Advanced Studies in Pure Mathematics 39, 2004
Stochastic Analysis on Large Scale Interacting Systems

pp. 1-27
Large Deviations for the Asymmetric
Simple Exclusion Process
Srinivasa R.S. Varadhan
Abstract.

We explain the large deviation behavior of the totally asymmet-
ric simple exclusion process in one dimension.

§1. Introduction

So far, large deviations from hydrodynamic scaling have been worked
out only for systems under diffusive scaling. Large deviation results are
presented here for the Totally Asymmetric Simple Exclusion Process or
TASEP in one dimension. This work was carried out by Leif Jensen [2]
in his PhD dissertation submitted to New York University in the year
2000 and is available at the website

http://www.math.columbia.edu/~jensen/thesis.html

We will present here a detailed sketch of the derivation of the upper
bound and a rough outline of how the lower bound is established.

§2. Hydrodynamic limit of TASEP
The Model.

We have a particle system on the integers Z or (in the periodic case)
on Zy, the integers moduo N. The configuration is n = {n, : z € Z}
or {ng : * € Zn}. The evolution of n(t) = {nz(t)} is governed by the
generator

LH =D e = ner)[f(™"H) = f(0)]
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where
n. if zF Ty
2V=9qn, if z==x
e if z=y
This corresponds to the process where the particles independently wait
for an exponential time and then jump one step to the right if the site is

free. Otherwise they wait for another exponential time. All the particles
are doing this simultaneously and independently.

The Scaling.

For each N we consider an initial configuration 7, n, that may or
may not be random. We consider these models for N — oco. Assume
that for some deterministic density function po(€), 0 < po(-) < 1, and
every test function J(-),

Jim S I = [ I@pn(e)de
The limit is taken in probability in the random case. The class of test
functions are continuous functions with compact support in R, if we
started with Z and the periodic unit interval S, if we started with Zy.

Time is speeded up by a factor of N, i.e. the process is viewed at
time Nt or equivalently the generator is multiplied by a factor of N.
This introduces in a natural way a probability measure Py on the space
of trajectories {n,(t) : x € Zy or Z,t > 0}.

Theorem 2.1. (The law of large numbers.) For anyt > 0, there
exists a deterministic density function p(t,-), on R or S as the case may
be, such that

fim_ 32 ICE) nalt) = [ ) plt, )¢

Nooo N

in probability for every suitable test function. The density p(t,z) is
determined as the unique weak solution of

(1) pe(t,8) + [p(t,€) (1 — p(t,€))]e =0

with initial condition p(0,-) = po(-), that satisfies the ‘entropy condi-
tion’.

Remark 2.2. The entropy condition can be stated in many equiv-
alent forms. For example if p(t,-) is a smooth solution, then for any
smooth function h(r)

[(p(t, )]e = B (p(t,€))pe(t,€) = —h'(p(t,€))(1 — 2p(t,€))pe(t, €)
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(2) [h(p(t, €)]e + [9(p(t, €))]e = 0
where g and h are related by
3) g'(r) = h'(r)(1—2r)

If p(t,-) is only a weak solution, then equation (2) may not hold even
weakly. A weak solution of equation (1) is said to satisfy the entropy
condition if for every convex function h and the corresponding g defined
by equation (3),

(4) [h(p(t, €))): + [9(p(t,€))le <O

holds as a distribution on [0, T] xR or [0, T]| xS as the case may be. Then
for any initial value, the weak solution satisfying the entropy condition
exists and is unique. The density profile of the TASEP converges to this
unique solution.

We will not prove it here. For the special case when the sites are Z
and 7, n(0) = 1 for z < 0 and 0 otherwise was carried out by Rost [4],
who proved that in this case the solution p(t,&) is the rarefaction wave,

1 if £<—t
p(t.€) =4 G if —t<eE<t
0 if £t

and the density of the TASEP converges to it. Seppéldinen in [5] ob-
tained a representation of the TASEP with arbitrary initial conditions
in terms of a family of coupled processes with initial conditions of Rost
type and was able to reduce the general case to the Rost case.

If we look at special solutions of the form

_Jr if £€<0

then this will be an entropic solution only when p < % In particular if
p = 1, although the initial profile in the Rost case is a stationary weak
solution it is not entropic. On the other hand if we hold the lead particle
from jumping, then nothing can move. So with probability e~ V¢, the
Rost initial profile can remain intact up to time ¢. This illustrates that
non-entropic solutions are relevant for large deviations.
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§3. Large Deviations. Some super exponential estimates

The validity of hydrodynamical scaling depends on some basic facts.
We will state them in the periodic case. The needed modifications when
we have the entire Z are obvious. The ‘one block estimate’ allows one
to replace the microscopic flux by its expectations, given the densities
over blocks of size 2k + 1. If

1 t .
5(N, k,t) = ]—V—/ Z |6N,k’m(8)|d8
0 2

where

enpals) =l 3 m((1 —nya(s) = (L~ 7))

yily—z|<k

k _ _ 1
and Ne = 2k+1 Zy:|y—m|§k: My» then

k—oo N—oo

lim lim EFW [S(N, k,t)] =0

The expectation is taken here with respect to the measure Py that
corresponds to some initial profile on the periodic lattice Zn and evolves
according to TASEP dynamics in the speeded up time scale. Then the
two block estimate allows one to replace 7* with large k by 3¢ with a

small €. One can exhibit this in many ways. For instance, if we define,

Dkt = [ [ Sl - 5 S ds

x

then, by proving

lim lim lim EFv [D(N,e, k,t)} -0

e—0 k—oco N—oo

one can establish that any limit of the empirical density is a weak solu-
tion of equation (1).

Remark 3.1. Because of finite propagation speed, basically the ef-
fect of any change in a region s only felt over a finite macroscopic do-
main. This allows us to go back and forth between the periodic and
the nonperiodic cases without much effort. If we take the domain large
enough then the probability of any effect outside is superexponentially
small. So even for large deviations, one can go back and forth.
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Theorem 3.2. One has the super exponential ‘one block’ and ‘two
block estimates’. For any 6 > 0,

1
(5) lim sup lim sup N logP{g(N, k,t) > 6] = —00

k—oo N—ooo

(6) lim sup lim sup lim sup % log P {D(N, ek, t) > 5} = —00

e¢—0 k— oo N—oco

Sketch of proof: We look at the periodic case. The Dirichlet form

D(p) = _[vp(n®=+1) — /p(n)]®

Z,M

can be used in conjunction with the Feynman-Kac formula to provide
the first estimate. This is not any different from the symmetric case.
The fact that the scaling factor is N and not N? does not affect the
estimate. It only matters that it is large.

The second estimate on the other hand is a bit tricky. In the sym-
metric case the proof uses the full strength of the factor N2, and does
not work here. Instead the proof is carried out in several steps. First
one proves that there is an exponential error bound, for large deviations
from the hydrodynamical limit in the Rost case, by explicit computa-
tion. This is not hard and can be done by just following Rost’s proof
carefully. Then this is extended to arbitrary initial conditions by follow-
ing through Seppalédinen’s proof. One then notices that, by convexity, if
D(N, ¢, k,t) does not go to zero, and the one block estimate holds, then
the hydrodynamic limit cannot hold. Therefore the two block estimate
holds with exponential error probability. Finally a bootstrap argument
is used to improve the exponential error probability to a superexponen-
tial estimate. The space time region of size N x N is divided into ¢? grids

of size % X %. The probability of a significant violation in the two block

estimate is e~¢% for one grid. The grids do not influence each other
that much. Now the usual Bernoulli large deviation estimate yields a
multiplication of the exponent by a factor £2, that equals the number of
grids. If we pick ¢ large we are done.

Corollary 3.3. Outside the set of weak solutions the probability
measure Py decays superexponentially fast.

It is then natural to expect that the rate function for large deviations
will be a measure of how ‘nonentropic’ the weak solution is.
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§4. Macroscopic and Microscopic Entropies.

A microstate on the configurations on Zy is a probability distribu-
tion py(n) on the configurations € {0,1}%~. Its entropy (relative to
the uniform distribution) is defined as

Hy(pn) = Nlog2+ > pn(n)loglpn(n)]

For a macroscopic density profile p(£), the corresponding entropy func-
tion is defined by

H(p()) = log 2 + /S [p(€) Jog p(€) + (1 — p(E)) log(1 — p(€))]de

If py has asymptotic profile p, in the sense that

i+ YT = [ J@pe)de

N—oo

in probability with respect to py, then by Jensen’s inequality

lim inf ;V_HN(pN) > H(p(-))

N —-oco

We need a result of Kosygina [3] that asserts that under certain addi-
tional conditions the equality holds, i.e.

Two conditions are needed.
e The Dirichlet form is “small”

Dn(pn) =Y _[Vp(n®=+1) = /p(n)]* = o(N)

e The two block estimate holds.

lim lim lim EPY [D(N,e, k)] =0

e—0k—oo N—oo

where

1 _ 1 _Ne
D(N,G, k) = N Z[T]I;’N]z - N Z[”ﬁN]Z
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The proof uses the fact that the control of Dirichlet form allows us to
estimate 3 Hy (pn) by

1
log 2 + EPN [N Z[ﬁi log 7y + (1 — 775) log(1 — 7]

and the two block estimate allows k to be replaced by Ne and if the
law of large numbers holds then we easily pass to H(p(-)), providing the
upper bound. The lower bound as we mentioned is essentially Jensen’s
inequality.

With some additional work the following theorem due to Kosygina
can be proved.

Theorem 4.1. Consider the evolution according to TASEP in the
periodic case with any initial conditions. Suppose the hydrodynamic limit
holds with some profile p(t,€). Then for any § > 0

. 1
limsup sup |]—V‘HN(pN(5)) ~ H(p(s,-))| =0
N—oo 6<s<t

Idea of proof: The discussion above will allow us to control it for most
times s. But the entropy is monotone and cannot fluctuate wildly.

Remark 4.2. Actually the theorem Kosygina will continue to hold
even if we modify the dynamics by changing the rates, replacing in the
speeded up scale N by NAg z+1(s,n), provided the relative entropy of the
modified process with respect to the unperturbed process remains bounded
by CN. This is because the estimates on the Dirichlet form, usually
obtained by differentiating the entropy at time t, with respect to t can still
be derived. Because the two block estimates has superexponential error
estimates for the unperturbed process, they will continue to hold for the
perturbed process which has relative entropy bounded by CN. Since the
proof of Theorem 4.1 depends only on estimates on the Dirichlet form
and two block estimates, the Theorem will continue to hold even when
we perturb.

Remark 4.3. If for some py with profile p the entropy relation
X 1
limsup | Hy () — H(p()| = 0
N —o0

holds, then from the super additivity of the entropy function over disjoint
blocks, one has for the marginal py g of pn on any block of size N(b—a)
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say from [Na, Nb|,

b
limsup | Hy (o) = [ (p(€)d€] =0

N—oo

§5. Large Deviation. The rate function

The basic space on which we will carry out the large deviation is
the space 2 = C[[0, T], M| of continuous maps p(t,d§) of [0,T] into the
space M of nonnegative measures on S. Although under Py, p(t,d¢§)
consists of atoms with mass %, because of exclusion any conceivable
limit will be supported on p(t, d€) that have densities p(t, £)d{ that sat-
isfy 0 < p(t,€) <1 for all (¢,£) € [0,T] x S and are weakly continuous
as mappings of [0,7] — M.

The rate function Z(p(:,-)) is defined as +oc if p(+,-) is not a weak
solution of

pe+[p(L = p)le =0
If it is a weak solution, then

T—-0
(ol ) = /0 . /S [1R(o(s Ve + la(o(,))]e] *dede

~ sup / /S Tt &) [[h(p(, e + (9o )] dede

JeJ

JeJ

— _inf /0 /S [Je(t, O)h(p(- ) + Je(t, E)alp( ) dtde

Here h(r) = rlogr + (1 — r)log(1 — r) and g(r) as defined by equation
(3) is

g(r)=r(1—r)log a ir) -

and

T ={J():0<J(~) <1,J(0,-) = J(T,") = 0}

It is interesting to note that the set of weak solutions of nonlinear equa-
tions is in general not weakly closed. However a result on compensated
compactness, that can be found in Tartar [6], tells us that the set Cy of
weak solutions for which Z(p(-,-)) < £ is in fact compact in the strong
topology, guaranteeing that the rate function is indeed lower semi con-
tinuous. It is easy to check uniform modulus of continuity in time in
the weak topology. So the rate function in fact does have compact level
[ets.
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§6. Upper Bounds

For upper bounds we will use the formulation of Ellis and Dupuis
[1]. Suppose 7, n is a deterministic initial condition with a profile po(£).

Theorem 6.1. Suppose Py s the measure on the configuration
space {nz(t)} induced by the TASEP and Qn is such that Qn << Py
and the measure @ N induced by Qn on 0 converges to the degenerate
distribution at p(-,-) € Q. Then

1
iminf — > -
lim inf - H(Qn|Px) > (o)
Remark 6.2. This is easily seen to be equivalent to the standard
upper bound LDP estimate.
The proof is broken up into several lemmas.

Lemma 6.3. Without loss of generality we can assume that Qpn
is Markov with rates NX(t,xz,n).

Proof. Consider the probability distribution gn (¢,7) of n(t) at time
t under Q. We have

¥ Y TG — [ 1@t

in probability with respect to qn(t,n). The process @y has some rates
NAn(t,z,w) of particles jumping from = to = + 1, that may depend on
the past history upto time ¢. This comes from general martingale theory.
One can write the formal generator

(Lewf)(m) = N Y Az, 0)ne(1 = nera) [f(n™5H) = £(m)]
and with respect to Qy,

F(n(t)) — F(n(0)) - / (Carof)(0(s))ds

will be martingales. By Girsanov formula one can calculate on [0, T7,

1 an| [T
LH@QNIPY) = B { / [ 701 = s (DO, )t

where (A) = Alog A — A + 1. If we replace A(f,z,w) by its conditional
expectation

At,z,m) = BN [A(t,z,w)|n(t)]
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we see that

T —~
EON[f(n(t)) — £(n(0))] = E@ [ / (ctfxn(t))dt]
with

(Lef)(m) = N Y At 2, m)na(1 = nes) [F™"H) = f(n)]

In other words gn(t,7n) is the solution of the forward equation cor-

responding to £. On the other hand, since 6()\) is a convex function of
A, by Jensen’s inequality,

EQN [’l’]m(t)(l - 77w+1(t))9()\(t’ T, w))]
> EQN [nm (t)(l - nm+1(t))6(/):(ta x)""’))]

The Markov process with L, as generator has the same marginals
at time t as Qn and will work as well. In other words for our theorem
we can assume with out loss of generality that @y is Markov with rates

NX(z,t,7). Q.E.D.

Consider the joint probability distribution gn . x(t,7) at the 2k + 1 sites
[z —k,... ,z+ k] of {n,} under gn(t,n). We think of it as function of 7
that depends on the variables {n, : |y — z| < k}.

We let

1
H(N, 2,k t) = = > anak(t,m)logan,zk(t,n)
n€0,1]2k+1
and compute
1 .

n€l0,1]2k+1

Z QN,w,k(tv 77) IOg qN,z,k(t,n)
n€[0,1]2k+1

> gn(t,n)log g,z k(t,n)
UE[Ovl]N

2=

2=
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Using the forward equation ¢x(t,n) = N(L;qn)(t, 1), we get

Ht(N,.T,k‘,t)
= Y an(t,n)Liloggn z k(t, )]
WEUXIFV
~ thw$ t, y,y+1
=Y an (M)A Mgy () log Lok
nefo,11N QN,a:,k(t"'?)

z—k—-1<y<az-+k
where ey ,41(17) = 7y(1 — ny4+1). We use the inequality
Alogy < AlogA — A+ 1+e%y—1—al

with the choice of a = an z,y k(1) to be made later.

H,(N,z,k,t) <
S an(tmey g (MG y,m) log At,y,m) — A(t,y,m) + 1]
nefo,1)N

z—k—1<y<z+k

eaN,w,yaqu z k(t’ 'I]y’y+1) — 4N,z k(t? 77)
+ N t, . 7 ,r] T, s Ly
> an(tmeyys(n) aN e (67)

'I’)E[O,I]N
z~—k—1<y<z+k

- Z an (t, n)ey,y+1(MAEL Y, M)an 2,9,k

n€lo,1}N
z—k—1<y<z+k

We rewrite this as

Y an(tmey g (At y,m) log At y,m) — A(t,y,m) + 1]

ne[0,11V
z—k—1<y<z+k

> Ht(N,.’L', k,t) — Al(N,:r,k,t) + Az(N,x, k‘,t)
where

Ay(N,z,k,t) =

eaN’I’y’kQN z k(t777y’y+1) — 4N,z k(t’n)
gN t777 € ) 1\n = —
> (t,m)eyy+1(n) aNz,k(t M)

nefo,1]V
z—k-1<y<z+k
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and

AZ (Na z, ka t) = an (ta n)ey,erl("?)X(ta Y, n)aN,m,y,k

moM

S

r—k— m+k

We now multiply by J(t, ), where J € J, sum over z, integrate with
respect to ¢ from 0 to 7T and finally multiply by fék—if)ﬁ’

T
1 x
> -
- /o (2k + 2)N xezZ:N I, N)d[ Y avak(t,m)logan ekt n)]

776[071]2k+1

T
1 T
— E9w [/0 [2k+2 Z J(ta'ﬁ)ey,y—kl(n) X

z—k—1<y<z+k

eaN,m,y,qu,x’k(t, T’y’y+1) - qN,(II,k(t7 ’r’):l dt.l
QN,m,k(tan)

T
1 x
QN el
+E [/0 [2k+2 E J(t,N)ey,y+1(n) X

z,y

z—k—1<y<z+k

X(ta Y, n)aN,m,y,k:} dt:l

= TU(N, J(, ), k) = To(N, I (-, ), k) + To(N, J(-,-), k)

Now we have to analyse the terms on the right. Let us look at

Tl(Na J(’ >’k) =

T X
[ array X 791 X avstnlosavet)

€Zn nef0,1)2k+1

Integrating by parts,

T1(N J(‘ ) k) -
1
E Jy(t S — E 2kt n) logan ..k (t, )| dt
/ TE€ZN {(2k+2)N n€lo,1 ]2k+1qN * ok :|

We pick £k = Ne and let ¢ — 0 at the end.
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Lemma 6.4. If fort € [0,T], qn(t,n) leads to the profile p(t,-),
then

lim lim
e—0 N—ooo

T
T 1
Jy(t, — ene(t,n)] s Ne(t,m) | dt
/0 > t(’N)[2N2e > anene(t,n)og gz ne(t, )

x€EZN nel0,1]2Ne

T
_ / / Ji(t, E)h(p(t, €))dtde

Proof. Let us consider the quantity

1
Hy(t z,¢) =log2 + 5+ > anazne(t,n)logq z ne(t,n)
776[071]2N€+1

and the measure
1
un(t,e) = N ZHN(t,a:, €)=

We need to prove the weak convergence of

lim lim wpn(¢,€)dt = h(p(t,&))dtdé

e—0 N—oo

Since we are looking at relative entropy with respect to a product mea-
sure, i.e. uniform distribution on [0, 1]%¥ | it is easy to see that

lim inf lgninf pn(t,€)dt > h(p(t,&))dtd

e—0

in view of the remark at the end of the last section. On the other hand
the total mass of (¢, €) is dominated by the total entropy

1
log2+ = > av(t.m)logan(tn)
"Ie[ovl]zN

and we are done. Q.E.D.

