|W|?, (2.9)

for all functions W in H_; N L?(r). The main difference between o (W)? and
|| W|2, is that while in the second term only the symmetric part of the generator
is involved, in the first term the full generator appears. Formally,

o(W)? = 2] <PW,W>,=2<W,(=L)'W >,
0
= 2<W,[(-L)'TW >, ,
and W], =< W, (='W >, .

In this formula and below, M* represents the symmetric part of the operator M
and A = (1/2)(L — L*) is the asymmetric part of the generator L. Since,

o) = =5 + a9 ta = -5,

we have that [(—L) ' < (—$)~", from what it follows that o (W)? < 2||W|?,.
We now present a rigorous proof of this informal argument.

Lemma 2.3. Fix T > 0 and a function f: [0, T] x E — R. Assume that
f(t,) belongs to L*() for each 0 < t < T and that f(-, x) is smooth for each
x in E. There exists a finite universal constant Cy such that,

Eﬂ[ sup (/O[f(s, Xs)ds)z] < CO/OTds 1F (s, )2,

0<t<T
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The proof of this lemma relies on a representation formula for an additive
functional of a Markov process by forward and backward martingales. The
proof can be found in [3], Lemma 4.3 or in [19], Theorem 2.2. This lemma
applied to the function f (s, -) = W(:) proves (2.9).

Remark 2.4. We just proved the existence of a universal finite constant C
such that 6 (W)* < Col|lW||? . It has been proved ([18], Theorem 1.1) that for
the asymmetric simple exclusion process in dimensions | and 2, there are local
functions W not in H_, and for which o (W)* < oo We suspect that a central
limit theorem holds for these functions with the usual scaling t~'/2.

2.3 The resolvent equation

We assume from now on that V belongs to H_; N L(;r). Taking inner product
with respect to f; on both sides of the resolvent equation (2.5), we get that

A<fiufi>r HIAIR =<V, fi> . (2.10)

Since f; belongs to D(L) and V belongs to L?() N H_, by Schwarz inequal-
ity (2.3), the right hand side is bounded above by ||V||_{l fill1. In particular,
1flly < 1V -1 sothat [Vl ill fulli < [V, and

A< fi e HIAIT < IVIE, . (2.11)
Therefore,
Pna)»fk =0in L*(w) and sup | filli <oo. (2.12)
e 0<a<i

The purpose of this subsection is to show that a central limit theorem for
=172 fot V' (X;)ds holds provided we can prove the following stronger statements:

m A £ill; = 0 and  lim || fi = flli = 0 (2.13)
for some f in H.

Proposition 2.5. Fix a function V in L*>(n) N H_ | and assume (2.13). Then,
12 f(; V(X;)ds converges in law to a mean zero Gaussian distribution with

variance
2 . 2
o(V)y" = 2lim || Al -
r—=0
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It follows from (2.13) and (2.10) that

o(V)' = 2lim [ All] = 2lim <V, f; >, . (2.14)

The idea of the proof of Proposition 2.5 is again to express for V(X;)ds as the
sum of a martingale and a term which vanishes in the limit. This is proved in
(2.16) and Lemma 2.7 below. We start taking advantage of the resolvent equation
(2.5) to build up a martingale closely related to fot V(X;)ds.

For each fixed A > 0, let M} be the martingale defined by

M = fi(X) — fi(Xo) — /O (Lf)(X,) ds
so that

/ VX)ds = M+ f(Xo) — fi(X) + A / fX)ds. (215
1] 0

Lemma 2.6. The martingale M} converges in L*(x), as » |, 0, to a martingale
M, and A for fr.(X;) ds vanishes.

Proof. We prove first that M} is a Cauchy sequence in L*>(rr). Indeed, for A,
A" > 0, since 7 is an invariant state, the expectation of the quadratic variation of
the martingale M} — M* is

Ed] | s Ly (K0~ 2 KDL

= 2 < fi— fi, L) (X)) = fo > =2t 1~ firll} .

In this formula, f; ;» = f» — fv. By assumption (2.13), fi converges in F{.
In particular, M} is a Cauchy sequence in L?(7r) and converges to a martingale
M,. This proves the first statement. The second assertion of the lemma follows
from (2.12) and Schwarz inequality. ]

It follows from this result and from identity (2.15) that 5 (X,) — f,(Xo) also
converges in L2(;r) as A | 0. Denote this limit by R, so that

f
/ V(X,)ds = M, + R, . (2.16)
0
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Lemma 2.7. t~'2R, vanishes in L*>(7) as t 1 oc.

Proof. Putting together equation (2.15) with (2.16), we get that
R, 1

NN

We consider separately each term on the right hand side of this expression.
Since M} converges in L?(r) to M,

1 N 2 1. N 2\ 2
P () | =t (a7 - 0a) ]
In the previous Lemma, we computed the expectation of the quadratic variation

of the martingale M} — M t”. This calculation shows that the previous expression
is equal to

(M} —m, + X0 - £ + xf fxds). @17y

lim L fo = fellt = L= fIT
In the last step we used assumption (2.13) which states that f; converges in
to some f.

We now turn to the second term in (2.17). Since 7 is invariant, the expectation
of its square is bounded by

2 B[ 0] 4 2 B[ SR = 4RI

On the other hand, by Schwarz inequality, the expectation of the square of the
third term in (2.17) is bounded by 2| f. ||%.
Putting together all previous estimates, we obtain that

1
SEARY] < 31f— fIF + 3T ) IAIG
forall A > 0. Set A = t~! to conclude the proof of the lemma in view of

hypotheses (2.13). [l

We may now prove Proposition 2.5. Recall equation (2.16). By the previous
lemma the second term on the right hand side divided by /7 vanishes in L?()
(and therefore in probability) as ¢+ 4+ co. On the other hand, by the martin-
gale convergence theorem, M, /+/t converges in law to a mean zero Gaussian
distribution with variance

ot = Er[M{] = lim B [(M})’]
= lim E.[< M*, M* >1] = 2lim || fill7

The last identity follows from the computation of the expectation of the quadratic
variation of the martingale M performed in the proof of Lemma 2.6.
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2.4 An H_, estimate

In the previous subsection we showed that the central limit theorem for the
additive functional =1/ [ V (X,)ds follows from conditions (2.13) if V belongs
to L?>() N H_;. In the present section we prove that (2.13) follows from the
bound (2.6) on the solution of the resolvent equation (2.5).