Now we try to control T5(N, J(-,-), Ne)=T2(N, J(-,-), Ne) which is more
difficult. The interior terms with x — &k — 1 < y < x + k are easy. We
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choose an ;4,1 = 0.

! ANz, Ne(t, 1Y) — g ne(tsn
B [QN Z ey,y+1(1) —= 4 )(t )E e(t,m)
G:v k—l<y<z+k dN,z,Ne , 7
1
- Z 9Ne Z ey,y+1(n) X
n€[0,1]%2Ne z—k—-1<y<z+k

[QN,m,NG (t7 ﬂy’y+1) - qN,:l:,Ne(ta 77)]

1
Z ET\T; Z [ny-l-l — nyJQN,z,Ne (t’ 77)

ne[o,1]zzNe r—k—1<y<z+k

If we carry out a summation by parts in x and integration over t, this

leads in the limit to
T
- [ [ e ernte,aae

We look next at the boundary terms. Note that £k = [Ne]. The boundary
terms equal B = B; + B2 + Bs + By

T 1 T
B, = _ EON [/0 |:_2—N_e S It ek (L neci) X

eaN’m’_’kQN,;c,k(t, nm—k—l,x——k) — QN,z,k(t? 7’]):| dt]

dN,x.k (ts Tl)

By =— E®v [/O [2Ne Z J(t )'Um—l»k 1= Neykyr) X

eaN,m,+,qu’m,k(t’nz+k,z+k+1) _ Qva’k(t’n)]dt}
N,z k(1)

T
1 T
B3 =+ EQN {A [2N6 ZJ(t, N)T]m_k,_l(l — nx_k) X

T

X(t,l‘ —k— l,n)aN’m’_,k] dt]
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T
1 T
B, =+ EOv [/0 [m Z J(t, N)'r]:z:+k(1 — Natht1) X

X(t, z+k, n)aN,an’k] dt]

We would like to make the choice of an, _x = ~u(t,5”—‘]’f,—'l) and
an gz +.k = u(t, %’3) for some smooth u. We can combine B3 and B,
and write

Bs + By

x

|

8

~~

[aa—Y

|

e}

8

+

[y

N’

>)

—~

u@i—

ﬁ

=

N

fod

VamnS

£,
2l
| IS |
&

T
=0 [ [ee+ = atto - alo(t. 1 - ot €)utt, e
+ Error

The error term is dominated by

CEQN UOT [% ; N 2, n(2)) — 1|] dt}

For any 6 > 0, there is a constant Cy such that
IA—1| <0+ Cg[Alog A — A+ 1]

Therefore c
Error < CO + N%H(QNIPN)
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We will get an estimate on B;. The term B is similar. B, is estimated

by

1 T
QN E _
2N€E {A - Ma—1(1=1z) e

The quantity

-1,
—u(t,%) CIN,a:,m+2k(t’ n* m) . 1(dt:l
QN,x,a:+2k(t> 77)

gN,z,x+2k (t7 Um*l’m)

dN,xz,x+2k (t7 77)

RN = 7793“1(1 - na:)
has to be looked at carefully. Take x = 0. If we denote qn 4 z+2k(t, 1)
by fN(n()a i, - ,772k) then

pN(Lm, -, n2k)
pn (071, -+, M2k)

fN(lanlf" )77216) _

Ry = m(1—
N 7’1( nO)fN(O,m,“',lek)

(1 —no)

p(0)
~n (11—
Therefore it follows that
(1, 8)
lim sup B <—/ / (t,6)(1 t,€ : —l}dtdf
N —oo ! )) - p(ta 5)
and similarly
u(t€) (1 — p(t
lim sup By < —/ /p(t €)(1 t,€)) ¢ (1=t ) —1|dtd§
N—oo p(t,&)

If we let u approach log 3 £ E;(f)ﬁ) both By and B tend to 0 for any positive
€. Finally we let € — 0.

p(t,§)

— p(t, é)dtdf

hrr(l)th [Bs + By] = / /Jgtﬁ (¢, &) (1 — p(t, §))log
This proves

lgnmfi H(QN|Pn) >
T
_ / / Ji(t, &)h(p(t, &))dtdE + / / Je(t, €)p(t, €)dtde
0 S 0 S
' p(t, )
—/0 /sjg(t’g)p(t’f)(l—P(t,f))log T 8
- /D /s [J:(t, )h(p(t, €)) + Je(t, €)g(p(t, €)))dtde
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Since J is arbitrary, we are done.

§7. Lower Bounds

The situation with the lower bounds is not totally satisfactory. Ide-
ally one should construct an explicit perturbation of the rates that pro-
duces a particular profile, the entropy cost of such a perturbation being
approximately equal to the rate function for such a large deviation. This
one is not able to do at this time. The best we can do is to prove the ex-
istence of such perturbations and construct them implicitly. Even this
we can do only to produce a single non-entropic shock traveling at a
constant speed. By patching together, one can possibly handle a finite
number of shocks of varying speeds, even crossing each other forming
caustics. However one does not see at the moment how to produce a
‘general’ non-entropic weak solution, partly because one does not know
what it is. Ideally there would be an approximation theorem allowing
us to pass from a solution with a finite number of shocks to a general
weak solution with a finite large deviation rate.

We will sketch the proof for the simple case of a stationary non-
entropic shock at 0 starting from a special initial configuration. Suppose
we are given on Z an initial configuration of particles where every site
x < 0 is filled and every site x > 0 is empty. We wish to perturb
the standard speeded up TASEP dynamics with new rates NAn(t, z,n),
such that for the modified process @y, for every test function J with
compact support and every ¢ € [0, 7], we have in probability,

o0

i S J (5 nalt) = [ I(©p(t,€)de

N—o0 oo

where p(t, &) is the following special weak solution.

1 if < ~t

2 if —t<z<-t(2p-1)

P if —t2p-1)<2z2<0
(7) p(t,€) = < .

1—p if 0<z<t(2p—-1)

B af t(2p—-1) <z <t

L0 if >t

Here p > %— and there is a non-entropic shock at 0 where the density

jumps from a higher value of p > % to the lower value of 1 — p < % The
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rate function for this profile in the interval [0, 7] is proportional to T,
i.e. equals ¢(p)T, where

(8) c(p) =2p—1~2p(1 - p)log 7 f
The problem is to find rates Ny (x,7n) such that the process with these
new rates has a law of large numbers with the profile p(t, £) given by (7)
and achieve this with an entropy cost that is roughly c¢(p)N. We know
from the upper bound that we cannot do better. Since we want to slow
down particles at or near 0, ideally cutting down the rate at 0 should do
it. If we slow down the rate at 0 to N\ with some fixed A < 1, holding
all other rates at N, we will produce a profile of the type we want with
some p = p(A) that is hard to determine, except in the trivial case of
A =0,p=1,¢(0) = 1. The cost is surely not going to be optimal. We
can however lower the rate at several points around 0, depending on the
current configuration of particles. The new rates NAy(z,7n) will do the
trick. We will implicitly construct them. We will then have to see how
this will work for any initial condition. After that we need to modify
the construction for shocks moving with constant velocity. Then patch
things together for one or more shocks with non constant jumps and non
constant velocities that may cross each other.

The idea for a single shock is simple enough. A non-entropic shock
is entropic if time is reversed. Let us begin with a generator of a TASEP
with jumps to the left rather than to the right. The generator is given
by

EN0) =N e (1= ) [FEE=) = £()]

We start with some initial configuration at ¢ = 0, that produces the
density profile of p(T’, &) specified by equation (7). The hydrodynamical
scaling limit will be an entropic solution of

with pr(0,€) = p(T,&). This is seen to be the time reversal of the profile
given in (7).

b\T(ta §) = p(T — t, 5)
for 0 <t <T and ¢ € R. If we now take the process @)y corresponding
to £ and reverse time to get trajectories n(T — t), the new process
will have some generator Ly r; that is time inhomogeneous and nearly

impossible to compute. However it does have the advantage that it has
a hydrodynamical limit with a profile that is the time reversed version
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of pr(t,&) which is of course p(t,£). The entropy will match, because
while the forward motion is losing entropy at the shock, the time reversed
motion will put it back and this is done by the new rates for the reversed
process. If we do not waste entropy at microscopic scale, then the book
keeping at micro and macro levels match and will give us the lower bound
for large deviations. However the rates for L N,T,t are too messy and one
has to make it independent of T, N and t, and localize it, so that it is
transportable and can be used as a module that we can use at any place
and time to slow the flow, which is all that any non-entropic solution is
expected to do. We start with a fairly general simple calculation.

Let P be a time homogeneous Markov process with trajectories x(t)
in a finite time interval [0, 7], on a finite state space with generator

(Af)(@) = e(2,9)f(y)-

Y

Let w(t,z) be the marginal distributions in the time interval [0,7]. We
denote by C(z) = ~c(z,z) = 3, c(z,y). Let Pr be the process that
corresponds to the time reversed trajcetories y(t) = x(T —t). Although

Pr is a Markov process, it is in general time inhomogeneous and will
have a generator that depends on the marginals 7(-,-). We denote its
time dependent generator by

(A\T,tf)<x) = Z ET(t’ L, y)f(y)
y#z

and

Cr(z) = —er(t,z,z) = Y _er(t,s,y)

Y

We can also reverse the generator and define A as

(Af)(@) = 3 e, y)f ()

Yy

with ¢(z,y) = c(y,z) for z # y and

Cla) = —t(x,z) =Y _ez,y) = Y _ c(y,7)

y#z yF#z-

We denote by @T, the process with generator A with initial distribution
(T, -).
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Theorem 7.1. We have the following simple formula connecting
the function

H(t) = Z m(t,x)log (¢, x)

x

and the relative entropy H(Pr,Qr).

1 (T
(9) H(Pr|Qr) = H(0)— H(T) + E®" [/0 [C(x(t)) — C(x(t))]dt

Proof. The probabilities 7 (¢, x) satisfy the forward equation

dn(t,y)
dt

=Y ez, y)n(t,z) — C(y)n(t,y)

TH#Y

The time reversed process Pr defined by y(t) = x(T — t) will have
marginals 7(7T — t,y) and some generator

(Aref) (@) = ert,z,y)f(y)

Yy

Of course
dﬂ'(T - ta y) _
= Z c(z,y)m(T —t,x) + C(y)m(t,y)
THY
= Z ET(ta z, y)W(T —t, .’E) - aT(t’ y)ﬂ-(T - t’ y)
T#yY

Actually it is not hard to see that for x # y
(T —t,z)er(t,,y) =&z, y)n(T — t,y)

and

~

Cr(t,z) = m > &z y)m(T - t,y)
T yta

Our goal is to compute the relative entropy

T
H(ﬁﬂ@T):/0 Zﬂ'(T—t,z) Z [CT(t,CE,y)logM’—y)

yyFe &,y)
- CT(t7 €T, y) + E(x’ y)]dt
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~

H(Pr|Qr)
/OT S| 3 o T ]

= yyAe

|

— Cr(t,z) + é(a;)Hdt

B T (T —t,y)
= /0 ;jc(y, x) [W(T —t,y) log T —t.2)
— (T —t,y) + (T — t, m)} dt
T
= /0 Z c(y, ) lﬂ'(t, y) log m(ty) 7(t,y) + (¢, a:)} dt

= m(t, x)

We begin by differentiating H(t) = Zy w(t,y) logm(t,y).

H'()) = &3 w(t,y) logn(t,y) = 3 n(t, ) (Alogm(t, ) (0)

= Z 7(t,y) [[Z c(y, z)log(t,z)] — C(y)logn(t,y)

z#y
=Y oy, x)[n(t,y) logn(t, ) — (¢, y) log 7 (t, y)]
T#yY

= - c(y,z)n(t,y)log

7Y

m(t,y)
m(t, )

This proves (9). Q.E.D.

Let us start the backward TASEP E, with an initial distribution uy
concentrated on the finite set

QN’L:{n:n$=1forx<—NL and nm:OformZNL}

for some L > T. Our initial distribution pun will be a Bernoulli with
pn[Me = 1] = p(T, %) given in equation (7). Assume L > T. Then the
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TASEP will have profile p(T' —¢,£) and at time ¢t = T end up at p(0,&).
The time reversed process will now be a perturbation of the TASEP
going in the right direction with the profile we need. (7.1). We note
that

6(77) - C(”?) = NZ%(I - 77:0+1) - NZ%H(l - 773:)

= NZ[% _‘77:z:+1] = N.

Moreover H(T') = 0 and

FEHO = 1 [ T8 p(T,€) + (1 - p(T,) log(1 - p(T, )
=2(2p — 1)[plog p + (1 — p) log(1 — p)]

Pol-g 1-¢ 1+&, 14¢
+2/2p_1[ 5 log 5 T log 5 |d¢

=2p—2—2p(1—p)log1 p

The relative entropy can now be computed using formula (9) and is seen
to be asymptotic to CT N with

+1

p
C=clp) =2p—2-2p(1 - p)log 1

:2p~1—2p(1—p)log1p

agreeing with (8).

This perturbation is neither stationary in time nor local in nature.
We need to modify it.

The special initial configuration of particles at every site z < 0 and
no particles at any site x > 0 will be denoted by 7. Let N(T') be the
number of transitions from 0 to 1 during [0,T] for the TASEP. Let P
be the unpertubed TASEP from this special configurartion. Our initial
goal is to construct, for each given p a perturbed measure @), such that
Q, << P, with

E?[N(T)] = p(1 - p)T

and

H(Q,|P) =~ Tc(p)
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with ¢(p) given by (8). We wish to do this with a local, time independent
perturbation at least approximately. We can work out the algebra and
restate it as trying to make for a < i

E%¢[N(T)] ~ aT

with an entropy cost not exceeding

(10) I(a) =V1—4a - 2a log Lt \/__“i:iz

We consider for o > 0,
U(o,t,n) = E"[e™""]

where 77 is the initial configurartion. First we note that by a simple
coupling argument

U(o,t,7) < U(a,t,n) < U(o,t,7)e’9™

:Z(l-ﬂm)‘FZ%

z<0 x>0

with

for all configurations n with only a finite number of ocupied sites z with
x > 0 and finite number of empty sites x with z < 0. By Markov
property, if

A(o,t) = ir;f U(o,t,n) =U(o,t,7)

then A(o,t + s) > A(o,t)A(o,s) and —log A(t) is subadditive and

log A(o,t) “u log A(o,t)

(11) lim = —A(o)

t—o0 t o t t
exists. Moreover

e~ -0(t) < Ulo,t,7) < U(o, t,n) < e~ tA(o)+og(n)

where 0(t) = o(t) as t — co. We can write down a differential equation
satisfied by U (o, t,n)

oU (a,t,7)
—— = (L, t,
201 — (£,U) (o t,m)
with
U(o,0,n) =1
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The genertaor L, is obtained by a combination of Girsanov formula and
Feynman-Kac formula. It takes the form

(LoU)(m) = Y cogr1ne(l = ner)[U™H) = Um)] = (1 = e~")U(n)

T

where cg 41 =1forz #0 and ¢y =e77.

Theorem 7.2. Let 0 > 0 be given. For each € > 0, there exists a
positive local function V =V, ((n) that satisfies
(LoV)(n) + (A(o) +€)V(n) 20
for alln.

Proof. As a first step we produce a function that is continuous, i.e.
depends weakly on far away sites and then approximate it to get a local
function. Our first choice is

1 [l €
W = [ expl(\o) + 5.t
0 Jo
Because of the lower bound on U we can assume that t; is large enough
so that for all 7,

eMOtE U (g, t0,m) > 1

Let us compute L, W.

(W) = - [ expl(N@) + 5LV (ot
- ;(_) 0 "expl(Mo) + S0, t,m)it
1

- MO+ 510T (4. 10, m) — 1] = (A(0) + g)W(n)

> ~(Xo) + 5)W(n)

Since tgq is finite, W depends weakly on far away sites, and can be nicely
approximated by a V that is local. Q.E.D.

The next step is to use V' = V,; . to construct our perturbations.
These perturbations cost entropy but will limit the flow between 0 and
1. There is a trade off and o is the parameter that will control this
trade off. Opitmality in the trade off is reached as ¢ — 0. We begin by
defining the rates

V(nw,x+l)

Cx,x+1 (07 €, 77) = C$,$+1(U) 7—(77—)—
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Note that ¢, ;4+1(0) = 1 for  # 0 and ¢p1 = e~ ?. The corresponding
perturbed evolution

(Lo = caai1(0,6mne(l = nayr)[f(n™") = f(n)]

x

is local. Let us speed up by IV, and do the hydrodynamic scaling for this
perturbation. Let Qun be the perturbed process and Py be the original
process both rescaled and with the special initial configuration 7.

Theorem 7.3. For every N, we have on the interval [0, T,
H(@nPy) < B9 [10g V(1) ~log V(1(0) ~oN(T)] + NT{A (o) +4

Proof.

L H(@QulPy) = B [ / ' ¢0,e<n<t>>dt}

where

9o.e(1) = ez,0t1(n)[z,a+1(0, €M) 108 €z 0 +1(0, €M) = Coz41(0, €,1) +1]

We use our definition of ¢; ,+1(0, €,m) and an easy calculation to get

(LsV)(n)
Vi(n)

The proof is completed by integrating with respect to t and taking ex-
pectations, noting

Po,e(n) = (Lo, log V)(n) — o eo,1(n)co,1(0,€,m) —

e [ (£ o8 o

T
— RO [ /0 llog V(n(T)) — log V (n(0))]

Q.E.D.

Now the rest of the argument is relatively straight forward. First, we
need a lemma.

Lemma 7.4. The limit A\(o) defined in (11) satisfies

\o) = inf [rp(1 = ) + e(p)] = inf [ao +I(a)]

where I(a) is as in (10).
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Proof.  Upper bound: If F(p(-,-)) is the flow through the origin dur-

ing [0, T] for a weak solution p(:,-), then from the upper bound already
established

TA©) 2 - int [0 F(p(,) + 1060, )

If one fixes F(p(+,-)) = aT = p(1—p)T, the infimum of I(p(-,-)) is shown
by a variational argument to equal Tc(p) = T1(a).

Lower bound: By a simple calculation using Jensen’s inequality
10g EPN le—aN(T):l — log EQN l:e—aN(T) dPle

d@n
— log B~ [e—aN(T)Jrlog[%%]}

_ log EOV [e—oN<T>—1og[%—?%1]
dQN]]

dPy
= —EW [oN(T)] — H(QnN|Pn)

> —E9v [UN(T) + log

We can take any Qn and we pick it as the time reversal of the
backward TASEP. Our earlier calculations establish the lower bound of
Tc(p) for the relative entropy and Tp(1 — p) for the flow. One checks
that I(a) is a strictly convex function of a. Q.E.D.

This proves that if we perturb by £, . and take the limit as € — 0,
the profiles we get will satisfy the entropy condition, will have flow at 0
limited by T'a and the realtive entropy will be bounded by T'I(a), where
a is dual to o.

The final step in the proof is to prove that the only profile, that sat-
isfies the entropy condition away from 0, has the rate function bounded
by TI(a) and the flow through the origin bounded by Ta, is given by
(7) with p >  chosen so that a = p(1 — p).
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Random Path Representation and Sharp
Correlations Asymptotics at High-Temperatures

Massimo Campanino !, Dmitry Ioffe 2, and Yvan Velenik

Abstract.

We recently introduced a robust approach to the derivation of
sharp asymptotic formula for correlation functions of statistical me-
chanics models in the high-temperature regime. We describe its appli-
cation to the nonperturbative proof of Ornstein-Zernike asymptotics
of 2-point functions for self-avoiding walks, Bernoulli percolation and
ferromagnetic Ising models. We then extend the proof, in the Ising
case, to arbitrary odd-odd correlation functions. We discuss the fluc-
tuations of connection paths (invariance principle), and relate the
variance of the limiting process to the geometry of the equidecay
profiles. Finally, we explain the relation between these results from
Statistical Mechanics and their counterparts in Quantum Field The-
ory.

§1. Introduction

In many situations, various quantities of interest can be represented
in terms of path-like structures. This is the case, e.g., of correlations
in various lattice systems, either in perturbative regimes (through a
suitable expansion), or non-perturbatively, as in the ferromagnetic Ising
models at supercritical temperatures. Many important questions about
the fine asymptotics of these quantities can be reformulated as local limit
theorems for these (essentially) one-dimensional objects. In [7], building
upon the earlier works [15, 6], we proposed a robust non-perturbative
approach to such a problem. It has already been applied successfully in
the case of self-avoiding walks, Bernoulli percolation and Ising models.
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We briefly review the results that have been thus obtained (see also [8]
for a short description of the main ideas of the proof).

Self-avoiding walks. A self-avoiding path w from 0 to z # 0 is a
sequence of distinct sites tg = 0,%1,ta,... ,t, = x in Z%, with [t;—t;i_1| =
1,7 =1,...,n (therestriction to nearest-neighbor jumps can be replaced
by arbitrary, possibly weighted, jumps of finite range). Let 8 < 0, we
are interested in the following quantity:

G%AW(SB) = Z eﬂl“’l,

w:0—zx

where the sum runs over all self-avoiding paths from 0 to z, and |w|
denotes the length of the path. G%AW(:D) is finite for all 3 < B5AW,
with B§4W > —oo. Actually, >, ;. G3*W(z) is finite if and only if
B < BV,

Bernoulli bond percolation. Let > 0. We consider a family of i.i.d.
{0, 1}-valued random variables n., indexed by the bonds e between two
nearest-neighbor sites of Z? (again, restriction to nearest-neighbor sites
can be dropped); Probg(n(e) = 1) = 1—e~#. We say that 0 is connected
to (0 < x) in a realization n of these random variables if there is a
self-avoiding path w from 0 to x such that n., = 1 for all increments e
along the path. We are interested in the following quantity:

G5 () 2 Probg(0 < z).
The high-temperature region 8 < B2 is defined through
B Lsup{B 1 Y GET(x) < o0} > 0.
z€Zd
It is a deep result of [2] that the percolation transition is sharp, i.e.
B = inf{8 : Probg(0 < oo) > 0}.

Ising model. Let 8 > 0. We consider a family of {—1, 1}-valued ran-
dom variables o, indexed by the sites € Z¢. Let Ap, = {~L,...,L}%
The probability of a realization ¢ of the random variables (oy)zen, ,
with boundary condition 7 € {—1, 1}Zd, is given by
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(As for the two previous models, the nearest-neighbor restriction can be
replaced by a — possibly weighted — finite-range assumption.) The set
of limiting measures, as L — oo and for any boundary conditions, is a
simplex, whose extreme elements are the Gibbs states of the model. We
define the high-temperature region as 3 < B5"8 where

Bine — sup{B : There is a unique Gibbs state at parameter 3} > 0.

We are interested in the following quantity:

GIsmg( ) MB [UOUa:]

where the expectation is computed with respect to any translation in-
variant Gibbs state pg (it is independent of which one is chosen). It is
a deep result of [3] that the high-temperature region can also be char-
acterized as the set of all 3 such that

Z GISlng

r€Z4

We now discuss simultaneously these three models; to that end, we
simply forget the model-specific superscripts, and simply write 3. or Gg.
It can be shown that for all three models, for all § < ., the function
Ggs(z) is actually exponentially decreasing in |z|, i.e. the corresponding
inverse correlation length &g : R¢ — R satisfy

£5(x) 2 lim 1 log Gp([kz]) > 0

where |z]| is the componentwise integer part of z. Obviously, &g is
positive-homogeneous, and it is not difficult to prove that it is convex;
it is thus an equivalent norm on R? (for 8 < f3.).

The main result of [15, 6, 7] is the derivation of the following sharp
asymptotics for Gg(z), as |z| — oo, for these three models, in the cor-
responding high-temperature regions.

Theorem 1.1. Consider one of the models above, and let B < (3.
Then, uniformly as |z| — oo,
¥ 5(na)

where ng, = z/|x|, and Yg is strictly positive and analytic. Moreover,
s 1s also an analytic function.

Gp(z) = =t ()il (14 0(1))
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As a by-product of the proof of Theorem 1.1, we obtain the following
results on the shape of the equidecay profiles,

Us S {zeR?: gy(x) < 1)

and their polar, the Wulff shapes

Kp 2 ﬂ {teR? : (t,n)q < Es(n)}.
neSd—l

Theorem 1.2. Consider one of the models above, and let 8 < (.
Then Kg has a locally analytic, strictly convex boundary. Moreover, the
Gaussian curvature kg of Kg is uniformly positive,

A

1 Fg = mi t)>0.
(1) Rp tgg,llgﬁﬂﬂ(b

By duality, OUg s also locally analytic and strictly convex.

Remark 1.3. In two dimensions Kg is reminiscent of the Wulff
shape (and is exactly the low-temperature Wulff shape in the cases of
the nearest-neighbor Ising and percolation models). Equation (1) is then
called the positive stiffness condition; it is known to be equivalent to the
following sharp triangle inequality [14, 20]: Uniformly in u,v € R?

€p(u) +Ep(v) — Ep(u+v) 2 Kp (|ul + [v] = [u+]) .

Theorem 1.1 can in fact easily be extended to arbitrary odd-odd
correlation functions. We show this here in the most difficult case of fer-
romagnetic Ising models; namely, we establish exact asymptotic formula
for correlation functions of the form E,, ; [0A0B1s|, where A, B are finite

subsets of Z¢ with |A| and |B| odd, and for any C C Z%, o¢ 2 [I,ecou-
Notice that even-odd correlations are necessarily zero by symmetry. The
case of even-even correlations is substantially more delicate though (al-
ready for the much simpler SAW model), in particular in low dimensions;
we hope to come back to this issue in the future.

Theorem 1.4. Consider the Ising model. Let 3 < "8  and let
A and B be finite odd subsets of Z2. Then, uniformly in |z| — oo,

Wg’B(nw)

IEM, [0A0B4z] = Wj

where ny = z/|x|, and \IIQ’B is strictly positive and analytic.

e~ta(na)l=l (1 ¢ o(1)),
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We sketch the proof of this theorem in Section 4.

The main feature shared by the three models discussed above is that
the function G(x) can each time be written in the form

(2) Ga(z) = > qs(N),

A:0—zx

where the sum runs over admissible path-like objects (SAW paths, per-
colation clusters, random-lines, see Section 3, respectively). The weights
gg(-) are supposed to be strictly positive and to possess a variation of
the following four properties:

e Strict exponential decay of the two-point function: There
exists C; < oo such that, for all z € Z%\ {0},

(3) @) = ¥ g < Cret@,

A:0—x

where £(z) = —limg_,00 (k)" log g(|kz]) is the inverse correla-
tion length.

e Finite energy condition: For any pair of compatible paths A
and 7 define the conditional weight

qg(A[n) = q(A11n)/q(n)

where AII7 denotes the concatenation of A and 1. Then there ex-
ists a universal finite constant Cy < oo such that the conditional
weights are controlled in terms of path sizes |A| as:

(4) g\ |n) > e C=IA

e BK-type splitting property: There exists C3 < oo, such that,
for all z,y € Z2\ {0} with z # y,

(5) S o< Y gy Y .

A:0—z—y A:0—zx Arxz—y

e Exponential mixing : There exists Cy < oo and 6 € (0,1)
such that, for any four paths A, n, v1 and 2, with AllnI1~, and
A 7nIv; both admissible,

Q()\|77H’Y1)

(6) q(A |71l vz)

<exp{Cy Y ol*vl}.
A

z€
yev1Ur2
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Many other models enjoy a graphical representation of correlation func-
tions of the form (2). In perturbative regimes, cluster expansions pro-
vide a generic example. Non-perturbative examples include the random-
cluster representation for Potts (and other) models [10], or random walk
representation of N-vector models [11], etc... However, it might not
always be easy, or even possible, to establish properties (3), (4), (5)
and (6) for the corresponding weights, especially (5) which is probably
the less robust one. It should however be possible to weaken the latter
so that it only relies on some form of locally uniform mixing properties.

Road-map to the paper

In Section 2 we review and explain our probabilistic approach to
the analysis of high temperature correlation functions. The point of de-
parture is the random path representation formula (2), and the whole
theory is built upon a study of the local fluctuation structure of the
corresponding connection paths. One of the consequences is the va-
lidity of the invariance principle under the diffusive scaling, which we
formulate in Theorem 2.2 below. For simplicity the discussion in Sec-
tion 2 is restricted to the case of SAW-s, and hence the underlying local
limit results are those about the sums of independent random variables.
In the case of high temperature ferromagnetic Ising models the ran-
dom line representation, which we shall briefly recall in Section 3, gives
rise to path weights gg which do not possess appropriate factorization
properties. Nevertheless these weights satisfy conditions (3)-(6) and we
conclude Section 3 with an explanation of how the problem of finding
correlation asymptotics can be reformulated in terms of local limit prop-
erties of one dimensional systems generated by Ruelle operators for full
shifts on countable alphabets. The proof of Theorem 1.4 is discussed
in Section 4. Finally, in Section 5, we explain the relation between
the problems discussed here, inspired by Statistical Physics, and their
counterparts originating from the corresponding lattice Quantum Field
Theories.

§2. Fluctuations of connection paths

In this section we describe local structure and large scale proper-
ties of connection paths conditioned to hit a distant point. In all three
models above (SAW, percolation, Ising) the distribution of the connec-
tion paths converges, after the appropriate rescaling, to the (d — 1)-
dimensional Brownian bridge, and, from the probabilistic point of view,
these results belong to the realm of classical Gaussian local limit anal-
ysis of one dimensional systems based on uniform analytic expansions
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of finite volume log-moment generating functions. An invariance princi-
ple for the sub-critical Bernoulli bond percolation has been established
in [17] and for the phase separation line in the 2D nearest neighbour
Ising model at any 8 > (. in [13]. In both cases the techniques and the
ideas of [6] and [7] play the crucial role, and, in fact, the renormalization
and the fluctuation analysis developed in the latter papers pertains to
a large class of models which admit a random path type representation
with path weights enjoying a suitable variation of (3)-(6). In particular,
it should lead to a closed form theory of low temperature phase bound-
aries in two dimensions [16]. Note that different tools have been early
employed in [9, 12].

For the sake of simplicity we shall sketch here the case of self-
avoiding walks and shall try to stipulate the impact of the geometry
of K on the magnitude of paths fluctuations in the corresponding di-
rections.

Let # € S*! and the dual point ¢ € 9Kg; (f,2) = £3(2), be fixed
for the rest of the section. Consider the set P™ of all self-avoiding paths
v : 0 — |nz]|, where for y € R? we define |y| = (|y1],...,|vq]) € Z°.
Finally, consider the following probability measure Pj; on P™:

1

(7) P3(v) = de"”'l{yem.

In order to explain and to formulate the invariance principle which holds
under Pg we need, first of all, to readjust the notion of irreducible split-
ting of paths v € P™;

(8) ’)/:)\LH/\lLI-"H)\MH)\R.

Fix 6 € (0,1) and a large enough renormalization scale K. Given a path
A = (ug,u1,...,um) let us say that a point u;; 0 < [ < m, is Z-correct
break point of A if the following two conditions hold:

A)  (u,2) < (u, 2) < (uy,2) for all j <1 <.
B) The remaining sub-path (u;41,...,u,) lies inside the set

2KUg(w;) + Cs(t),
where Ug(z) = z + Ug, and the forward cone Cs(#) is defined as

(9) Cs() = {y e R?: (y,8) > (1 - 8)&(y) } -

Note that this definition depends on the parameters K and 6; as they
are usually kept constant, we only write them explicitly when needed.
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With & € S41, t € 0Kp, K and ¢ fixed as above let us say that a path
A is irreducible if it does not contain Z-correct break points. We use S
to denote the set of all irreducible paths (modulo Z?-shifts). Define also
the following three subsets of S:

S, ={A=(ug,---,um) €S : VI >0 (u, %) < (um, )}

A= (ugy...,Um) €S : VI >0(u;,z) > (up, &) and
(10) Sgp= )
v C KUg(uo) + Cs(t).

So =8, NSg

For any v € P, which has at least two Z-correct break points the
decomposition (8) is unambiguously defined by the following set of con-
ditions:

AL €S, A €Sk and A\q,..., 2y € Sp.

The only difference between (8) and the irreducible decomposition em-
ployed in [7] is that the break points here are defined with respect to the
#-orthogonal hyper-planes instead of t-orthogonal hyper-planes. This is
to ensure that the displacements along all the A-paths which appear in
(8) have positive projection on the direction of £. More precisely, given
a SAW path A = (ug, ..., Uy) let us define the displacement along A as
V(A) = up — ug. By the very definition of (8) all

Vi 2V, iEV), ..., V2 V() Ve 2V(g).

belong to the (lattice) half-space {y € Z? : (y,2) > 0}. The renormal-
ization calculus developed in [6, 7] implies:

Lemma 2.1. For every B < B, and for any 6 > 0 there exists a
finite scale Ko = Ko(6,8) and a number v = v(6,8) > 0, such that

(11) > P < exp{-(f,y) —vlyl},

AES:V(A)=y

uniformly in y € Z°.

Going back to the decomposition (8) notice that

(12) Vi+Vi+- -+ Vy + Vg = |ng]
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for any v : 0 — |n&|. Therefore, Lemma 2.1 and the Ornstein-Zernike
formula of Theorem 1.1 yield:

(13)  Pj (max{|VL|,[Val,...,|Vul, [VRI} > (logn)?) = 0(-1—),

npP

for any p > 0. In particular, if for given v : 0 — |nZ]| one considers
the piece-wise constant trajectory 7 through the vertices 0,Vy,Vp +
Vi,...,|nz], then the R%-Hausdorff distance between v and 7 is bounded
above as:

(14) P% (ds (1,9) > (logm)?) = o (-1—) ,

nP

as well. Indeed, one needs only to control the fluctuation of A in (8),
the traversal deviations of paths in Sg are automatically under control
by the cone confinement property (10).