Lemma 2.8. Fix a function V in H_; N L*(n) and denote by { f,, > 0} the
solution of the resolvent equation (2.5). Assume that sup,_, ||Lfy|l-1 < Co for
some finite constant Cy. Then, there exists [ in H such that

)lhii%k<fk,fk>20 and %iil})fx = f

strongly in ..
Proof. We already proved in (2.11) that

sup [[filli < VIl and  sup A < fi, fi > < IVIZ,.

O<i<l 0<i=xl

In particular, Af; converges to 0in L2(xr), as A |, 0.

Since sup, . [|Lfill-1 is bounded, for any sequence A, | O, there exists a
subsequence, still denoted by A,, such that Lf;, converges weakly in H_; to
some function U. We claim that the weak limit is unique and equal to —V.
Indeed, fix a function g in L?(m) N #;. Since g belongs to #| and Lf;,
converges weakly to U, < U, g >,=lim, < Lfj,, g >». On the other hand,
since f; is the solution of the resolvent equation, lim, < Lf; ,g >= — <
V,g > +lim, < A,f,,,g >. This latter expression is equal to — < V, g >
because g belongs to L>(r) and Af; converges strongly to 0 in L2(r), as A | 0.
Thus, < U, g >= — < V, g > for all functions g in L%(w) N H,. Since this set
is dense in |, U = —V, proving the claim.

In the same way, since sup, ., || f21l1 is bounded, each sequence A, | O has a
subsequence still denoted by A, for which f; converges weakly in H, to some
function, denoted by W. We claim that any such limit W satisfies the relation
[WI? =< W, V >. To check this identity, through convex combinations of the
sequences f,, Lf,,, we obtain sequences v,, Lv, which converge strongly to W,
—V, respectively. On the one hand, since v, (resp. Lv,) converges strongly in
H (resp. H_y) to W (resp. —V), < v,, Lv, > convergesto — < W,V >. On
the other hand, since — < v, Lv, >= | v, ||%, it converges to || Wll%. Therefore,
W2 =< W,V >.
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We have now all elements to prove the first part of the lemma. Suppose by
contradiction that A < f;, fo > does not converge to 0 as A | 0. In this case
there exists ¢ > 0 and a subsequence A, |, Osuchthat A, < f,,, fi, > > ¢ for
all n. We have just shown the existence of a sub-subsequence A, for which f; ,
converges weakly in #{; to some W satisfying the relation < W,V >= |[W||].
Since f, is solution of the resolvent equation,

limsup £, 17 = limsup {2115, 1° + 175,13

n'— o0 n'—o0

= limsup< £, ,, V>=<W,V>= W] < limsup|flf}-

n'—o0 n'—o00
This contradicts the fact that A, < f, , fi, > > ¢ for all n, so that lim; o A
< fu, fu >=0.

It follows also from the previous argument that f; , converges to W strongly
in ;. In particular, all sequences A, have subsequences A, for which S,
converges strongly in #{;. To show that f; converges strongly, it remains to
check uniqueness of the limit.

Consider two decreasing sequences A,, (i,, vanishing as n 4 co. Denote by
W1, W, the strong limit in | of fa,» fu,- respectively. Since f; is the solution
of the resolvent equation,

< Mnfin = B funs Fon = Fun > + 1fos = fulli = 0
for all n. Since f; , f,, converges strongly to W,, W, in Hy,

Bim |1 fi, = fu,IT = IWi — Wl .
On the other hand, since A[| f,|? vanishes as A | 0,

llm <)“an” _lu’nfllfn’ f)hn _flin >

n—00

= — lim { < Anfis fun >n + < Bnfu fr, >x } .

n— 00

Each of these terms vanish as n 1 0o. Indeed,
Ap < f)»,m fLL,, >p = Ap < fk,,, fl/«n —Wo>, +4, < fA,,s Wi >,

By Schwarz inequality (2.3), the first term on the right hand side is bounded
above by [|A, fo, =1l f., — W2ll1, which vanishes because Af; is bounded in
H_| and fu, converges to W in ;. The second term of the previous formula
also vanishes in the limit because W, belongs to #{| and A f; converges weakly
to 0 in H_,. This concludes the proof of the lemma. O

Theorem 2.2 follows from this lemma and Proposition 2.5.
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3 Some examples

Fix a function V in L?(r) N H_,. In this section we present three conditions
which guarantee that the solution f; of the resolvent equation (2.5) satisfies the
bound (2.6).

3.1 Reversibility

Assume that the generator L is self-adjoint in Z2(7r). In this case, by Schwarz
inequality,
| <Lfig=x| < Iflilgl .

Therefore, in view of the variational formula (2.4) for the #{_| norm, for any f
in L?>() N H,, Lf belongs to H_| and

ILfI-r = IfNh -

In particular, in the reversible case (2.6) follows from the elementary estimate
(2.12).
3.2 Sector condition

Assume now that the generator L satisfies the sector condition

<filg>2< Co< f.(~L)f >z <8, (~L)g > 3.1)

for some finite constant Cy and every functions f, g in the domain of the gener-
ator. In view of (2.4), for any function g in D(L),

ILgll-1 = Collglh

and condition (2.6) follows from estimate (2.12).