Estimate (14) enables a formulation of the invariance principle for
SAW ~ in terms of the effective path 4. In its turn the invariance
principle for 74 is a version of the conditional invariance principle for
paths of random walks in (d — 1)-dimensions with the direction of the
target point & playing the role of time. It happens to be natural to
choose the frame of the remaining (d—1) spatial dimensions according to
principal directions of curvature v,,...,94_1 of 0Kp at t. In this way, in
view of the positive Z-projection property of all the A-path displacements
in (8), the effective path 7 C R? could be parametrized in the orthogonal
frame (Z,09,...,04-1) as a function X :[0,n] — R91. As usual define
the diffusive scaling X,(-) of X(-) as

Ro(r) = %X’(WJ)-

Let Cp 0[0, 1] be the space of continuous R%~!-valued functions f on [0, 1]
which satisfy the boundary conditions f(0) = f(1) = 0.

Theorem 2.2. The distribution of )/(:n() under P weakly con-
verges on Co [0, 1] to the distribution of

(15) (VE1B1(-), .., v/Fa—1Ba-1(")),

where By(+),...,Ba—1(-) are independent Brownian bridges on [0, 1] and
Ki,-..,Kd—1 are the principal curvatures of 0Kz at t.
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Let us dwell on the probabilistic picture behind Theorems 1.1, 1.2
and 2.2: First of all, note that by Lemma 2.1

(16) Q(y) = B 3 FN 2 Dy
. AESo: V(N)=y

is a (non-lattice) probability distribution on Z¢ with exponentially de-
caying tails. Indeed, an alternative important way to think about Kp is
as of the closure of the domain of convergence of the series

(17) teR? = Y eMWGp(y).

yezZa

1>

On the other hand, Lemma 2.1 ensures that the series Wy(t)
>~ ¥ Wy (y) converges in the v-neighbourhood B, (&) = {t : |t—i| < v}
of t. In view of the decomposition (8) and Lemma 2.1,

(18) Gg(nz) = O (e_”gﬁ(i)_”"> + Z Wi * WM « Wg(nd),
M=1

where we have assumed for the convenience of notation that n € Z¢,
and

Wry)= Y. M and Wa@y)= Y P

AESL:V(N)=y AESR:V(N)=y

As a result, the piece of the boundary 0Kg inside B, (f) is implicitly
given by

0K N B, (f) = {t € B,(f) : Wo(t) = 1}.

In order to obtain the full claim of Theorem 1.2 one needs only to check
the non-degeneracy of Hess(Wg) at £, which, in the case of SAW-s, is a.
direct consequence of the finite energy condition (4). Note, by the way,
that since £ is the normal direction to Kz at t, there exists a number
a € (0,00), such that

(19) VWy(t) = az.
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Multiplying both sides of (18) by emés(®) = e(®n?) we arrive to the
following key representation of the two point function Gg:

(20)

+ Z Qr(ve)Qr(vr) Z Qo(Vi+ -+ Vpy =nZ —vp —vR),

v ,vp€EZ M=1

where, similar to (16), we have defined Q(v) = &)Wy (v) and, ac-
cordingly, Qg (v) = e®?)Wg(v).

Unlike Qg the measures Q; and Qi are in general not probability
but, by Lemma 2.1, they are finite and have exponentially decaying tails:

Z (QL(y)+QR(y)) < e—un/2'

ly|>n

Since by (19) the expectation of V; under Qo equals to oz, the usual local
limit CLT for Z¢ random variables and the Gaussian summation formula
imply that the right hand side in (20) equals to ¢;/vVn?~1. Actually, a
slightly more careful analysis along these line leads to the full analytic
form of the Ornstein-Zernike formula as claimed in Theorem 1.1.

Let us explain now how the principal curvatures ki,...,Kkq_1 of
0Kg at { enter the picture: By the irreducible path representation and
arguments completely similar to those just reproduced above, the total
weight of all piece-wise constant paths ¥ =5(Vp, V4,...,Vy, VR); M =
1,2,..., which pass through a point v, € Z%

d—1
o = And + /0y aw £ dnd + o,
=1

equals to

e—88(vn)—Ep(ni—vy,) (1 4 o(1)),

VO = 2n2)D

where ¢; > 0 does not depend on A € (0,1) and the coefficients ay, ...,
aq—1. Comparing with the OZ formula for the full partition function
G, we infer that

czexp {— (§p(vn) +§p(nd — vn) — £p(n2))}
V(AL = X)n)d-1

PG (vn €7) =

(1 + o(1)).




40 M. Campanino, D. Ioffe, and Y. Velenik

From now on we refer to Chapter 2.5 in [22] for the missing details in the
arguments below. £g is the support function of Kz and by Theorem 1.2
it is a smooth function. Thus, for every v € R? the gradient VEg(v) €
OKg and &5(v) = (VEs(v),v) (in particular ¢ = VE(2) = VEg(na)).
Principal radii of the curvature 1/k1,...,1/k4-1 of 0Kz at t are the
eigenvalues of the linear map

dZEﬂlj : T@Sd_l — Tde~1,

and vy,...,04_1 € T3S% ! are the corresponding eigenvectors. There-
fore,

#a(1=2) (6 (8- giom) — 6(@)

= — (d2§ﬂ|jn,u) + —2—(—1—1_—)\) (d*¢s|z0,0) + O(

Computations for higher order finite dimensional distributions follow a
completely similar pattern.

§3. Random-line representation of Ising correlations

Correlation functions of ferromagnetic Ising models admit a very
useful representation in terms of sums over weighted random paths,
which is especially convenient for our purposes here. The two-point
function formula (2) is a particular case. In this section, we recall how
this representation is derived; we refer to [20] for details and additional
results. In the end of the section we shall briefly indicate how (20) and,
accordingly, the whole local limit analysis should be re-adjusted in order
to incorporate the (dependent) case of Ising paths.

Although we use it for the infinite-volume Gibbs measure, it is con-
venient to derive the random path representation first for finite volumes,
and then take the limit. As there is a single Gibbs state for the values
of 8 we consider, it suffices to consider free boundary conditions (i.e. no
interactions between spins inside the box and spins outside).
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Given a set of edges B of the lattice Z¢, we define the associated set
of vertices as Vg 2 {x€Z%: Je € B withz € e} (z € e means that
z is an endpoint of e). For any vertex x € Vg, we define the index of
z in B by ind(z, B) 2 Y ecB l{eaz}. The boundary of B is defined by

8B £ {z € Vg : ind(z, B) is odd]}.

In this context, the finite volume Gibbs measure is defined by

A _
ppp(0) = Zg(B) texp[-8 Y 040y,
e=(z,y)€B

and we use the standard notation (-)p g to denote expectation w.r.t.
this probability measure.

We fix an arbitrary total ordering of Z¢. At each z € Z¢, we fix (in
an arbitrary way) an ordering of the z-incident edges of the graph:

A . T z
B(LE) = {6 €B: lnd(xa {6}) > 0} = {613 SRR eind(cc,B)}a

and for two incident edges e = e; € B(z), ¢’ = e; € B(z) we say that
e < € if the corresponding inequality holds for their sub-indices; ¢ < j.

Let A C Vg be such that | A| is even; we write o4 2 [I;c4 0i- Using
the identity e#?=%v = cosh(3) (1 +0,0, tanh( ﬂ)), we obtain the following
expression for the correlation function {(o4) s 3,

(ca)ps =2Z3(B)"" > ] tanhs,
DCB eeD
0D=A

where

Zs(B)= Y ] tanhg.

DCB eeD

D=0
From D C B with 8D = A, we would like to extract a family of |A|/2
“self-avoiding paths” connecting pairs of sites of A. We apply the fol-
lowing algorithm:
STEP 0 Set k =1 and A = 0.
STEP 1 Set z[()k) to be the first site of A in the ordering of Z¢ fixed above,
j =0, and update A 24 \ {z(()k)}.

STEP 2 Let egk) = (zj(-k),zj@l) be the first edge in B(zg(-k)) \ A (in the

ordering of B (zj(.k)) fixed above) such that eg-k) € D. This defines zﬁ)l
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STEP 3 Update A2 AU {e € B( (k )) e < (k)} If z(k) € A, then go
to STEP 4. Otherwise update j 2 j + 1 and return to STEP 2.
STEP 4 Set n(®) = j + 1 and stop the construction of this path. Update
A= A\{ ]_H} k2 k+1 and go to STEP 1.

(1) n @ (14]/2)

This procedure produces a sequence (zg ', . . . 210 20 e n(IAI/2))
Let i = |A|/2+ 1 —1, and set 'w,(c) = ﬁf)k
We, thus, constructed |A|/2 paths, v;, i = 1,... ,|A|/2, given by!

2 (D) & w?, ... Lw?)

connecting distinct pairs of points of A, and such that

o WP wil)eB, k=0,....,n%0 —1,i=1,...,]A]/2

o (27,20 )) # (7, z,(fl) if i # j, orif i = j but k # 1.
(but z,(c) = zl(g ) is allowed). A family of contours v = (v1,... ,74/2) is
(A, B)-admissible if it can be obtained from a set D C B with dD = A,
using this algorithm; in that case we write v ~ (A, B). Notice that here
the order of the paths is important: if v is a path from x; to y; then

we must have y; > y2 > ... > yj4//2- This is to ensure that we do not
count twice the same configuration of paths.

The construction also yields a set of edges A(7) £ A. Observe that
A(y) is entirely determined by v (and the order chosen for the sites and
edges). In particular the sets D C B giving rise to an (A, B)-admissible
family + are characterized by 0D = A and

|Al/2

DNA(y U%.

Therefore, for such sets, (D \ A(y)) = 0, and we can write

ca)pe= > as5(7),

ZN(A,B)

where

A
() = wly) 2D,

!This backward construction of the lines turns out to be convenient for
the reformulation in terms of Ruelle’s formalism, see [7].
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with
[A[/2 n()

w(y) = H Htanhﬁ.

=1 k=1

This is an instance of the random-line representation for correlation
functions of the Ising model in B. It has been studied in detail in
[19, 20] and is essentially equivalent (though the derivations are quite
different) to the random-walk representation of [1]. We’ll need a version
of this representation when B is replaced by the set £(Z?) of all edges
of Z%. To this end, we use the following result ([20], Lemmas 6.3 and
6.9): For all 8 < g,

(21) (oa)s =Y as(v),

y~A

where gg(v) 2 lim B, ~£(z4) 96,B, (7) is well defined.

It will also be useful to work with a more relaxed definition of ad-
missibility, since we want to cut our paths into pieces, and the order of
the resulting pieces might not correspond with the order of their end-
points. In general, given a path v = (z1,x2,... ,2,), we define A(y) =
Ur—,{e € B(zk) : e < (zk—1,zx)}. Wesay that apathy = (z1,... ,25)
is admissible if {(z1,z2),...,(xx—12k)} N A((2k,... ,2p)) = 0 for all
2 < k <n—1. Given a family of paths v = (v1,... ,7n), we define
A(v) = Uj_; A(7x). A family of admissible paths v is then admissible
if (y1,-- %) NA((Ykt1y--- ,7n)) = 0 for all 1 < & < n— 1. Notice
that the order of the paths is still important ((y1,72) can be admissi-
ble while (v2,71) is not), but there are no constraint on the order of
their endpoints. Indeed, they can even share endpoints. Observe that
these definitions are identical to those above when restricted to the same
setting.

We then have the following crucial inequality: Let v be an admissible
family of paths. Then -

(22) > as(e,y) <as(v) Y. as(n0)

Yo:Z—Y Yo:T—Y
’YoﬂA(l):@

We give a brief proof. It is enough to consider the analogous statement
in finite volumes B. Since A(v0,7) = A(v) UA(y) and o N A(y) =0,
we have '

as,8(70,7) = gp,8\a (1) (70) 48,B(7) -
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Hence (22) follows simply from Griffiths’ second inequality since

> @eam(0) = (020y)8,B\a() < (0204)5-
’YOCB\A(E)

If the set A in (21) contains only two points, A = {z,y}, then we
recover (2). The main difference between the SAW case considered in
Section 2 and the case of sub-critical ferromagnetic Ising models is that
the path weights gg in (2) do not factorize: In general,

qa(v LX) # qa(7)gs(N).

Consequently, the displacement variables Vi, Va,... fail to be indepen-
dent and the underlying local limit analysis should be generalized. The
appropriate framework is that of the statistical mechanics of one dimen-
sional systems generated by Ruelle operators for full shifts on countable
alphabets. We refer to [7] for all the background material and here only
sketch how the construction leads to the claims of Theorems 1.1, 1.2
and, after an appropriate re-definition of the measures P%, to the in-
variance principle stated in Theorem 2.2: As in the case of SAW-s fix
a direction # € S¥~!. The key renormalization result (Theorem 2.3 in
[7]) which implies that the rate of decay of the irreducible connections
is strictly larger than the rate of decay of the two point function Gg. In
view of (8) this validates a representation of Gg as a sum of dependent
random variables Vi, +V; + - - - + Vj; 4+ Vi with exponentially decaying
tails. Namely, as in Section 2 let S = S(K) be the set of all Z-irreducible
paths. Then the following Ising analog of Lemma 2.1 holds:

Lemma 3.1. For every 8 < (. and for any 6 > 0 there exists a
finite scale Ko = Ko(6,3) and a number v = v(6,3) > 0, such that

(23) Yo sV < exp{-(f,y) —vlyl},

AES: V(N)=y

uniformly in y € Z°.

The above Lemma suggests that the main contribution to the sharp
asymptotics of Gg comes from the weights of the paths A;1,..., Ay in the
decomposition (8). Accordingly, consider now the set Sy of cylindrical
Z-irreducible paths which was introduced in Section 2. Given a finite
collection A\, Ay,..., Ay € &g define the conditional weight

gg(AII A I+ - - 1T Apy)
gs(A[2) = gs(\ | M M) = N T T )
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By the crucial exponential mixing property (6) one is able to control the
dependence of the conditional weights gg(A | A) on A\ps as follows:

< ecleM

gg(A [ A I+ T Apg)

(24) sup sup =
AL AM—1€80 A py Xareso @8N | AL 1L+ -+ 1T App)
In our formalism the set Sy plays the role of a countable alphabet. The
estimate (24) enables the extension of the conditional weights gg(X|A)

to the case of infinite strings A = (A1, A2,...). Let &g g be the set of all
such strings endowed with the metrics

dG(A, i) — ginf{k:)\k¢5\k}.

and let Fo ¢ be the set of all bounded Lipschitz continuous functions on
So,.

As before we choose t € 0K to be the dual direction to . Given a
path A € §p and a string A € &g ¢ define the potential

Pa(A|A) = loggg(A|A) + (L, V(N).

By (6) and Lemma 3.1 the operator

(25) LFQ) = 3 eIV (1),
AESy

is well defined and bounded on Fy ¢ for every z € C?¢ with |z| < v.

The dependent Ising analog of (20) is then given (see Section 3 of
[7]) by

eP@Gy(nt) = O (e7™)

+ > Y as(was(m) DY Qhiy(ng — v —vR).
M=1

HESL NESR

(26)

For each M = 1,2,... the family of weights {Qg’};} is related to the
family of operators {£,} via the Fourier transform:

(27) N D@ (y) = LM w,,,
yeZ

where the family {w, ,} is uniformly positive and uniformly bounded in
So,0- In this way the analytic perturbation theory of the leading (that
is lying on the spectral circle) eigenvalue of £, enables the expansion of
the logarithm of the right hand side in (26) which, in its turn, leads to
classical Gaussian local limit results for the dependent sums V;+- - -+ V).
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84. Asymptotics of odd-odd correlations

In this section, we sketch the proof of Theorem 1.4. We do not
give a complete, self-contained argument, since this would be too long,
and would involve many repetitions from [7]. Instead, we provide the
only required update as compared to the proof for 2-point functions
given in the latter work. As such, this section should be considered as
a complement, and we shall give exact references to the formulas in [7]
whenever required.

As explained in Section 3, the correlation function (040p44)s ad-
mits a random-line representation of the form

(oaoBra)s= Y,  as(2),

Y~AU(B+z)

where ~ runs over families of compatible open contours connecting all the
sites of AU(B+x). Among the 3(|A|+|B|) paths of v, at least one must
connect a site of A to a site of B+ z. We first show that one can ignore
the contribution of v with more than one such connection (i.e. at least
three of them). The first observation is that we have the following lower
bound on the correlation function: By the second Griffiths’ inequality,

(040B+2) 2 (Ta\(y})8 (0B\(2})8 (OyTzta)s

where y and z are arbitrarily chosen sites of A and B respectively. An-
other application of the second Griffiths’ inequality implies that

(Ta\iy})8 (TB\(2})8 > 0.

Moreover, we already know that
(0y02ta)p = Up(ng) o]~ 12 e78@) (14 0(1)).

But, applying (22), we obtain immediately that the contribution of fam-
ilies of paths v with three or more connections between A and B + z is

bounded above by C(A, B) e~3¢#(®) and is therefore negligible.

We can henceforth safely assume that there is a single connection
between A and B + x; we denote the corresponding path by -, while the
remaining paths are denoted by v A and vy 5+ We want to show that we
can repeat the argument used for the two-point function in [7] in this
more general setting. This is indeed quite reasonable since the paths
in vy, and vy B should remain localized, and therefore the picture is still
that of a single very long path as for 2-point functions. The main point
is thus to prove sufficiently strong localization properties for the paths
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YA and 7Y g+ SO as to ensure that an appropriate version Lemma 3.1 (see
also Theorem 2.3 of [7]) still holds. The import of the latter lemma was
to assert nice decay and decoupling properties of the integrated weights
of the irreducible pieces in the decomposition of connection paths (8).
Notice first that exactly the same decomposition can still be used here,
provided we attach the paths in v Ya and Yg to the corresponding left-
most and rightmost extremal pieces Ay, and AR, and keep the remaining
intermediate cylindrical irreducible pieces unchanged. Apart from the
compatibility requirements one then has to check that v 5 stays inside
the forward cone containing Ag, so that the crucial estimate (3.9) in [7]
remains valid.