The previous inequality states that the generator L is a bounded operator from
Hy to H_,. Since S, the symmetric part of the generator, has certainly this
property, L is bounded if and only if A, the asymmetric part of the generator, is
a bounded operator from H | to H_4, i.e., if

<8 AN=8)"'Ag > = || Agl} = Colglli = Co < g, (—S)g >x
for all functions g in D(L). Hence, the sector condition requires that

A*(=8) A < Co(—S9)
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for some finite constant Cy. This inequality states that the asymmetric part of
the generator can be estimated by the symmetric part. Furthermore, in this case,
in view of the computations performed just after (2.9),

(=) < (=5) + A*(=T"A = (1+Cp)(=S)

so that
Cilo(V)* < |VI%, < Cio(V)?

for some finite constant C;. This means that under the sector condition, the
limiting variance is finite if and only if the function belongs to H{_ .

3.3 Graded sector condition

Now, instead of assuming that the generator satisfies a sector condition on the
all space, we decompose L2(rr) as a direct sum of orthogonal spaces A, and
assume that on each subspace A, the generator satisfies a sector condition with
a constant which may be different on each A,,.

Assume that L (7r) can be decomposed as a direct sum b, 0.4, of orthogonal
spaces. Functions in A, are said to have degree n. For n > 0, denote by 7, the
orthogonal projection on 4, so that '

f=> mf ad mfeA,

n>0

foralln > 0, f in L*(x).

Suppose that that the generator L keeps the degree of a function or changes
itbyone: L: D(L)NA, - A, UA,UA,;,. Denote by L_ (resp. L,
and L) the piece of the generator that decreases (resp. increases and keeps) the
degree of a function. Assume that L, can be decomposed as Ry + By, where
— Ry is a positive operator bounded by —Cy L for some positive constant Cy:

0 = <fi(=R)f > = Co< fi(=L)f >x (3.2)

for all functions f in D(L).

Since — Ry is a positive operator, repeating the steps of Subsection 2.1 with Ry
in place of L, we define the Sobolev spaces Ho, 1, Ho,—1 and the norms || - [lo 1,
I| - llo.—1 associated to Ry. Since Ry keeps the degree of a function,

If13) = <fi(=R)f >x=< mfs(—R0) D 7 f >z

n=0 n=0

> <mnfy (RIS >a = Y M flGy -

n>0 n=0

Il
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for all functions f in the domain of the generator. By the same reasons, for a
function f in L%(),

I/ = sup 2<fig>r—lgld} = Y lmfll -

geD(L) o

In terms of the new norm || - |jo, 1, (3.2) translates to

Iflox < vColl £l

for all function f in the domain of the generator and some finite constant Cj.
It follows from this inequality and from the variational formula for the H_ |,
Ho,— norms that

Il < v/Collfllo-i (3.3)

for all function f in L2(;r) and the same finite constant Cy.
Suppose now that a sector condition holds on each subspace A,, with a constant
which depends on n: there exists 8 < 1 and a finite constant Cy such that

< fi(=Ly)g>2 < Con® < f,(—=Ro)f >» < g, (=Ro)g >x ,
<g (=L f >2< Con* < f, (=R f >z < & (—Ro)g >»

forall g in D(LYN A, and f in D(L) N A, . It follows from the previous
assumptions and from the variational formula for the || - ||_; o0 norm that

(3.4)

ILiglo—1 < VConflliglos, NL-Fllo1 < VCon’lfllon (3.5
forall g in D(L)N A, and f in D(L) N A, .. The proof of Lemma 3.1 below,

due to [14], [19], shows that the restriction 8 < 1 is crucial.

Lemma 3.1 Let V be a function in L () such that

2k 2
Y o nm VI, < oo,

n>0

Denote by f, the solution of the resolvent equation (2.5). There exists a finite
constant C| depending only on B, k and Cy such that

2k 2 2k
S M fills, < C Y im VIE

n>0 n=>0
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Proof. Consider an increasing sequence {t, : n > 0}, to be fixed later, and
denote by T': L2(r) — L?(mr) the operator which is a multiple of the identity
on each subspace A,,:

Tf = Y tamnf .

n=0

Apply T to both sides of the resolvent equation and take the inner product with
respect to T f; on both sides of the identity to obtain that

A<Tfi,Tfi > — <Tfi, LTf, >»
=<Tf/i, TV > — <Tfi,[L,T]fi >= .

In this formula, [L, T'] stands for the comutator of L and T and is given by
LT — T L. By assumption (3.2), the left hand side is bounded below by

Co' < THi. (=R)Tfi >z = C'ITAIR, = o' ) 2w il -

n>0

Let 5 > 0. We now estimate the scalar product < Tf,,[L,T]f, >, in
terms of | T fx”%,p Since T commutes with any operator that keeps the degree,
[L,T] =[Ly+ L_,T]. To fix ideas, consider the operator [L ., T], the other
expression being estimated in a similar way. Since L, increases the degree by
one, by definition of the comutator,

7Tn[L+7T]f = L+T7Tn—1f - TL+7Tn—1f = (tn—l —tn)Lﬁ—nnflf

for all functions f in D(L). Therefore,

<Tf,Le, T > = Y <mlfomlly, T1fi >x

n=0

= Z(%*l — )ty < 7y fi, L+7Tn—lfk >z -

n>0

By (3.4) and since the sequence f, is increasing, the previous expression is
bounded below by

> (tn = ta)taCon® 17 fillo,t Iy fillos

n=0
1
< 5 Z(tn - tn-l)tnCOnﬁ”nan“(z)J
n=>0
1
- _ B 2
+ ) ;(tn zLnfl)tnCOn ”nn—lfl”(),l .
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Since B < 1, there exists ny, = n(Cy, B, 8, k) such that

2k

< 8

(}’l _ 1)21{ n?_k } n
¥k (n—1)% ~

B B _
Con {1— — } <35, Cm {(n_1)2k
foralln > n,;. Fixny, > n; and set f, = n%kl{n < n}+n*l{n, <n <
ny} +n**1{n > n,}. With this definition, we obtain that the previous expression
is bounded by

§) lmflly, = SITAIG, -
n=0
It remains to estimate < T f;, TV >,. By (2.3), and since 2ab < A~'a’>+ Ab?
for every A > 0,

2 2
< Tf)u TV o = l,; < ﬂnf}u 7T11V > = Zt” “ﬂﬂf)\“(),l ||T[l‘lV”0.71
n>0 n=>0
2 2 —1 2 2
< Y tllmfile, + 67D lm Vi
n>0 n>0

I

SITAMG, + 8 'ITVIG, -
Putting together the previous three estimates, we obtain that
-1 2 2 -1 2
Co ”Tf)L”o,] =< 36 ”TfA”(),l + ) ||TV“0,4

so that
ITfllg, < 16CSIT VI

if we choose § = 1/4Cy. Recall the definition of the sequence 7,,. This estimate
holds uniformly in n,. Let ny 1 oo and definite 7" as the operator associated to
the sequence 7, where ' = n*1{n > n;} +n?*1{n < n,}, to deduce that

2k 2 2 2
Y onlmfills, < @)l fills,

n>0 n=>0
2 2 2
< 16C3 Y ) m VIR
n=0
2 2k 2, 2
< 16CnT Y " nm, VG, -
n=>0

To conclude the proof of the lemma, it remains to recall that we fixed § = 1/4C
and that n, = n(Cy, k, B, 8). O]
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Assume now that Ly = Ry + By satisfies a sector condition on each subset
A,

< g (Lo f >} < Con™ < f,(=R))f > < & (—Ro)g >»  (3.6)

for some y > 0 and all functions f, g in D(L) N A,. Notice that we do not
impose any condition on y. By the variational formula for the norm || - ||p 1,

ILofllo.~1 = +/Con®ll fllo.1 (3.7
for all functions f in D(L) N A,.

Lemma 3.2. Suppose that the generator L satisfies (3.2), (3.4) and (3.6). Fix

a function V such that
2k 2
Yo VI, < oo
n>0

Jor some k > (B Vv y). Let f, be the solution of the resolvent equation (2.5).
Then,

sup [[Lfillo,~1 < o0.
O<i<l]

Proof. It follows from (3.3) that
ILAIZ, < LR = Y ImLfild - (3.8)
n>0

Fix n > 0. Since 7w, Lf). = L_7, 1 f» + Lom, fr + Ly, fo, by (3.5), (3.7),

lZaLfillo—1 < NL_mus1forllo—1 + 11 Lomn fallo—1 + W Lymmno1 follo,—1
< ConPllmar1 fillo + Con? I, fillo.1 + ConPllmai fillo1 -

In particular, by Schwarz inequality, by Lemma 3.1 and since k > (8 V y), the
right hand side of (3.8) is bounded above by

2k 2 2k 2
C Y P mfill, < G Y lm VI,
n>0 n=0

for some finite constant C, depending only on Cy, 8 and y. This proves the
lemma. U

Therefore, to prove a central limit theorem for an additive functional of a
Markov process, it is enough to check whether its generator satisfies the graded
sector conditions (3.2), (3.4) and (3.6).
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4 Tagged particle in simple exclusion process

We prove in this section a central limit theorem for the position of a tagged particle
in the simple exclusion process with the method presented in the previous section.

Among the simplest and most widely studied interacting particle systems is
the simple exclusion process. It represents the evolution of random walks on
the lattice Z? with a hard-core interaction that prevents more than one particle
per site and may be described as follows. Fix a probability measure p(-) on Z¢
and distribute particles on the lattice in such a way that each site is occupied by
at most one particle. Particles evolve on Z¢ as random walks with translation—
invariant transition probability p(x, y) = p(y — x). Each time a particle tries to
jump over a site already occupied, the jump is suppressed to respect the exclusion
rule.

This informal description corresponds to a Markov process on X, = {0, I}Zd
whose generator L is given by

(L)) = Z N = nGx + 21 p@ @™~ fl. @1

x,zeZ4

Here, n stands for a configuration of X so that n(x) is equal to 1 (resp. 0) if
the site x is occupied (resp. unoccupied) for the configuration #. f is a cylinder
function, which means that it depends on n only through a finite number of
coordinates, and 0“7y is the configuration obtained from 7 by interchanging the
occupation variables n(x), n(y):

n@ ifz#x,y,
(™) = ny) ifz=x,
nx) ifz=y.

The simple exclusion process is said to be symmetric if the transition probabil-
ity 1s symmetric (p(z) = p(—z)) and to be mean zero if the transition probability
is not symmetric but has zero average: ), zp(z) = 0. All other cases are said
to be asymmetric

To avoid degeneracies, we assume that the transition probability p(-) is irre-
ducible in the sense that the set {x : p(+x) > 0} generates Z¢, i.e., that for any
pair of sites x, y in Z, there exists M > 1 and a sequence x = Xg, ..., Xy =y
such that p(x;+; — x;) + p(xi —xi11) > O0for0 <i < M — 1. We also suppose
that the transition probability is of finite range: there exists Ay in N such that
p(z) = 0 for all sites z outside the cube [—Ag, Agl“.

Notice that the total number of particles is conserved by the dynamics. This
conservation is reflected in the existence of a one parameter family of invariant
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measures. For0 < & < 1, denote by v,, the Bernoulli product measure of param-
eter . This means that under v, the variables {(x), x € Z¢} are independent
with marginals given by

ve{n(x) =1} = a = 1 —v{n(x) =0} .