Let y€e A, z€ B4z, v: y — 2, and let Y40 TSP Y, denote
the collections of remaining paths connecting pairs of sites in A\ {y},
respectively = + B\ {z}. For given collections v, and v, we define the
irreducible decomposition of v in precisely the same way as in (8), except
for the extremal pieces A, = (uf,...,uk) and Ag = (uf, ..., uR), which
have to satisfy the following modified set of conditions:

o (uf,2) < (ul,2)vVk=0,...,m—1

o (uf,2) > (uft,2) Vk =1,.

e 7y, must belong to the same Z-halfspace as A\; and for any -
break point uf of A the #-orthogonal hyperplane through uﬁ
intersects Ya

® v, must belong to the same z-halfspace as Ar and for any z-
break point uk of Ar the Z-orthogonal hyperplane through uk
intersects B

e 7, must belong to 2KUg(ull) + Cs(t) (see (9)).

With a slight ambiguity of notation let us call compatible pairs (y R L)
and (y B r) -irreducible if they satisfy all the conditions above. We
then only have to check that

S g < e,

(ZA ,AL) Z-irreducible
ALy—u

Z qﬂ(lg’)‘) < e~ (Bz—u)—vlz—u|

(ZB ,AR) &-irreducible
AR:u—2

for some v > 0 and any u € Z%. We only check the second statement
since it is the most complicated one. Fix a large enough scale K. A site
u of v is a (&, B, 6)-admissible break point if it is a Z-break point of
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and, in addition,
Y5 C 2KUg(u) + Cs(t) .

Lemma 4.1. Fiz a forward cone parameter § € (0,1/4) and a set
B = {y1,21,..+ yYn,2n}; B C Z3\ {0}. There exist a renormalization
scale Ko and positive numbers € = €(6,3), v = v(6,8) and N = N(B) <
0o, such that for all K > Ky, the upper bound

~(t.@)a=vial

Z qﬂ(>‘313)1{)\ has no (&, ;)-admissible break points} < Ne
Ai—z—0
813

holds uniformly in the dual directionst € 0Kpg and in the starting points

z € Z%. In the first sum Y g A Tuns over all admisstble family of paths
such that A : —z — 0, while v, = (Y15 -+ ,Vn) Satisfies vk @ yx — 2k.

Proof. Applying (22), we can assume that = € C/,(t), see the remark
after Theorem 2.3 of [7]. Let Qc(z) = {v € Z% : |v| < |z|/C} where C
is some large enough constant. To simplify notations, we suppose that
B = {y, 2z}, i.e. that Yg =7 : Yy — z. The general case is treated in the
same way.

We first show that, typically, v C Qc(z). Indeed, using again (22),
we have that

Z 28(A Mg Qe (@)} < Z Z as(A, 71,7)

() u€Qc (x) (Ay1,72)
A —xz—0 A —xz—0
YY—2 Y1IY—U, Y2iU—2

< Z <U—$UO>,3 (Uyau>ﬂ <0u0v>ﬂ
u€dQc(x)

< a2l el —gs0)

- C
We can therefore suppose that v C Q¢(z). Observe now that in the
latter case

{A has no (z,, 26)-break points}
C {A has no z-break point u with (t,u) < —1(¢,z)}
2 At,K,6,1),

provided that C' is taken large enough. Indeed, would such a z-break
point u exist then the cone u+Cas(t) must contain the box Q¢ (z), hence
also .
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The probability of A(t, K, 6, x) is estimated exactly as in the proof
of Theorem 2.3 of [7]. Indeed, the presence of the path ~ only affects
an arbitrarily small fraction of the slabs Si(t) introduced in the latter
proof, provided C is taken large enough, so that the argument given
there applies with no modifications. Q.E.D.

§5. Relation to Quantum Field Theories

There is an abundant literature devoted to the relation between Ising
and other ferromagnetic type models to the Euclidean lattice quantum
field theories, see e.g. [21, 18] or more recently [5, 4]; the latter article
contains also an extensive bibliography on the subject. In this works
the spins live on the integer lattice Z%+! with one special direction, say
€1, being visualized as the imaginary time axis. Thus, for example, the
analyticity properties of the mixed Fourier transform

(28) pl,lp Z Z eP1$1+1(Px)Gﬁ($1, )

T1EZ x€7Z°

(p1,p) € T x T¢, are related in this way to the question of existence of
one particle states.

Below we shall briefly indicate how the the key probabilistic repre-
sentation (20) leads to the following conclusion (see e.g Proposition 4.2
n [18], Theorem 2.3 in [21]): For every p € T¢ define

(29) w(p) = — lim —log Z e!PX)Gg(n,x),

n—oo 1
x€Z4

w(p) being interpreted as the energy of a particle with momentum p.

Theorem 5.1. There exists a neighbourhood Bs = {p : |p| < 6}
of the origin in R® such that the function p — w(p) is real analytic on
Bgs. Hess (w) (0) is precisely the matriz of the second fundamental form
of OKp at t = (£5(€1),0). Furthermore, there exists € > 0 such that for
every p € Bs the function

p1 — Gga(p1,ip)

has a meromorphic extension to the disc {p1 € C : |p1 — pP1| < €}; p1 =
£s(€1), with the only simple pole at p; = w(p).

In the sequel we use the notation introduced in Section 2. Because
of the Z%lattice symmetries the dual point ¢ € 0Kp of €7 is given by
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t = (p1,0) with p; = £3(€}). Given y € Zt! define (see (10))

W(y) = Z Pl

7:0—y
YES

and let W, Wy and Wg be defined as in Section 2. Summing up all the
weights of irreducible paths in (8) we arrive to the following representa-
tion of Gg:

Goly) = W(y)+ Y Wi(yL)Wr(yr)

YL+YR=Y

+ Y > Wiy Wryr)Ws™(y — yr — yr).

YyrL,Yyr M=1

(30)

Consider the mixed Fourier transforms

Wpp) = 3 3 Pt PO W (e, x)

T1€Z x€Z2
and
Wi(p1,p) = Y Y e PXWy(z) x); b=0,L,R.
T1€ZxEZ2

By Lemma 2.1 all four functions above are analytic in the complex neigh-
bourhood BE(F) of £, BE() = {(p1,p) : v/Ipr — Bil® + PP < v}. Thus,
the extension of Gs(p1, p) to BE(f) is given by:

WL (p17 p)WR(pla p)
1 — Wo(p1,p)

Consequently, the surface of poles of Gg(p;, p) inside BE(#) is given by
the implicit equation

(31) Wo(p1,p) = 1.

As we have already seen in Section 2, the restriction of (31) to (p1,p) €
R x R? defines the piece of the boundary 0Ky inside B, (#). Since by
(19) OW,/0p1(t) # 0 and, in addition, Hess(W)(f) is non-degenerate,
the analytic implicit function theorem implies that there exists § > 0,
“such that the equation (31) can be resolved for p € BS () C C? as

(32) P = J(p).

In particular, for p € R? the equation (32) gives a parameterization of
0K in the §-neighbourhood of #, and Hess(©)(0) is, indeed, the matrix

W(p1,p) +



Correlations asymptotics at high temperatures 51

of the second fundamental form of Kz at {. Finally, the 1-particle mass
shell w in (29) is recovered as w(p) = W(ip).

In the case of ferromagnetic Ising models set p = (p1, p) and readjust
the definition (25) of the Ruelle operator £, as Eﬁ = L5 ;- Then Zﬁ is
well defined and bounded on Fg ¢ for every p € BE(#). It could be then
shown that the surface of poles of G4 inside BS (t) is implicitly given by

ps(p1,p) = 1,

where pg(p1, p) is the leading (lying on the spectral circle) eigenvalue of

£~ Further analysis of the spectral properties of the family {E 7} reveals
[7] that there exists € > 0, such that pg(p1,p) is a simple pole of the
corresponding resolvent for every g € BC(#). In this way, the conclusion
of Theorem 5.1 follows from the analytic perturbation theory of discrete
spectra and from the conditional variance argument which ensures the
non-degeneracy of Hess(pg)(%).
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Spectral Gap Inequalities in Product Spaces with
Conservation Laws

Pietro Caputo

Abstract.

Following an idea introduced by Carlen, Carvalho and Loss 7]
we propose a general strategy to prove Poincaré inequalities in prod-
uct spaces with one or more conservation laws. The method is shown
to yield alternative proofs of well known results, such as the diffusive
bounds for the spectral gap of generalized exclusion and zero range
processes. Other models are also discussed, including anisotropic ex-
clusion processes, simple exclusion with site-disorder and Ginzburg—
Landau processes, where this approach provides sharp spectral gap
estimates apparently inaccessible by previously known techniques.

§1. Introduction

The problem of determining the speed of convergence to equilibrium
of conservative stochastic dynamics has motivated many investigations
in recent years. In the context of reversible processes the simplest way
to attack this question is by estimating the spectral gap of the corre-
sponding Markov generators or — equivalently — by proving a Poincaré
inequality. In this direction an important achievement are the diffu-
sive estimates established for Kawasaki dynamics in high temperature
lattice gases by Lu and Yau [21] and by Cancrini and Martinelli [3].
In this paper we confine ourselves to systems whose underlying equilib-
rium measure is product and the only remaining interaction is due to the
global conservation law. Although this is certainly a radical simplifica-
tion, we shall see that already in this class one finds interesting models
for which traditional techniques apparently fail to give optimal spectral
gap bounds.

The simplest model in this class is the simple exclusion process,
for which sharp spectral gap estimates are well known, at least since the

Received December 24, 2002.
Revised February 14, 2003.
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work of Quastel, [22]. Other conservative dynamics sharing the product—
property are the so—called generalized simple exclusion processes and the
zero range process. For these models the martingale approach of [21]
was successfully applied by Landim, Sethuraman and Varadhan [20] to
show that the spectral gap scales diffusively with the size of the system,
uniformly in the conserved parameter. A rather complete picture of
decay to equilibrium for the zero range process was then obtained by
Janvresse, Landim, Quastel and Yau [14].

As already noted in [22], when the system is of product type it is
natural to drop all geometrical constraints in the dynamics and consider
processes where exchanges are performed along the edges of a complete
graph rather than only along nearest neighbors edges. As we shall see in
all the examples treated in this note, once one has a Poincaré inequality
for this complete graph (mean—field) dynamics a straightforward com-
parison argument allows to derive diffusive scaling bounds for the local
exchange dynamics.

An example of complete graph dynamics is the model proposed by
Kac [15] to study trend to equilibrium for the Boltzmann equation.
Spectral gap estimates for this process were investigated by Diaconis
and Saloff-Coste [10], and by Janvresse [13]. The latter work catches
the right shrinking-rate of the spectral gap by adapting the martingale
approach of [21]. Recent remarkable work of Carlen, Carvalho and Loss
(7, 8] however shows that spectral gap estimates for the Kac model can
be sharpened considerably if one—site Poincaré inequalities in the mar-
tingale approach are replaced by a fine analysis of the spectrum of an
auxiliary Markov process.

As observed in [8] their approach can be generalized to treat a
broader class of models than just the Kac model. Our aim in this paper
is to show that in principle some of the ideas of [7] apply to all conser-
vative systems of product type. In the case of Kac and related models
considered in [8] the spectrum of the auxiliary process can be computed
rather explicitly in view of the special form of the probability measures
involved. This is in general not the case for the models discussed here
and the main technical ingredient in our estimates are uniform local
expansions related to the central limit theorem.

Here is a plan of the paper. In section 2 we discuss the auxiliary dy-
namics introduced in [7] and outline a general strategy to prove uniform
spectral gap estimates in product spaces with one or more conservation
laws. Here we present explicit sufficient conditions to be checked in spe-
cific models. The known results on generalized exclusion and zero range
processes mentioned above are re-derived in a compact way in section 3
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and section 4, respectively. A simple instance of a model with many con-
servation laws is considered in section 5. Recent results on anisotropic
exclusion and Ginzburg-Landau processes appearing in [5] and [4] are
reviewed in section 6 and section 7, respectively. Finally in section 8 we
prove a new estimate for the simple exclusion process with site disorder.

§2. A general strategy

Consider a generic probability space (X, F,u). In the applications
to be discussed below we shall choose X = N,Z or R depending on the
specific model. For every N € N denote by 2y the N-fold product of
X, Qn = X% and by puy = pu®V the associated product measure. The
conservation law is expressed in terms of a given measurable function
£ : X — R, with £ € L?(). Namely, given a parameter p € R to play
the role of a density, we shall look at configurations n = {m}Y_, € Qn
such that Zszl &(mk) = pN. If we define £, = £ — p, we consider the
measurable set

N
(1) On,={n€Qn: Y &) =0},

k=1

Whenever it makes sense we define the canonical probability measure
by conditioning on the event Oy ,:

(2) vNp=un(" | Onyp)-

The complete graph dynamics will be described by a Dirichlet form of
the type

L NN
(3) En,o(f) = N Z Z UN,p|(Vk,ef)?] s

where vy ¢ are generic exchange operators to be specified in each model.
For the moment we only require that vz = 0, k = 1,2,...,N. To
carry a concrete example in mind we recall that the complete graph
exclusion process is recovered in the case X = {0,1}, u = Be(p), any
p € (0,1); £(ni) = ik, [vk,ef](n) = fF(n™*) — f(n), with ** denoting the
configuration n where 7 and 7, have been exchanged.

We denote by Vary ,(f) the usual variance of f € L?(Qn,vn,,) with
respect to vy ,. The Poincaré constant for fixed N and p is defined by

— sy VarN,p(f)
(4) (N, p) = fp ()
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with the supremum ranging over functions f in the domain of the Dirich-

let form €y ,. Definition (4) is meaningful for all ergodic processes, i.e.

when Vary ,(f) > 0 implies Ex ,(f) > 0, and we set by convention

¥(V, p) = 0 in all degenerate cases, i.e. when Vary ,(f) = En,p(f) =0

for all f, such as e.g. the exclusion process with p € {0,1}. We say that
VN, satisfies a uniform Poincaré inequality if sup y sup, v(N, p) < .

2.1. The auxiliary process

Let Fi denote the o —algebra generated by the one—site variables n,
k=1,...,,N. Following [7, 8] we consider the nonnegative stochastic
operator P : L*(vy ,) — L*(vN,,) defined by

N
(5) = uwalf1 7).
k=1

Then 1— P can be interpreted as the generator of a new Markov process
with reversible invariant measure vy ,. This is completely independent
of the actual dynamics defined by (3), but we will see in a moment that
an estimate on the spectral gap of this process produces useful recursive
bounds on the constants (N, p). To gain some insight observe that by
symmetry

©) o €)= oy, = p 2 )
whenever k # j, so that
(7 v |715) =~ &), K5

Here and in what follows we often write (with slight abuse) v(f |n;) for
the function v(f | F;)(n). It follows that any function of the form

N
(8) fe(n) = Zakfp(ﬂk), acRY
k=1
satisfies
1 N -2
Q Ple= gl (L=Plfe= 53— fe

We formulate the needed spectral gap inequality as follows. We say that
property (SGP) holds if there exists C < oo, § > 0 such that for every
N >3, peRand f € L*(vy,,) with vy ,(f) =0:

N -2
N-—-1

vn,o(f(1=P)f) > [1—CN"? un,(f?). (SGP)
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We now turn to the implications of such a bound. A useful criterium to
check the bound (SGP) in specific models will be developed in the next
subsection. We define the constant

(10) V(N) = St;pv(N, p)-

Proposition 2.1. Assume v(N) < oo for every N € N. If (SGP)
holds then we have the uniform Poincaré inequality

(11) sgfpfy(N) < 00

Proof. It is sufficient to show that (SGP) implies a bound of the
form

(12) Y(N) < [1+CN 8] y(N - 1),

with C < 0o and 6 > 0 independent of p and N.

Take an arbitrary function! f € L?(vy ,) with vy ,(f) = 0. The
conditional expectation vy ,(f|nk) is identified with the average
VN-1,0,, (f), Where py, is given in (6). For each k we then have the
decomposition

VN,p(f2) =VUN,p [VarN—l,pnk (f)] +un,p [VN,p(f Ink)Q] .

Averaging over k:

N
(13)  ww,(f?) = ]—i,— Y N [Varn-1,o,, (F)] + v, [fPS]
k=1

with the operator P defined in (5). By definition of the constants (10):
YN -1)
(14) = N1 DO N, [(vef)? | Fi]

J#k £k
From (13)—(14) and the identity

1 N -2
N Z YN,p [5N—1,p,,k ()] = N _1 En,o(f)
k=1

'In this proof we shall not be careful about questions of domains of the
Dirichlet forms En,,. It is however straightforward to settle these issues in all
the following applications.
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we obtain the estimate

N -2
N-1

(15) N[ f(1=P)f] < YN —1)En,(f)-

Now (12) follows from (15) and the hypothesis (SGP). Q.E.D.

2.2. Reduction to one—dimensional process

As in [8] the spectrum of P can be studied in terms of the spectrum
of a one-dimensional operator K, see (16) below. Here we show that
the estimate (SGP) is implied by a suitable spectral estimate on K, see
(SGK) below.

Let 7 be the canonical projection of Q2 onto X given by mpn = ng.
We call v}, , the one-site marginal of vy, i.e. v} , =N, 07 is the
distribution of n; under vy ,. By permutation symmetry all one-site
marginals coincide. Let H denote the Hilbert space L*(X, vy, ,) and use
(-, ) for the corresponding scalar product. Write also (g) for the mean of
a function g € ‘H w.r.t. 1/11\], ,- We write Hy for the subspace of g € H such
that (g) = 0. We define the stochastic self-adjoint operator K : H — H
by the bilinear form:

(16) (9,Kh) = VN,p[(QO my)(ho 7T2)] , g, heH.