An elementary computation shows that the Bernoulli measures {v, , 0 < @ <
1} are invariant for simple exclusion processes. Denote by L* the generator
defined by (4.1) associated to the transition probability p*(x) = p(—x). L* is
the adjoint of L in L?(v,). In particular, symmetric simple exclusion processes
are self-adjoint with respect to each v,,.

For ¢t = 0, denote by 5, the state at time ¢ of the Markov process. Among all
particles, tag one of them and denote by X, its position at time 7. X, by itself is
not a Markov process because its evolution depends on the position of the other
particles. However, (,, X,) is a Markov process on X, X 7.

Denote by {z,, x € Z?} the group of translations on X,;. For x, y in Z¢ and a
configuration 1 in Xy, (z,n)(y) = n(x + y). The action of the translation group
is naturally extended to functions and measures.

Denote by &, the state of the process at time ¢ as seen form the tagged par-
ticle: & = tyx,n;. Notice that the origin is always occupied because £,(0) =
(tx,n:)(0) = n,(X,) = 1. In particular, we can consider either £ as a configura-
tion of X; with a particle at the origin or £ as a configuration of X} = {0, 1}21,
where Z‘i = 7% —{0}. We adopt here the latter convention. It is also not difficult
to show that & is a Markov process on X; with generator £ given by

(LHE) = Z POy —x)EW —EWMIf(@™78) — f(§)]

x,yeZﬁf

+ Y p@I - E@IFOE) — £

ze74

(4.2)

The first part of the generator takes into account the jumps of the environment,
while the second one corresponds to jumps of the tagged particle. In the above
formula, 6,£ stands for the configuration where the tagged particle, sitting at the
origin, is first transferred to site z and then all the configuration is translated by
—z: forall y in Z¢

£(2) ify=—
E(y+z2) fory# —z.

For 0 < @ < 1, denote by v the Bernoulli product measure on X7j, by £* the
generator defined by (4.2) with the transition probability p*(y) = p(—y) in

6:£)() = {
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place of p and by < -, - >, the inner product in L?(u), for a probability measure
u. An elementary computation shows that v is an invariant state for the Markov
process £ and that its adjoint in L2(v*) is £*. In particular, £ is self-adjoint in
the symmetric case.

We have seen that the #{| plays an important role in the investigation of the
central limit theorem. For the simple exclusion process as seen from a tagged
particle, a simple computation shows that for any function f in the domain of
the generator,

([ (=D )y

=(1/2) ) ply—x / EQU —EMILf(@™) - fE)N dvy
el (4.3)

+ 12 Y p@ / [~ £/ 6.8) — FEF dv; .

. *
zely

The first question on the asymptotic behavior of the tagged particle concems
the law of large numbers. For 0 < o < 1, denote by PP,; the measure on the
path space D(R_, X) induced by the Markov process with generator £ starting
from v;. Saada proved in [17] the following result.

Theorem 4.1. forevery0 <a <1
X
lim -t—’ = [l-a]y

in Py; probability, where y = 3 74 2p(2).

To investigate the central limit theorem, denote by Z, the re-scaled position of
the tagged particle:
X, —ty(l—w

7 :

For each z such that p(z) > 0 and for s < ¢, denote by N[ZS’ . the total number of
jumps of the tagged particle from the origin to z in the time interval [s, ¢]. Let
N} = Ny - Itis not difficult to check that that

Z[:

ME o= N — / P ~&@]ds and (MF)? — / P — £(2)1ds
0 0

are martingales vanishing at # = 0. In the same way, for y, z in Z¢ such that

p(z—y) > 0,5 < t, denote by N[";jf] the number of jumps of a particle from y
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to z in the interval [s, ¢]. Let N;"* = Ny3,. As before

M = N* — / plz — &ML — &(2)]ds
0
and (M7 — f Pz — VEWMI — &@)1ds
0

are martingales.

Since {M?, p(z) > O}, (M}, y € Z¢, p(z) > 0} are pure jumps martin-
gales and do not have common jumps, they are orthogonal in the sense that the
product of two such martingales is still a martingale.

To obtain the position at time ¢ of the tagged particle, we just need to sum the
number of jumps multiplied by the size of the jumps: X, = }__ zN7 so that

t
X, = ) aNi = ) zMi + Zf dsz @)1 — &)1 .
7724 ze7d cezd V0
In particular, for any vector a in R9,

M;Z-I-L/IV(E)d
i T iy e

where M/ is the one-dimensional martingale defined by

(@ -z) =

Mf = (@ 2)M;

zcZ4

and V, is the mean-zero cylinder function

Vo) = ) (a-2)p@ie —£2)] . (4.4)

274

In these formulas and below (a - b) stands for the inner product in R,

To prove a central limit theorem for the tagged particle, we need to represent
fot V, (&) ds as a martingale M, plus a small term and to compute the limiting
variance of M} + M,. We have seen in Theorem 2.2 that such a representation
is possible provide the solution f; of the resolvent equation

Ay — Lfi =V, 4.5)
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satisfies (2.6). In this case M, is the limit, as A | O of the martingale M} given
by

M= £ — fi6) - /O (LS)E) ds .

This martingale can be expressed in terms of the elementary martingales M7,
M, introduced above. Since

ORI 3 NUCECREN ORI

x,yeZd
+ Z/(; [f3(0.85-) _f)n(és—)]dN;,

274

an elementary computation shows that

o= Y [iheren) - peotam

x,yezd

LY fo [£(0.5) — ful&, )]dM? .
ze7d

By Theorem 2.2, if (2.6) holds for the solution of the resolvent equation,

1 a 1 2 "
(wm=~ﬂ4+7m+&,

Vi Vi

where
lim lim R} =0 in L%(v}).

=00 A—>0

Since the martingale M} -+ M, satisfies the assumptions of Lemma 2.1 for every
a in R4, under assumption (2.6), Z, converges in law to a mean zero Gaussian
distribution with co-variance D(«) given by

a-D(@a = Exl(M{ +M)’] = lim E[(M] + M;)*]

i fe[( X [ TG — figonams)]

x,yeZd

+ B (X /0 1 {@ o +1s6.60) —fk(ss_)]}dMi)z]}

zeZd
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=;ig%{ Y2 PO = DE[§@0 — EMIAE™E) - LEOF]

x,yeZd

+ L ror[i-sena-a+ 00 - el ]}

274

Here we used extensively the fact that the martingales M7, M, are orthogonal
and the explicit form of their quadratic variation. Developing the square, we get
that for each fixed A the previous expectation is equal to

(1—a)) pl2)(a-2)’

774
+2Y (@2 p@Ey[[1 - €@I£0:5) — £©)]]
22
+ Y PO DB [EOI — EWILEE) — HEP]
x,yeZd
+ Y P@E [ —6@ILAE.) - LOF].
zeZ4

In view of (4.3), the last two terms are equal to 2|| f; |3. A change of variables
¢ = 6.£ in the the expectation Ex[[1 —&(z)] f1(0,§)] permits to write the second
termas 2 < Wy, fi >, where

Wa = Y (a-2)p)IER) —E(-2)} . (4.6)
278
In conclusion,
a-Dwa = (1-a) ) p@ -2’

ced (4.7)
+ %irr(l){Z < Wa, f >y +2 Ilfxlﬁ}

for every a in R?. Recall from (2.14) that lim; ¢ || |17 = limy0 < Vi, fi >.
Since, on the other hand, V, + W, =} _.(a - 2) p()la — §(=2)],

a-Da = (I1—a) Y p@ (@ 2" + 2lm < W, i >y, @48)

ze74
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where

W= (a-D)p@la —&(-2)].

Up to this point we have shown that a central limit theorem for the tagged
particle in the simple exclusion process holds provided that (2.6) is in force for
the solution of the resolvent equation (4.5). In this case the limiting variance is
given by (4.8). In the next three subsections, we prove condition (2.6) in different
contexts.

4.1 Symmetric case

Assume that p is symmetric. In this case the generator £ is self-adjoint. To apply
the method presented in sections 2 and 3 and the results proved in subsection
3.1, we first need to examine whether V, belongs to the Sobolev space H_,
associated to the generator £.

Fix a function f in Lz(v;‘). Since V,, has mean zero, if < f >, stands for the
expectation of f with respect to v},

ElVof] = Y@ 2p@ /[a —EDIf~ < f = ldv?

ezl
= Y@@ [0~ < £ >1dv;
ze7d

Write this last expression as the sum of two halfs. In one of the sums, perform the
change of variables ¢ = 6,&, which is possible because the indicator [1 —£(z)] =
1{&(z) = 0O} guarantees that there are no particles at z. After these operations
the last term becomes

12 Y@ p@ [11- @1 - < f > zlav;

zeZd
(/2 Y2 p@ [11-£CDI0-8)- < £ =1y,
zeZ4
Change variables 7' = —z in the second sum, recall that p is symmetric and add

the two terms to obtain that the previous sum is equal to

12 Y a2 p@) [11-£0117© - FO01a,

- /
€74
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It remains to apply Schwarz inequality to bound the square of this expression by

/- a( L 2p@) ¥ p@ [0 - 010@ - seorar;

ze74 z

In view of formula (4.3) for the Dirichlet form of f, we have just proved that

{<Vaf>p} = 0/2DA-0)Y @ 2*p@ < f,(~OFf >y -

ze74

This proves not only that V, belongs to #{_; but gives also the bound -

IVal?, < (/20 —) Y (a-2)*p(z) (4.9)

d
zeZs

for the H_, norm of V.

We have just proved that V, belongs to H_;. Since, on the other hand, the
generator is self-adjoint, in view of subsection 3.1, the assumptions of Theorem
2.2 are in force. This proves a central limit theorem for the tagged particle in the
reversible context, originally proved by Kipnis and Varadhan [6]:

Theorem 4.2. Assume that the transition probability p(-) is symmetric. Then,
Z, converges in distribution, as t 1+ 0o, to a mean zero Gaussian law with matrix
co-variance D(«) characterized by (4.8).

4.2 Mean zero case

Consider now the mean zero case. Varadhan in [21], Theorem 5.1, proved a
sector condition for this model. He showed the existence of a finite constant C
such that

[<fi(=Dg>y ) < Co< fi(=D)f >u< g (=L)g >u

for all functions in the domain of the generator. He proved furthermore that the
local function V,, given by (4.4) belongs to #{_|. In view of the results presented
in subsection 3.2, (2.6) holds for the solution of the resolvent equation (4.5). We
have therefore the following theorem due to Varadhan [21]:

Theorem 4.3. Assume that the transition probability p(-) has mean zero. Then,
Z, converges in distribution, as t 1 0o, to a mean zero Gaussian law with co-
variance matrix D(c) given by (4.8).
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4.3 Asymmetric exclusion process

Assume now that p(-) is asymmetric. For each n > 0, denote by Z,. , the subsets
of Z¢ with n points and let £, = U,>oZ., be the class of finite subsets of ZJ.
For each A in E,, let W4 be the local function

Hé(X)~Ot

XEA X(Of

where (o) = a(l — «). By convention, ¥y = 1. It is easy to check that
{W4, A € E,}is an orthonormal basis of L2(v§). For each n > 1, denote by G,
the subspace of L?(v}) generated by {4, A € %, ,}, so that L?>(v*) = @,0G-
Functions of G, are said to have degree n.

Consider a local function f. Since {¥4 : A € E,} is a basis of L>(v}), we

may write
F=Y") AV, =) mf

n=0 AcE, n=>0

Here we have denoted by 7, the orthogonal projection on G,,. Notice that the
coefficients f(A) depend not only on f but also on the density «: f(4) = f(a, A).
Since f is a local function, f: Z, — R is a function of finite support.