The identity (7) shows that

1
(17) Kép=—-x—7%

for every p. Thus the spectrum of K always contains the eigenvalues
_Tv'l—_l and 1. We say that property (SGK) holds if the rest of the
spectrum of K is confined around zero within a neighborhood of radius
O(N~179) for some 6 > 0 uniformly in N, p, i.e. if there exist constants
C < 00,6 > 0 such that for every N and p, for every g € Hy satisfying
(g,€p) = 0 one has

[(9,Kg9)| KC N4 (g,q). (SGK)

Lemma 2.2. (SGK) implies (SGP).

Proof. We define the closed subspace I' of L?(vy,,) consisting of
sums of mean—zero functions of a single variable:

N

(18) F={f6L2(VN,p)if=ng07rk; 91,---,9N€Ho,}
k=1
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We first observe that Pf € I for every f € L?(vy,,) with vn ,(f) = 0.
Therefore Pf = 0 whenever f € I'l, f with mean zero. In particular we
may restrict to f € I" to prove (SGP).

Given f €T, f = ), gk © Tk, we define ¢y = ), gx, a function in
Hgy. A simple computation shows that

(19) N (£2) = (er Kog) + D gk, (1 — K)gi),
k

where K is the operator defined in (16). Similarly one computes

(20) o p(f(1 = P)) = S (o, KL= K)ipy)
+ 5 Yok, (1= KN = 1) + Klge).
k

Consider now the subspace & C I' of symmetric functions:

N
()  S={felfw,): f=) gom, geH}.
k=1

Since S is invariant for P, i.e. PS C S we may consider separately the
cases f € S and f € 81, with S* denoting the orthogonal complement
inI'. When fe8, f= Zi\[:l g o T, we have ¢y = Ng and rearranging
terms in (19) and (20) we obtain

1

(22) v, (%) = NIV = 1) (g, [K + 5—9)

(23)  wne(f(L=P)f) = (N = 1)*(g,[1 - K][K +

19

From (SGK) we see that K + - is nonnegative on the whole subspace
Hy. Moreover, since f = 0 when g is a multiple of £,, we may then

restrict to the case (g,&,) = 0. Writing g = [K + N—l_—l]%g and observing
that (g) =0 and (g,£,) = 0, the assumption (SGK) implies

vnp(fF(1=P)f) = (N —-1)*[1-CN~](3,3)

— [1- CN ' %un,(f?), feS.

=
N

(24) >

2

We turn to study the case f € St. Let us first observe that one
can assume without loss that f € I is such that (5, &) = Y {9k, &p) =

0. Indeed if ¢ = (N(£,,&p)) ™t D_i(9k:&p) and G = gr — c£,, we have
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SOk © Tk = > gk o7k in L*(vy,,) since by the conservation law
Yopépomp =0. Now, for every u € S, u = ), up o m, with ug € Ho
one has

o) = (N = 1) (o7, [ + ——uo)

Thus f € S implies that [K+ ¢y is a constant in H. Since (¢f) =0

and (pf,&,) =0, (SGK) implies ¢y = 0. Writing g = (1 — IC)%gk, then
(19) and (20) imply

(25) N (f2) =) (Gk, k)
k
(26)  wwp(F(1-P)F) = 1 Dok [V — 1) + Ko
k

Since (gx) = 0 for all k£ we use (SGK) to estimate

. . ]
(Gk, Kgr) = — N_1<gk,gk)-

From (25) and (26) we obtain

@) e (fA-P)f) > 2, (), fest.
N -1

From (24) and (27) we obtain (SGP) and the proof is completed. Q.E.D.

2.3. Several conservation laws

In the case of more than one conservation law we are given an r—
dimensional vector £ = (£1,...,£€") of measurable functions &7 : X — R,
for some positive integer r, and we require that

N
ZEJ(T”C)::DJN’ j=1,...,’l"
k=1

with p:= (p!,..., p") an assigned density vector. If we denote Oy ; the
event realizing simultaneously all the constraints above we then define
the conditional probability measure

(28) UNp = ;LN( - @N,ﬁ) .

With these notations the argument of Proposition 2.1 carries over with
no change provided we replace p with p. We observe that (17) now holds
for every fi; iy 3 =1,...,r. Moreover, as in Lemma 2.2 one proves that
(SGP) can be obtained as a consequence of (SGK), provided the latter
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condition is modified by requiring the spectral estimate for any g € Hy
which is orthogonal to all functions fz ; simultaneously. As a simple
example of a system with several conservation laws we will discuss the
colored exclusion process in section 5.

2.4. From complete graph to local exchanges
In many applications it is interesting to consider local versions of

the conservative dynamics. In analogy with (3) we describe such local
dynamics by the Dirichlet form

N-1

(29) Dno(f) = Y vNp [ (vr k1 f)?].
k=1

The standard tool to compare the forms Dy , and En,, is what is often
called (for obvious reasons) the moving—particle lemma. In this general
setting we may state this as follows. We say that a moving—particle
lemma holds, or simply that (MP) holds if there exists a constant C' < oo
such that for every N and p, every integer n < N and every f one has

n—1

I/N,p[(’vlynf)ﬂ < Cn Z VUN,p [('Uk,k+1f)2] . (MP)
k=1

A simple consequence of (MP) is the comparison estimate
(30) gN,p(f) < C N? DN,p(f)-

Thus, if we are able to prove the uniform Poincaré inequality (11) and
(MP) holds we can infer uniform diffusive estimates for the local dy-
namics. These arguments can be generalized in a straightforward way to
treat local dynamics in which particles are located at the sites of a box in
a d-dimensional lattice Z%, any d > 1. Suppose for instance N = L¢, for
some L € N, is the cardinality of the hypercube Ay = {1,...,L}¢ C Z¢
and we are interested in a process defined by the Dirichlet form

(31) ’5L,p(f) = Z VN,p[('U:c,yf)z} ’

z,yeEAL:
lz—yl=1

‘where || = Zle |zi|, = € Z%. Then, assuming (MP), a straightforward
path—counting argument gives the diffusive bound

(32) Enp(f) < CL*Dyp ().

We shall see that all the examples we consider hereafter do satisfy the
(MP) property.
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§3. Generalized exclusion

Here we take X = {0,1,..., R}, R a given integer, and u a probabil-
ity measure on X such that p(n) := u(n, =n) >0foralln=0,1,...,R.
Qp is the space of configurations n = (nx), with the interpretation that
Nk is the number of particles at site k. Here £(nx) = and the total
number of particles is conserved. For any p € Ig n := {0, N N’ o R—
+, R} we have the canonical measure vy , defined by (2).

The generalized exclusion process on the complete graph {1,2,...,
N} can be loosely described as follows. At each site a Poisson clock rings
with rate 1. When site k£ rings we choose uniformly one of the sites, say
j. If k # 3, if site k contains at least one particle (i.e. ny > 0) and site
j is not saturated (i.e. n; < R), a particle is moved from k to j with
rate c(7,n;), otherwise nothing happens. The rates c(-,-) are chosen in
such a way that the resulting process is reversible w.r.t. vy ,. A possible
choice is for instance c(n;, ) = 1/[p(n;)p(nk)]. In any case, assuming a
uniform bound from above and below on the rates c(-, ), the resulting
Dirichlet form is controlled (up to multiplicative constants) in terms of
the quadratic form

N N
(33 Enp) =5 oS v’ vnef =FoTr—f

k=1¢=1

where f is any real function on 2y and

m—1 if j=k, nx>0 and s < R
(Tk,m)j: ne+1 if =4, m >0 and ny < R
n; otherwise .

Asin Lemma A.2.8 of [16] (p.392) it is not difficult to prove that property
(MP) holds for this model. In particular, by (30)—(32) the estimate of
Theorem 3.1 below immediately implies the well known diffusive scaling
estimate (as given e.g. in [16], Theorem A.2.1).

Theorem 3.1. For every R € N there exists C < oo such that

sup sup y(N,p) < C,
N22PEIR,N

The proof of Theorem 3.1 is based on Proposition 2.1. We thus have
to check that sup, (N, p) is finite for all N and that property (SGP)
holds.

The first requirement is easily seen to be satisfied. Namely for every
fixed N and p € Ig N, p # 0, R, the process is ergodic, i.e. whenever
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f € L*(vn,,) is such that Dy ,(f) = O then f is constant over Oy ,.
This implies that v(NV, p) < oo. Since p can take only a finite number of
values we have v(N) = sup, (N, p) < oo for every fixed N.

To prove (SGP) we rely on Lemma 2.2. In this setting the operator
K defined in (16) is a (R + 1) x (R + 1)-matrix with entries

}C(n7m) = VN,p('r/2 = mlnl = n) .
In order to simplify the notation we adopt the following shortcuts:
(34)  v(n)==vnp(m=n), v(n,m):=rvNy(m=n,n =m)

For any function ¢ € Hy we have

(35) (0, Kep) = Z Z (n,m)e(n)p(m)

n=0m=0
where we introduce the kernel
v(n,m) —v(n)v(m)
v(n)v(m)

The proof of (SGK) will be obtained by a careful examination of the
kernel Q. If ¢ € Hp is such that (p,£,) = 0 as in the hypothesis of
(SGK), then from (35) we have

(o) = 32 3 vlmhutm) @ m) + LN ),

n=0m=0

(36) Q(n,m) =

where o2 refers to the grand-canonical variance at density p, see (39)
below. Therefore (SGK) follows from the Schwarz’ inequality and Propo-
sition 3.2 below, which we prove in the next subsection.

Proposition 3.2. - For every R € N there exists C < co and § > 0
such that

(37) Z Z y(m)[ (TZ,, m) + éﬁ’(___%-)g#(’rn_)]Q < CN—2—5

2
n=0m=0 p

3.1. Proof of Proposition 3.2

We start with some preliminaries. Let fi,, o > 0, be the probability
measure on X defined by

68 aam=b =20z oSG,
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Let p = p(a) be the average number of particles according to jiq:

| R
p=5 kp(k)a*
«
k=1

Since the function p : [0,00] — [0, R] is strictly increasing, with p/(a) =
a~'Varz_(m), we can invert it to to find the function a(p) : [0, R] —
[0,00]. From now on we shall write 11, for the measure fiq(,). We call
aﬁ the variance

(39) o2 = Var,, (m)

Clearly 02 < R?/2, and 62 — 0 when p — 0 or p — R. Define p,(k) :=
Lo(m = k). It is simple to check the following estimates, to be used for
small density p:

(40)

pp(0)=1—p+0(p"), p,(1)=p+0(p%), polk)=0(p"), k>2.
In particular, 05 = p+ O(p?), as p — 0. By duality the same estimate

holds with p replaced by R— p when p — R. The characteristic function
of the rescaled variable £,/0, is defined by

(41) vp(C) = p,p(exp (igﬁp/‘fp))
Lemma 3.3. There exists a = a(R) > 0 such that for every p €
(0, R)
|Up(o‘ < e~ , ¢ € [—7r0'p,770'p].

Proof. Observe that by the trigonometric identity cos(a — ) =
cos a cos 3 + sin asin (:

]vp(C)|2 = Hp [COS(Cép/Up)F + Hp [Sin(C€p/‘7p)]2
R R
=Y po(k)p, (i) cosl¢(k — 5) /o).

k=0 j=0

Now estimate

| 1 if k-] #1
B F T
It follows that
4C2 R—-1
v, ()P <1 - sy Po(k)pp(k+1).

P k=0
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Using (40) it is easy to check that there exists 6 = §(R) > 0 such that
uniformly in p € (0, R)

R—1

Z po(k)pp(k+1) > 6J§ .

k=0
We have shown that |v,(¢)|2 — 1 < —2a(?, with a = 2§/7%. The lemma
then follows from the elementary inequality z < e%(mz_l),ac € [0,1]
applied to z = |v,({)|. Q.E.D.

We now start the proof of Proposition 3.2. By particle-hole duality

we may restrict to densities p satisfying p < R/2. It is convenient to
consider separately two regimes of density.

The case % >2p=2N —%. Denote by pn,, the product measure M?N
and recall the event Oy , that the sum of the n’s is pIN. Set 9,(¢) =
v,((/V N). By elementary Fourier transform we have

(12 210, Vi (Ox,) = [ dCanlc)".

Here and in the rest of this proof all the integrals are over the interval

[~7mo,V/'N,70,v/N]. Similarly

43 vin) = P () d¢ v N_leiapf/ﬁﬁ
(43) )= e TR o) [acaio

. _ pp(n)pp(m) - N—2 i%-c—\/ﬁ[ﬁ+m]
(44) (n,m) = 20 /N iiny o (O ) / d¢ 9,(¢)N 2e

where we use the shortcut notation 7 = €,(n) = n —p, m = §,(m) =
m — p. We can then write
v(n,m) —v(n)v(m) NUM

v(n)v(m) ~ DEN

(45) Q(m,n) =

with

< ¢’

(46) —/dCﬁp(C)N“leivaﬁ/dc’ B ()N e T

and

¢ ¢’

DEN = /dCﬁP(C)N‘leiGPWﬁ/dc’ﬁp(g')N—le%pm

m
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Thanks to the bound of Lemma 3.3 we have |, (¢)|N < e~¢". Therefore
in the integrals above only the region |(|] < Clog N (for some large but
fixed C') has to be taken care of. We then observe that there exists § > 0
such that uniformly

2
(4T) Q) =1- o HONTI), ([ < Clog .

Indeed, by expanding ¥, around the origin the third order error term

is bounded from above by C|C|3(a,,\/N)—3,up(|§p|3). Observing that
1p(|€5I%) < Co? and 02 > C~'p then (47) follows from the assumption

R/2>p> N~ 3/4 Slmllarly one can write 7,(¢)N = e=3¢ + O(N—9)
in the range || < C'log N. This gives the uniform estimates

I = / d¢5,(O)N = V2r + O(N )
I = / d¢ ¢25,(O)N = Var + O(N~°)
L= / d¢ ¢5,(Q)Y = O(N~9)

From (47) we also deduce

C2

T(ON 2 =5, (1+ N +O(N™'7%))
3,(ON T = 5,(ON (1 + % +O(N"17%)

uniformly in the region |{| < C'log N. We then expand

(n
o /N

¢ mvE Tl (Hzacjﬁ +un(C))(1—|—i
P

. C _
7 n .
e pVN =141

+ un(€)

(i
o /N

+ Um (C))

. . . =2
with error terms u,, satisfying |u,(¢)| < C¢? ]\703 . When we plug all the
previous identities into (46), after all the cancellations we arrive at

NUM = — (1112 I2) + Ry(n,m)

2N

(48) = -2 ;N + Ry(n,m) + Ry(n,m)
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with remainder terms satisfying

a%m2 +C(|ﬁ|m2+|m|ﬁ2)

|R1(n,m)| < C(agN)2 (UZN)3/2

+ O(N~179)

and |Rz(n,m)| < CN~'7°|n||m|/c2. Using the bounds v(¢2) < Co?
and v(£2) < Co? together with 02 > C™'N~1 we see that

(49) > v(n)y(m)|Ri(n,m)]? KON,  i=1,2.

On the other hand similar reasoning implies
(50) DEN = 27 + O(N~?%)
In conclusion (37) follows from (48)—(50).

The case p < N~ 2. We first check that

(51) > vn)p(m)Q(n,m)* = O(N*79)
n,m: n+m 2= 2,
nm#1

To prove (51) we take advantage of the very thin tails of v(n) in the
range p < N—3/4, By a standard argument using Lemma 3.3 (see e.g.
the proof of Proposition 3.8 in [5]), from (43)—(44) and (40) one obtains

(52) v(n) < Cpyln)

and v(n,m) <
fore v(n) = O(
v(m|n):= S}Tn)) we have

Cp,(n)py(m), where C is a uniform constant. There-
™) and I/(’I’L m) = O(p™*t™). In the same way, writing

1/(n,m)2
v(n)v(m)
where p, = p+ (p—n)/(N — 1) < pN/(N — 1). Therefore

v(n)v(m)Q(n,m)* < C p™*™

In particular, 3. . - s v(n)r(m)Q(n,m)? < Cp®> < CN~%% since
p < N73/%. On the other hand Q(0,2) = O(p) since v(0,2) = V(2)
v(im = 2,m > 1) = v(0)v(2) + O(p?®). It follows v(0)r(2)Q(0,2)?

n+m

v(im|n)v(n|m) < Cpp, py < Cp"™™,
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O(p*). This completes the proof of (51). In a similar way, using O'g =
p + O(p?) one checks:

fp(’l?,)fp(m) ’2 — O(N—2—6)

(53) S vlnwm) |2

n,m: n+m 2 2,
nm#1

It remains to prove that (37) holds when n and m are restricted to

{0,1}:
(54)

v(n)v(m) [Q(n,m) + i(%%m)r = O(N~27%), n,m € {0,1}.

Recall that v(1) = p+ O(p?) and v(0) = 1 — p + O(p?). With p, =
p—&p(n)/(N — 1) we then have

Pn + O(pZ) m =1
Therefore
(55) Q(m,n) = v(m|n) —v(m) _ (fi(ﬂn)N +0(p*) m=0
v(m) —£) 1 0(p) m=1

Since 02 = p+O(p?), (55) implies (54). This completes the proof of the
proposition.

§84. Zero—range processes

The zero range processes fit the general setting of section 2. Here
X = N and the variables 7, are interpreted as occupation numbers. The
apriori probability measure y is of the form

=2 s =2 [, n>1
= — = — —_ n =z
PE=7z PV=7 110Gy
=1
where p(n) := p(ne = n), ¢ is a given positive function on N, to be

interpreted as the rate of escape, see below, and Z is the normalization
constant. We shall make assumptions which imply in particular that
c(n) 2 én for some 6 > 0 and all n > 1 so that p is always well defined
(and has all exponential moments).
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The conserved quantity is the total number of particles, so &(n) =
k. The complete graph dynamics is described as follows. Each site
k € {1,...,N} is equipped with a Poisson clock which rings at rate 1.
When site k rings we choose uniformly another site, say j. If k # j
and 7 > 0 we move one particle from k to j with rate c(ny). The rate
is independent of the configuration 1 outside site k, thus justifying the
name zero range. The canonical measures vy, , are reversible since

c(n)p(n)p(m) = c(m + 1)p(n — 1)p(m + 1), nzl, m>=0.

The Dirichlet form is then given by (3) with

(56) ve,ef(n) = Velmw) /2 [F(Teen) — f(n)]

where
m—1 if g=Fk, m 21
(Tk,z’ﬂ)j= ne+1 if =€, m 21
uh otherwise .

We make two assumptions on the rate c(-):

e c is globally Lipschitz: There exists a; < oo such that

Slrlz,p le(n+ 1) —e(n)| < aq (H1)

e c grows at infinity: There exists Ny < oo and ap > 0 such that
c(n) 2 ¢(m) + az, n 2= No+m (H2)

A very special case is ¢(n) = n, so that the measure p is Poisson. In
this case the process consists of p/N independent random walks on the
complete graph and therefore a uniform Poincaré inequality is trivially
obtained by tensorization. (H1) and (H2) are the assumptions consid-
ered by Landim, Sethuraman and Varadhan [20] and we shall use some
key preliminary results of [20] to make our proof. Since the property
(MP) discussed in section 2 is immediate for the zero range process (56)
one can recover the main results of [20] using (30)—(32) and the theorem
below.

Theorem 4.1. Assume (H1) and (H2). There exists C < oo such
that

(57) sup sup Y(N,p) <C
N > 2 peN/N
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We shall prove the theorem by checking the hypothesis of Proposi-
tion 2.1. We follow as closely as possible the analysis of the previous
section. However more care is required here in view of the unbounded-
ness of the variables 7.

Let v(N) be defined as in (10). We first check that v(/N) < oo for
all N. From Lemma 3.1 and Lemma 3.2 of [20] we have that for any

f € L?wn,) with vy ,(f) =0

N
%Z UN,p (UN,o(f | Fi)?) < C[SN,p(.f + E
k=1

=2
Mz

v VarN—l,pnk (f))}
k=1

for some uniform constant C' < co. Thus from (13) and (14) we obtain
in particular

YN)SCy(N-1)+C, N2>2,

which clearly implies that () is finite for every N, since (1) = 0.

Thanks to Lemma 2.2 we reduce the proof of (SGP) to the proof of
estimate (SGK). As in (35) we write

(58) (10, Kop) = Z Z )Q(n, m)e(n)p(m)

n=0m=0
with the kernel @ given by (36). In the next subsection we prove (SGK)

4.1. Proof of (SGK)

As in (38) we define the exponential family ji,,a > 0 and the cor-
responding measures p, indexed by the density p > 0. The latter is
given by p = p,(m1) and a simple computation gives a(p) = p,(c(n1)).
The variance o2 is defined as in (39). As shown in [20], Lemma 5.1, the
assumptions (H1) and (H2) imply the uniform bounds

(59) sp<Loi< 6 tp.

for some 6 € (0,1). We distinguish two regimes according to the value
of the density p. We speak of low density when p < 1 and of high
density when p > 1. Note that the choice of the critical value 1 is
purely conventional. For low densities we use the same strategy as in
the previous section with only small modifications. In the case of high
density we rely on the uniform local central limit theorem derived in
[20], Theorem 6.1.

Low density. When p < 1 the system behaves in many respects like the
model with cutoff considered in the previous section. In particular when
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p — 0 we have the same estimates as in (40). We are going to prove the
following analogon of Proposition 3.2.

There exists C' < oo and § > 0 such that for any N € N and any
psl

— €p(n)€p(m) 12
60 [ e < on-
® 33 vt [@mm + TR <
As seen in the previous section, this bound immediately implies (SGK)
in the low density region p < 1.

Let v, denote the characteristic function for the random variable
€p/0,, see (41). With the observations above, the estimate (59) and the
argument of Lemma 3.3 one checks that there exists a > 0 independent
of p < 1 such that

(61) Q) < e, ¢ €[-mo,mo,].

When N—% < p < 1 the proof of the proposition goes as follows.
We write Q(n,m) as in (45). Expanding as in (47) we have the same
estimates as in (48)—(50). The only exception is that (50) now holds
in the following sense: for every T > 0 there exists 6 > 0 such that
uniformly in N=% < p< 1
(62) sup  |DEN-2m|=0(N"%).

n,m:
n+m < Tlog N

In this way we have obtained

£,(n)€yp(m) 12 o
S lmim)[Qmm) + 2 o2t
n+m 213“ log N g
On the other hand, since v(n) < Cp,(n) < Ce~™/¢ uniformly in N and
p < 1, we have

S vmm)|Qr,m) + iiz_g%@]? _ o)
n+mT;77):'L:logN P

provided T is sufficiently large (but independent of p and N). This
proves the claim in the regime N —i < p< 1l
When p < N ~% we use exactly the same argument as in (51) and

(55) which applies without modifications. This ends the proof of (SGK)
in the case p < 1.
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High density. Here the strategy above has to be modified since the
Gaussian bound (61) does not hold anymore and one has to control
every estimate uniformly as p — oo. The main tool is the uniform
Edgeworth expansion derived in [20]. For M € N, we define

(63) W ,p(t) = MM,p(i("?k —p)=-— ) :

k=1

In (63) and all expressions below when we write Wy ,(t) we assume that
pM —t is a nonnegative integer. The following lemma is a straightforward
consequence of [20], Theorem 6.1, part (b).

Lemma 4.2. For any k < 1/6 there exists C < 0o such that for
al M 21 andallp>1

+2
202 M

€ 4 A t B 3
sup | oV MWy ,(t) — (1+ P +—p)\<0M—§,
W gaI:Mm p M, (%) o o, M M

where A, and B, are real numbers with sup, 5 1(|4,| + |B,|) < oco.

We can express the kernel Q(n, m) in terms of the probabilities (63):

Wy 2 (7 + M)Wy ,(0) = Wy_1 ,(R)Wn_1 ()
Wr-1,,(A)WN_1,,() ’

where . =n — p, m = m — p. We fix k = 1/10 and define the sets

(64) Q(n,m)=

Tn,p = {(n,m) e N* . |a|+ |m| < o,N"}

Let us agree to denote by £(N) anything which vanishes at least as
O(N '%) uniformly in the sets 7y ,, p > 1. Thus the result of Lemma
4.2, with M = N — 1 and t = n, can be written as

(65)

__ a2
263(1\]—1)

_ e
0pVN = 1Wh_1,,(7) = RV,

We use now (65) to write

2102(N — D)W —1 ,(R)Win_1,,()

o
~ SEAm? A,n B A,m B
— o 20Z(N-1) (1 p P 1 P p N
¢ oy o) (ot ) W)
P P
_al4m? — -
=e 2%V (1+Ap(:]_|\_/,m)+2]€p)+€(]\f).
p



Spectral gap inequalities in conservative systems 73

Furthermore, writing g(N) = (N —1)/4/N(N — 2) = 1+ O(N~2), from
Lemma 4.2, with M = N — 2 and ¢t = 72 + m, one has

271'0'2(]\[ — 1)WN_2,p(’fL + m)WN’p(O)

=q(N)e—%(1+Ap(ﬁ+m) B, )(

1+—Bl) + &(N)

op(N—-2) N-2 N
R ok A (a+m) 2B
_ 202N 14 o
= (14 oN N)+€(N)
a24m?2 — _ _
_ —m _ nm Ap(n+m) 2Bp
- € (1 agN>(1+ N T N)+€(N)'
Inserting in (64) we have obtained
(66) sup  sup ’Q(n,m) + in)f_,i_m*) ‘ = O(N‘%)
p>1(n,m)ETn,p o, N

To conclude the proof of (SGK) in the case p > 1 it is therefore sufficient
to prove

(67) Y vln,m)le(n)] le(m)| < C N2 (p,¢),
- (n,m)¢TnN,p

for any ¢ € H, uniformly over p > 1.
We first claim that for any k € N there exists C}, < oo such that

(68) v(lm = pml 2 Top | me =m) < C T~

for any 0 < m < pN/2 and any T > 0, with p,, = p+ (p —m)/(N —1).

To prove (68) recall that there exists C < oo independent of p such
that for every n € N we have v(n) < Cp,(n) (this is a consequence of
Lemma 4.2 if p > 1, otherwise see (52)). Therefore v(n|m) < Cp,,,. (n)
and

V(Inl - pml 2 To-P | ?72 = m) < szkipm (TUP)_Zk’

where mag,, := p, [(m — p)?*]. From [20], Lemma 5.2, we know that

mag,
My := sup WB < 00,
pz1/2 9p

for every k € N. Since m < pN/2 implies p,, > p/2 > 1/2, the above
yields

v(Im — pm| = To,|m2 =m) < C M (To,/0p,.)" 2.
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Now (68) follows since by (59) we have 0,/0,,. > 61/p/pm and, using
m =0, p2pn(N—-1)/N.

Once (68) is established we may prove (67) as follows. Observe
that for any N > 3, (n,m) ¢ Tn,, implies either |n — pp,| > To, or
|m — pp| = Top, with T = N*/4. By (68) and the Schwarz’ inequality
we estimate, uniformly in p > 1:

Y vnm)le(n)l|e(m)

(n7m)¢TN»P
n+m < pN/2
<2 ), umlem) Y v(n|m)le(n)
m < pN/2 n:in—pm| = To,

< VBT S vmlp(m)l (X vinlmlpm)?)* < /o

n

Since T' = N*/4 we choose k such that kx > 3/2 and (67) is proven
under the additional requirement n +m < pN/2.
It remains to prove

(69) Y v(n,m)le(n)]le(m)] < N7%{p, )

n,m:

n+m>pN/2

This in turn follows from Schwarz’ inequality and the uniform bound

(70) Z v(n|m)v(m|n) < N3

n,m:
n+m>pN/2

To establish (70) we write v(n|m)v(m|n) < Cp,,, (n)p,, (m) and use
the simple bounds p,(n) < e™™¢ valid for n > Cp, where C is a suf-
ficiently large constant. Recalling that p 2 pm (N — 1)/N, m > 0 this
immediately implies (70) and therefore (69). This ends the proof of
(SGK) in the high density region p > 1.

§5. Colored exclusion

In this section we consider a model with different kinds of particles,
or particles of different colors, with the constraint that each site is oc-
cupied at most by a single particle and the number of particles of each
kind is conserved. We set X = {0,1,..., R} with some positive integer
R. If ;i = 0 we say that site k is empty while if n, = m, m € {1,..., R}
we think of site k as being occupied by a particle with color m. The
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conservation laws are expressed in terms of the functions

1 Ne —
0 m #m

(71) ™ (k) = Limy(me) = {

so that the multicanonical measure vy 5 in (28) is obtained by condi-
tioning on the event

N
Ons=1{n€ N : me("?k) =pnN,m=1,...,R},
k=1

with g = (p1,...,pr) an assigned density vector with Zﬁzl pm < 1.
We say that p is trivial if p,, € {0,1} for every m € {1,...,R}. The
dynamics is given by random transpositions so that the Dirichlet form
is

1 N N )
(72) NS _NZZ (foTke—f)]
k=1¢=1

where f € L?(vn,5) and

me if 7=1¢
(Tk,m)j =qne if j=k
n; otherwise.

This and related random transposition or card—shuflling models have
been studied in great detail by Diaconis and Shashahani [11] with more
elaborate techniques. The result we prove below is rather simple but
it illustrates well the use of the general arguments outlined in section
2. Note that when R = 1 we have the usual exclusion process on the
complete graph, sometimes called the Bernoulli-Laplace model. When
R = 2 the model was studied by Quastel, [22].

Let (N, p) be the Poincaré constant associated to the couple (N, p),
as in (4). Note that v(N,p) = 0 when p is trivial. Let p* = p*(INV) be
the density vector corresponding to one particle only: p; = 1/N and
pr. =0, m=2,...,R. When p = p* we have a (rate 2) random walk
on the complete graph and a direct computation shows that En o« (f) =
4Vary p+(f) for every f. Therefore v(IV, p*) = 1/4.

Theorem 5.1. Forany R€ Z,, N > 2 and any density p:

(73) AN, 5) <N p) = 7
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Proof. We shall use the notation (34). We write pg = 1 ——Zﬁzl Pm
and &' (n) = 1{my(n) — pm for every m = 0,1,..., R. Notice that by
symmetry we have

Therefore

V(ma n) _ pmN—‘gm(n) _ _ ;':n(n)
v(n) N-1 —Pm TN

(14)  v(m|n) =

Take ¢ € Hy and write

(0, K) = ZZ (n) [p(m| n) — v(m)]e(n)p(m)

n= On; =0 i
(75) =————= ) _em){&" ¢

From this we see that whenever ¢ € Hy is orthogonal to all £’ then
(¢, Kp) = 0. From the analysis in Lemma 2.2 it follows that

(70 s (70 = P)) > 3w ()

for every f € L*(vn ;) with vy 5(f) = 0 and any N > 3. Thus if y(N)
denotes supremum of (N, p) over all possible values of g, the argument
of Proposition 2.1 gives v(N) < v(2) for every N > 3. The theorem
then follows since v(2) = v(2, p*) = 1/4. Q.E.D.

§6. Anisotropic exclusion processes

Here we review recent results obtained in collaboration with F. Mar-
tinelli, [5, 6]. The model can be described in the general framework of
section 2. We set X = {0, 1} where H is a positive integer to be inter-
preted as the height of the system. The measure p is itself a product of
Bernoulli measures

1= n, pn = Be(pp)
q2h
77 = — 0,1).
( ) Dhn 1+q2h7 QE(,)

Then Qn = XV and a configuration n = {n;}, is given in terms of
its components 1; = {o;,n) }f=y, With s, € {0,1} interpreted as the
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presence or absence of a particle at site (i, h). The conservation law is
given by

H
EMs) = _ in)-
h=1

The canonical measures vy,, = vg,n,, are defined as usual by (2) for
every fixed value of H. We may think of identical particles placed
at the sites of a two—dimensional cylindrical region A = {1,...,N} x
{1,...,H}. Each site can be occupied by at most one particle and the
total number of particles is fixed. Since ¢ < 1 there is anisotropy in the
vertical axis and particles prefer to be at the bottom of A. The choice of
the model (77) is motivated by interesting connections with anisotropic
quantum spin chains, see [1, 5, 6, 17, 18] and references therein.

The dynamics can be described as follows. At each site of A we
have an independent rate 1 Poisson clock. Suppose site (i, h) rings. If
h = H we do nothing. If h < H we choose at random one of the sites
(4,h+1),j=1,...,N. The occupation variables a; 5y and a; 1) are
then exchanged with rate

(78) C(4i,h);(j,h+1) (a) — qa(i,h)—a(jyhﬂ) .

That is if a particle is moving upwards the rate is ¢ whereas if it is
moving downwards the rate is g~ !. We thus obtain a process described
by the Dirichlet form (3) with the exchange operators, for 7 # j

1

H-1 . _ 5\ 2
(79) v f(a) = (5 > clmpinin(@) | falPOmD) - f(a)] ) ,
h=1

and v; ; f = 0, where we write aBh)GR+L) for the configuration in which
the values of a at (¢, h) and (4, h+ 1) have been exchanged. Notice that
the process is local in the vertical direction while it is nonlocal in the
horizontal direction. One of the main results of [6] is that for every
q € (0,1) the relaxation time is bounded, uniformly in H, in N and in
the number of particles.

Let us recall the definition of the Poincaré constant (4). In order to
keep track of the dependence on H we write here v(H, N, p) instead of

Y(N, p).
Theorem 6.1. For every q € (0,1) there exists C < oo such that

(80) sup sup sup Y(H,N,p) <C
N>2H>2 p
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The proof of Theorem 6.1 has been obtained by applying the argu-
ments of Proposition 2.1 and Lemma 2.2. The crucial step in the proof
of property (SGK) is a result analogous to Proposition 3.2. We refer to
[6] for more details.

Some of the applications of Theorem 6.1, especially those to quan-
tum Heisenberg models, are linked to the restriction of the process to
horizontal sums of the basic variables «a; 5, given by

wh:Za(i,h), h=1,...,H

In view of the symmetries of the Dirichlet form £y, , defined by (79) it
is not hard to see that the restriction to the variables {wy} is again a
Markov process. Indeed, the latter can be described as follows. Assign
to each row h = 1,..., H — 1 two independent exponentially distributed
times (with mean 1), 7" and 77". When 7" rings the configuration w is
updated with rate ry p(w) := ¢7'(IN — wp)wp41/N to the configuration
wT ™ in which wy, is increased by 1 and w41 is decreased by 1 (while
the rest is unchanged). When 7" rings we do the reverse transition
(w — w™P: wy, is decreased and wy 1 increased) with rate r_ j(w) =

g(N — wpi1)wn/N. We can write the Dirichlet form of this process as

(81)

H-—
%Z (ren@ @) = F@)]* + rn@) ™) = f@)])

where v stands for the marginal of vy v , on the variables w. A simple
computation gives the probability 7(w) of a single w compatible with
the global constraint ), wp, = pN:

(82) P(w) = _%. ﬁ ( ii )qzhwh.

The process (81) can be interpreted as describing relaxation of a non-
negative profile {wp,}/L | subject to a fixed area constraint. In view of
the anisotropy the profile is strongly localized under the measure v, i.e.
wp, = N for heights h below p and wy, = 0 above p with high probability.
By Theorem 6.1 relaxation to equilibrium in L?(7) is exponentially fast
uniformly in p.

In the case N = 2 the process (81) admits another interesting inter-
pretation as a model for diffusion limited chemical reactions, see [1] and
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references therein. Namely describe the state wy = 2 as the presence at
h of a particle of type A, wp = 0 as a particle of type B and wp =1 as
the absence of particles. If n4, np denote the size of the two populations
we see that the difference n4 —np is conserved and we have a model for
asymmetric diffusion with creation and annihilation of the two species.
Particles of type A have a constant drift towards the bottom while par-
ticles of type B have the same drift towards the top. Nearest neighbour
pairs can produce the reaction A + B — nert and the reverse reaction
inert — A + B with the appropriate rates. While Theorem 6.1 implies
immediately a uniform lower bound on the spectral gap for this process,
a direct proof of the result for the two-particle model seemed difficult to
us.