For a subset A of Z¢ and x, y in Z¢, denote by A, 4, Sy A the sets defined by

(A\{xhU{y} fxeA ygA,
Acy = 3 A\DHUK} ifyeAd x €A,
A otherwise ; 4.10)
_JA—Yy ify ¢ A,
SA - = (A—y)o,-, ifyeA.

In this formula, B + z is the set {x + z; x € B}. Therefore, to obtain S, A from
A in the case where y belongs to A, we first translate A by —y (getting a new
set that contains the origin) and we then remove the origin and add site —y.

Denote by s(-) (resp. a(-)) the symmetric (resp. asymmetric) part of the
transition probability p:

s() = (I/D){px) +p(=0)}, alx) = 1/2){px) - p(-=x)}.

A simple computation shows that

£ = 3 {@hH + @],

A€l
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where ¥ ., is an operator that can be decomposed as £ o = 2(‘) +(1 - 20[)8(2) +

2% @) (R — &), with
(LH(A)

il

(1/2) Y sty = 0[f(Ary) — FA],
x,yeZﬁf

@A) = Y aly —x)[(4,) — (A1,
x€A,y€A
x#£0,y#0

&N = Y ah-0AUED,

xEA yEA
X0,y A0

Y a-nfA-{H);
xed,yeA
X0, y£0

(4.11)

I

(&7 H(A)

and 2., is an operator which can be decomposed as a@! + (1 — a)@2 +

Vx@)(&F + L), where
(@A) = > pOIF(S,4) — F(A)],

YEA

(@20)4) = Y pOIfS,4) - H(A)],

YA

) (4.12)
@) = Y pOIf4 — {y) — 1S4 — {=yD1,
yeEA
(&HA) = D pMIFA U {y) — (S, AU {~yD].
y¢A

We may therefore decompose the generator £ as
L=L + Ro+ Bo+ Ly,
where

£of = Vx( Y {-285 + &) (Av,,

Ack,
Lof = Vx@@) ) 2% + &H (v,
AcE,
Bof = Y {(1-20)% + «ll + (1 - )L} (A,
A€,
Rof = ) L (AW, .
AcE,
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The space L*(v}) and the generator £ have therefore exactly the structure
presented in subsection 3.3. Denote by Hy 1, Hy. | the Sobolev spaces induced
by the local functions and the symmetric positive operator Ry.

To conclude the proof of the central limit theorem for the tagged particle,
we need only to check that the local function V, given by (4.4) satisfies the
assumption of Lerama 3.2 and that the generator satisfies hypotheses (3.2), (3.4),
(3.6).

Sethuraman, Varadhan and Yau [19] proved that in dimension d > 3 all mean
zero local functions belong to #{_,. In particular, since V, has mean zero,

| < Vi, f >0

< Gollflh

for some finite constant Cy and all functions f in the domain of the generator.
Notice that we only need to consider functions f having degree one because V,
has degree one. In this case, by Lemma 4.4 in [8], || fIl1 < Coll fllo,| for some
finite constant Cy so that V,, belongs to H(, | and the first assumption is fulfilled.

We now turn to the second set of hypotheses of Lemma 3.2. We need to check
assumptions (3.2), (3.4) and (3.6). In view of formula (3.5) in [8], (3.2) holds for
the asymmetric simple exclusion process. On the other hand, putting together
Lemma 4.1 and formula (3.1) in [19] with Lemma 5.1 of [7], we show that
(3.4) holds with g = 1/2 for the asymmetric exclusion process in dimension
d > 3. Finally, in respect to (3.6), observe that B, has two pieces. The first
one, corresponding to ! + (1 — a)Q?, satisfies (3.6) with y = 1 in view of
[8], Lemma 4.2. However, the piece which corresponds to (1 — 201)2(2) does not
satisfy (3.6). What we can prove instead, [9], is that

Lemma 4.4, Let ® be a function such that (|7, ®llg, -, < o0 for each n > 1.
Let h;. be the solution of the resolvent equation

Ay — Lhy, =@ .
There exists a finite constant Cy, independent of A and «, such that

of

[ L3R5 nllo.—1 <

HWHCDHO —1

3/2 n+1

Z 7 llo.t

j=n—1

foralln > 1,0 <a < landx > 0.
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It very easy to check that this estimate may replace condition (3.6) in the proof
of Lemma 3.2. In view of the previous estimates, we have the following result
due to Sethuraman, Varadhan and Yau [19]:

Theorem 4.5. Assume that the transition probability p(-} is asymmetric. Then,
in dimension d > 3, Z, converges in distribution, as t © ©o, fo a mean zero
Gaussian law with co-variance matrix D (o) characterized by (4.8).

5 Comments and extensions

We list in this section some results related to the problem of the central limit
theorem for the tagged particle.

5.1 Invariance principle

With a little more effort, one can prove in fact that the tagged particle converges
to a d-dimensional Brownian motion with diffusion coefficient characterized by
(4.8).

Remark 5.1. In the conditions of Theorem 4.2, Theorem 4.3 or Theorem 4.5,
ZN = Zy, converges, as N 1 0o, to a Brownian motion with diffusion coefficient
given by (4.8).

We never excluded the possibility that the variance vanishes. In fact one can
prove that D(«) is strictly positive in all cases but one. In the nearest-neighbor
one-dimensional symmetric simple exclusion process D(x) = 0. In fact, in
this case, +/7 is not the correct renormalization and this is easy to understand.
Since particles cannot jump over the others, if we want the tagged particle to
move from the origin up to N, we need also to move all particles which were
originally between the origin and N to the right of N. The displacement of
the tagged particle is thus much more rigid. Relating the exclusion process to
the symmetric nearest-neighbor one-dimensional zero-range process, Arratia [1]
and Rost and Vares [16] proved that X,y /N!/4 converges in distribution to a
fractionary Brownian motion.

In a similar spirit, Landim, Olla and Volchan [10] and Landim and Volchan
[13] considered the evolution of an asymmetric tagged particle in Z, jumping to
the right with intensity p > 1/2 and to the left with intensity 1 — p, evolving as
arandom walk with exclusion in a medium of symmetric particles. They proved
a law of large numbers and an equilibrium central limit theorem for the position
of a tagged particle.
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5.2 Smoothness of the diffusion coefficient

Recall from (4.8) the characterization of the self-diffusion coefficient D(-) and
notice that it depends on «, the density of particles in the environment. Based on
the duality introduced in Subsection 4.3, Landim, Olla and Varadhan [8] proved
that this dependence is smooth:

Theorem 5.2, In the symmetric case the self-diffusion coefficient D(-) is of
class C* on [0, 1] and in the asymmetric case, in dimension d > 3, it is of class
C*® on (0, 1].

It is not yet clear whether the lack of smoothness at the origin comes from the
method (essentially the factor & ~! appearing in the statement of Lemma 4.4) or
whether it is intrinsic to the problem.

Here is the idea of the proof. Recall equation (4.8) for the self-diffusion matrix.
Let R, = x(a)~'/2V, be the cylinder function given by

R, () = D PO - @le—E)].

yeZ§ :

1
Vol —a)
With the notation introduced in the previous section, we may write R, as

R(&) = =) (y-a)p(¥,,
yeZd

where W, = W, for z in Z¢. For A > 0, denote by g; the solution of the
resolvent equation:
‘& —Lg = Ra.

Of course, g, = y (a)~'/2 f;.. In view of (4.8),

a-Diw)a = (1 —a) Z p@) @ 2% + 2x(e) %1_)1*% <S8z 8 >y, (G

/4

where S, = — )" (a- 2)p@Q)V_,.

Denote by g; (a, A) the coefficients of g, on the basis {W4, A € E,}. Writing
both g, and R, on the basis {V,, A € Z,}, we obtain an equation for the
coefficients g («, A):

Agy, — Za)g, = R, . (5.2)
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Here, ¥(x) is the operator &y o + ¥, , defined in (4.11), (4.12) and, for each a
inR?, R, = R, is the real function defined on E, by R, ({y}) = —(y - @) p(»),
R, (A) =0for |A| > 1and A = ¢.

In view of (5.1), to prove that D is smooth, we just need to show that

lim < S,, g, >y, = — lim > p@)a - Dl 2D

774

is a smooth function in the density . We need thus to show that there exists a
subsequence A; | O such that {q;, (o, {y}) : k > 1} converges uniformly to a
smooth function for all y with p(v) > 0.

To prove that g, («, {y}) is a sequence of smooth functions, observe from
equation (5.2) and from the explicit form of the operator £(«) given in (4.11),
(4.12) that g; (e, -) is the solution of a elliptic equation for each fixed a. The
density « is now a parameter of the equation and we want to prove that the
solutions depend smoothly on this parameter.

In the case where the operator 2(«) doesn’t change the degree of a function,
we would have a one-parameter family of finite dimensional elliptic equation.
To show that the solutions depend smoothly on the parameter -, we would first
deduce the equations satisfied by the derivatives of g; and then obtain estimates,
uniform in X, on the L° norm of these derivatives to conclude the existence of
a subsequence A for which g;, converges to a smooth function.

In our case, the operator ¥(«) changes the degree of a function by at most one.
To apply the previous ideas, one need first to show that the solution is such that
the high degrees are small in some sense. This is exactly the content of Lemma
3.1. Details of the proof can be found in [8], [9].

Remark 5.3. The approach just presented to prove smoothness of the self-
diffusion coefficient provides Taylor expansions at any order of the co-variance
matrix through the inversion of finite-dimensional parabolic operators (cf. [8]).

5.3 Bulk diffusion

The method presented above is quite general and can be used to prove that the
Bulk diffusion coefficient of nongradient [20] interacting particle systems are
smooth (cf. [2]).

These results have an important application. There are essentially two general
methods to prove the hydrodynamic behavior of an interacting particle system.
The first one, introduced by Guo, Papanicolau and Varadhan, [5], requires unique-
ness of weak solutions of the partial differential equation which describes the

Bol. Soc. Bras. Mat., Vol. 31, No. 3, 2000



TAGGED PARTICLE IN EXCLUSION 273

macroscopic behavior of the system. The second one, called the relative entropy
method and due to Yau, [22], requires the existence of smooth solutions.

For some nongradient systems, the differential equation is of parabolic type
and the diffusion matrix is given by a variational formula, similar to the ones
derived in this article. In order to apply the relative entropy method, one needs
to check that this diffusion matrix is regular in order to guarantee the existence
of smooth solutions. The approach presented here may therefore validate the
relative entropy method for nongradient systems. For instance, in the case of
the Navier-Stokes correction [4], [11], [12] for the asymmetric simple exclusion
process, the same method permits to prove that the bulk diffusion coefficient in
dimension d > 3 1s smooth in the interval [0, 1/2) U (1/2, 1] {cf. [9]).

5.4 Finite dimensional approximations

Fix N > 1 and consider a finite dimensional version of the symmetric exclusion
process on the torus {—N, ..., N}? (ie. with periodic boundary conditions,
preserving in this manner the translation symmetry). Since we want to work
with an ergodic process, we also fix the total number K of particles. Consider
now a tagged particle in this finite system. If N is much larger than the size of
a single jump, the motion of the tagged particle has a unique canonical lifting
to Z7. We get in this manner a process Xy () with values in Z7. Let us denote
by D,k the variance of the Brownian motion which is the limit of the scaled
process e Xy (e‘zt) as & — 0. Itis proved in [7] that
lim D[N,K] = D(O{) .

N—00
K/QNY >a
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