§7. Ginzburg-Landau processes

Here we discuss a recent result ([4]) for the Ginzburg-Landau pro-
cess. The model is obtained from the general setting in section 2 with
X =R and &(ng) = nk. The single site probability distribution is of the
form

e_V(T’)

Z

(83) p(dn) = dn,

where V : R — R is a given function with Z = [ e~V(Mdn < co. Precise
assumptions on V are specified below. The resulting canonical measure
VN, on the hyperplane Z,]cvzl Nk = pN is given by (2), for all p € R. We
consider the process defined by the symmetric Dirichlet form &y , given
in (3) with the choice

(84) Vo f = Ouf — Ouf,

where Ok f is the partial derivative of f along the k-th coordinate 7.
This yields an ergodic diffusion process on every p- hyperplane with
reversible invariant measure vy , given by (2). In the definition (4) of
the Poincaré constant (N, p) the supremum is taken over all smooth
functions f : RY — R.

The main result of [4] says that a uniform Poincaré inequality holds
whenever V is of the form V = ¢+ with ¢ a smooth bounded function
and ¢ a strictly convex function satisfying some mild growth condition
at infinity. To describe the latter we define the class ® of functions
¢ € C%(R,R) with second derivative ¢” satisfying

e Strict convezity: There exists § > 0 such that ¢ > 6.



80 P. Caputo

e Polynomial growth at infinity: There exist constants B_,03, €
[0,00) and a constant C € [1, 00) such that

cp”(ia:)
;L',B:t

1 124
(85) c < liminf M < limsup

T—00 xﬂ:i: T—00

<C.

Clearly, any strictly convex polynomial belongs to ®. The perturbation
will be taken from the class ¥ of functions ¢y € C2?(R,R) such that
[¥] oo < 00, [P |oo < 00 and |9 |oe < 00.

Theorem 7.1. Assume V s of the form V = o + ¢ with p € &
and Y € V. Then

(86) sup sup y(N,p) < c©.
NeN peR

An immediate corollary of Theorem 7.1 is the uniform diffusive
bound for the local dynamics (29). This follows from property (MP) and
(30)—(32). Diffusive bounds for the spectral gap of Ginzburg-Landau
processes are a key ingredient in the proof of hydrodynamic limits for
the nongradient system considered by Varadhan [24]. When there is
no perturbation (¢ = 0), Theorem 7.1 (without the additional require-
ment (85)) becomes an immediate consequence of the Brascamp-Lieb
inequality [2], see [4]. Since perturbative arguments are very sensitive to
the increasing number of dimensions, the case of nonconvex potentials is
much more involved. Recently the uniform diffusive estimate has been
obtained by Landim, Panizo, Yau [19] in the case V(z) = az? + (=),
a > 0 and ¢ bounded. The results of [19] have been later generalized
slightly by Chafai [9] . The proofs of both [19] and [9] are based on the
martingale approach ([21]) and the method is sufficiently robust to yield
the stronger logarithmic Sobolev inequality. These techniques seem to
fail however in the case of non quadratic potentials - thus ruling out
natural problems such as quartic potentials.

The proof of Theorem 7.1 is based on the general strategy outlined
in Proposition 2.1 and Lemma 2.2. The delicate part of the work is to
establish the bound required in condition (SGK). Formally the situation
is similar to that encountered in previous sections, but here K is an in-
tegral operator and the technique has to be modified slightly. Moreover,
contrary to the case of zero range processes discussed in section 4, here
the variance Uﬁ of the grand—canonical measures

e—V(m)—)\pw

(87) Hp(dz) = ———— dz

p
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vanishes as p — o0 as soon as ¢’ is unbounded. In the above formula
), is determined as usual by the condition that (Z,)™! [ze™V (@ A2dy
= p. The technical hypothesis (85) is mainly used to control the speed of
decay of 02. Using a uniform local central limit theorem for the measures
(87) we prove in [4], Theorem 3.1, that there exists C' < oo independent
of p and N such that for every f € H, satisfying (f,&,) = 0 one has

(88) (f,KF)| SCN-2(f, f).

§8. Exclusion with site—disorder

Here we consider the following non—homogeneous model. The sin-
gle state space is X = {0,1} and the conservation law is {(nx) = Mk,
interpreted as the presence or absence of a particle at k. In contrast to
previous models here the measure p is site-dependent. We choose for
every k € {1,...,N}, N € N, the Bernoulli measures p; = Be(wg):

(89) /.Lk(nk:1):wk, wkE[(S,l—(S], k=1,...,N

Here § € (0,1/2] is fixed and w € [6,1 — é]V can be interpreted as a
realization of a random field, as in [12, 23]. However, we shall not use
any probabilistic structure behind the variables w and our results will
all be uniform in w € [6,1 — §]"V. For every such w, every p € [0,1], we
define the (quenched) canonical measure

N N
(90) v, =@ue (- | Y me=pN).
k=1 =1

The Dirichlet form of the complete graph dynamics is written as in (3)
with the choice

vk,ef = yfere(n) [f(n™°) — F(n)],

where as usual n** denotes the configuration where n; and 7, have been
exchanged, and c ¢ denotes the associated transition rate. A possible
choice of the rates is e.g.

coo(n) = 4 FE = @) (e me) = (0,1)
’ we(l —wk) (e, me) = (1,0)

The result below applies to any choice of rates provided these are uni-
formly bounded from above and away from zero.

For every fixed w we call (N, p) the corresponding Poincaré con-
stant as in (4).
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Theorem 8.1. For every 6 € (0,1/2] there exists C < oo such
that

(91) sup sup  sup Y*(N,p) < C.
N > 2 wel6,1-86]N pe(0,1)

Theorem 8.1 is a useful tool in the proof of hydrodynamic limit for
the site—disordered simple exclusion process, [12, 23]. One can check that
the model described above satisfies the moving particle lemma (MP) of
section 2. A little care is required here because of the inhomogeneous
medium. We refer to Lemma 3.1 in [23] for details. Thus an immediate
corollary of Theorem 8.1 is the diffusive bound on the spectral gap of
the local dynamics, see (30)—(32).

8.1. Proof of Theorem 8.1

We use the iteration outlined in Proposition 2.1. From a comparison
with the homogeneous case wy = const. we see that sup,, sup, v*(N, p) <
CV for some C < co. This guarantees that the first hypothesis of the
proposition is satisfied.

If P denotes the operator introduced in (5) we need to show that
(SGP) holds, i.e. that for every f € L?(vy,,) with vy ,(f) =0

N -2
N -1

(92) vn o(f(1 =P)f) > [1-CNJun,o(f?)

with independent constants € > 0, C' < co. As seen in section 2 (see the
proof of Lemma 2.2) it is sufficient to prove (92) for functions f of the

form f(n) = Zszl gk(nk) with g, : X — R a mean-zero function. Since
here X = {0,1}, we must have g, = ag(mk — pk), Pk = VN, p(Nk), for
some ay € R. That is, we shall prove (92) for functions of the form

N
(93) fm =) ok, oaeRY
k=1

with g := nx — pr. We take f as in (93) and compute

(94) N (F?) =) anavn , (Tnfie) = (&, Qa)

k¢
where we use the notation

UN,p(MkTe - _
Qi = ——;ET) , Gk =0k, Y= Un,e(Th) = k(1 — pr)
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and (v, w) := Z,i\]:l viwy, for the scalar product in RY. Observing that

_ YN, (T T5)
UN,p(Tk [ 15) = —pv‘z—J ;
J

one obtains in a similar way
1. .
vn o (FPS) = (& Q%)

. . . A 1.
Q is a non—negative matrix. Setting & := Q2 & we have

95) o (f1 =PI = (6 (1~ D)), o) = (@ d).

We write now I' := 1 — @), so that
VN, p(TikTe)
Fk: = - YkVe k 7& ¢
’ 0 k=1¢
Then (95) reads

N-1,, r ..

VN,p(f(]- - P)f) =
By (95), the claim (92) follows if we can prove
(96) '> —-CN™¢.

This in turn will follow from the next lemma.

Lemma 8.2. There exists C < oo, € > 0 such that for all w,N,p
and k # £

(97) (Fk,g - —ﬁ;]ﬁe‘ < CN1=¢

with non—negative numbers B = PBr(w,N,p), k = 1,..., N satisfying
Br < C uniformly.

Assuming (97) we conclude

szkw (ﬂkﬁf +O(N"1- e))

k 0#k

1 —€ —€
> - ;ﬂgvg —CN v2 > — C'N~(v,v)

with a constant C’ < oco. This gives (96).
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8.2. Proof of Lemma 8.2
We start with some preliminaries. Let py , be the grand-canonical
single site probabilities

wke’\

ko '
P.p wrer + 1 — wy

where A = Ay , is a real number such that ch\;l Pk, = pN. We set

pk,p := Be(pk,) and call uy, = @,k , the corresponding grand-
canonical measure. We also use the notations

A

N
1
Nk = Mk — Pk,p > O-I%:,p = pk,p(l - pk,p) ) 0/23 = _]_V— Zag,p
k=1

Since wy € [6,1 — §] it is immediate to check that there exists C' =
C(6) < oo such that px, < Cpy, for all k,¢ and p. In particular for
some C = C(§) < oo one has

(98) C'p<pr,<Cp, C'p(1-p)<oi,<Cp(l-p)
Given k,¢ € {1,..., N} consider the events
Ur={n: Y mnj=pN-1}, Up={n: > n;j=pN-2}.
k. kL
A simple computation shows that
Pr _ wi((1 — we)pn,p(Us) + weerun,p (Uz))
pe we((1 —we)in,p(Ur) + wieun,,(Uz))

From the bounds on w we deduce that there exists C = C(§) < oo such
that pr < Cpp and similarly

(99)

(100) Clp<pe <Cp, C7l'p(1—p)<¥% <Cp(l—p).

We turn to the proof of the lemma. By duality we may assume
p < 1/2. We start with the case 1/2 > p > N34, Let 9 ,(¢) denote
the characteristic function

.k

€)= e [ exp (1722)].

Since by (98) of , > C~'03, the argument of Lemma 3.3 implies the
Gaussian bound

(101) [k, (O] < €72 |¢] < o, VN
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with some a > 0 only depending on 6. Using Fourier transform we see
that

A
UN,p(TIkTe) = p—’“”’pg;’ i
with
N
- [ac Lo,
k=1
and
i—— (2—Pk,p—De,p - -
Ak SZ/dCC 7oV 2P =pe) H 0j,0(C) /d(’ H”j,p(gl)
J#k,L ]
(102)

= [acemmE [T a,00) [ace ) [Ta,

J#k J#L

Here all integrals are in the range [~70,vVN,mo,v/N]. Using the hy-
pothesis p > N~3/4  the bounds (98) and the computation of section 3,
see (47), we have

252
V. = —_ J —1—e¢
j,0(¢) =1 202N +O(N ), l¢I<ClogN.
Since 02 = (3, U,E,p)/N we have

2
o, =1-5 +0(=), Il<ClogN.
J
As in (50) we deduce

B =21 +O(N™°)

Moreover
i §2 o2 +o2 L )
H 95,(C) = (1+ ( ;ﬁzN L) +O(N"! 6)) ij,p(C)u
[0 = (1+ 5 2’}\}’ +0(N77)) [T#16(), K< ClogN.
Ji#k j

If we plug these expansions in (102) and open all the brackets as in the
derivation of (48) we obtain the estimate

2

_ Tk,p%,p 7 2 nr—1—e
Pk,pPe,p Ak, = =27 ToIN +O(o,N™"7°)
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uniformly in the case p > N—3/4 (O'g > C~'N-3/%). Using v, =
O(ok,,) = O(0,) the Lemma follows with 8y = o} ,/(w0o,) = O(1
by (98) and (100). This proves (8.2) in the case p > N~3/4,

We now prove the lemma for densities p < N73/4. We set @y =
wi/(1 —wy) and rewrite (99) as
o 1+ et W U
(103) &_—_ﬁ_i__if)e_, W::M_Ni(_z_).
pe  wp 1+etw W un,p(Ut)

When pN =1 we have W = 0 and pp/ps = @i /&p. Suppose pN > 2.
Define the event

V™t ={n: > n;=pN-2}.

J#k,lm
Then
1 m
pn,p(U1) = > Pmpun,(V™),
pN — 1
m#k,f
1
Un,p(U2) = ————= 1 — Pmp)nN (V™).
P( 2) N(]. — p) m;’e( P) P( )

Since ppm,p, = C~1p we see that W = un ,(Uz2)/un,,(U1) < C uniformly.
Using e* < Cpx,, < C'p, from (103) we have

Pr Wk
(104) 2 140(p)]

Summing over k in (104) we arrive at the estimate
pNC‘/\)E 2
105 P = — + 0 ;
(105) foit s+ 0(p?)
(7).

Set now p;’ 1= vn ,(n¢|n; = 1). From (105) applied to N — 1 sites with
pN — 1 particles:

() (pN — 1)&y 2 Wy 2
=-=———100p") =pe— —+0(p").
Pe Zk#j Ok ( ) Z O ( )
Since vN ,(TkTe) = —pr(pe — pgk)), I'x ¢ can be written as
Ty, = ____p_’ﬁf___ + O(p2) — chDk(:)E + O(,O2)
T ey, W Teve(2; @5)?
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Since p? < N—3/2, (97) follows with 8 := Nag/p/vk(>_; @j)- Then
Br = O(1) by (100). This completes the proof of Lemma 8.2.
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Ten Explicit Criteria of One-Dimensional Processes

Mu-Fa Chen

Abstract.

The traditional ergodicity consists a crucial part in the theory
of stochastic processes, plays a key role in practical applications.
The ergodicity has much refined recently, due to the study on some
inequalities, which are especially powerful in the infinite dimensional
situation. The explicit criteria for various types of ergodicity for
birth-death processes and one-dimensional diffusions are collected in
Tables 8.1 and 8.2, respectively. In particular, an interesting story
about how to obtain one of the criteria for birth-death processes is
explained in details. Besides, a diagram for various types of ergodicity
for general reversible Markov processes is presented.

The paper is organized as follows. First, we recall the study on an
exponential convergence from different point of view in different sub-
jects: probability theory, spectral theory and harmonic analysis. Then
we show by examples the difficulties of the study and introduce the ex-
plicit criterion for the convergence, the variational formulas and explicit
estimates for the convergence rates. Some comparison with the known
results and an application are included. Next, we present ten (eleven)
criteria for the two classes of processes, respectively, with some remarks.
In particular, a diagram of various types of ergodicity for general re-
versible Markov processes is presented. For which, partial proofs are
included in Appendix. Finally, we indicate a generalization to Banach
spaces, this enables us to cover a large class of inequalities (equivalently,
various types of ergodicity).

Let us begin with the paper by recalling the three traditional types
of ergodicity.
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Revised December 20, 2002.

Research supported in part by NSFC (No. 10121101), RFDP and 973
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§1. Three traditional types of ergodicity

Let Q@ = (¢i;) be a regular Q-matrix on a countable set F =
{i,7,k,---}. That is, g;; > 0 for all i # j, ¢; := —qi; = Zj# gij < 00
for all 7 € F and @) determines uniquely a transition probability matrix
P, = (p;;(t)) (which is also called a Q-process or a Markov chain). De-
note by m = (7;) a stationary distribution of P;: 7P, = « for all ¢ > 0.
From now on, assume that the Q-matrix is irreducible and hence the
stationary distribution 7 is unique. Then, the three types of ergodicity
are defined respectively as follows.

(1.1) Ordinary ergodicity : tlim lpij(t) —m;| =0
— 00
(1.2) Ezxponential ergodicity : tlim e™|py;(t) — | =0
(1.3) Strong ergodicity : tlim sup |pi;(t) — ;| =0
—0o0

<= lim e”*sup |p;;(t) — ;| = 0,
t—o0 i

where & and B are (the largest) positive constants and i, j varies over
whole E. The equivalence in (1.3) is well known but one may refer to
Proof (b) in the Appendix of this paper. These definitions are mean-
ingful for general Markov processes once the pointwise convergence is
replaced by the convergence in total variation norm. The three types of
ergodicity were studied in a great deal during 1953-1981. Especially, it
was proved that

strong ergodicity = exponential ergodicity = ordinary ergodicity.

Refer to Anderson (1991), Chen (1992, Chapter 4) and Meyn and
Tweedie (1993) for details and related references. The study is quite
complete in the sense that we have the following criteria which are de-
scribed by the @-matrix plus a test sequence (y;) only, except the expo-
nential ergodicity for which one requires an additional parameter .

Theorem 1.1 (Criteria). Let H # () be an arbitrary but fized fi-
nite subset of E. Then the following conclusions hold.

(1) The process Py is ergodic iff the system of inequalities

(1.4) | {Z] q;;Y;5 <-1, ¢ ¢ H

DicH Dojri Uij¥i < 00

has a nonnegative finite solution (y;).
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(2) The process Py is exponentially ergodic iff for some A > 0 with
A < g; for all i, the system of inequalities

(1.5) Y09 < —Mi—1, i¢H
Zz’EH ijgi q;;Yj < o0

has a nonnegative finite solution (y;).
(3) The process P; is strongly ergodic iff the system (1.4) of inequal-
ities has a bounded nonnegative solution (y;).

The probabilistic meaning of the criteria reads respectively as fol-
lows:

maxE;o < 0o, maxE;e*’# < oo and supE;op < oo,

iceH i€eH i€E
where o = inf{t > the first jumping time : X; € H} and A is the same
as in (1.5). The criteria are not completely explicit since they depend
on the test sequences (y;) and in general it is often non-trivial to solve
a system of infinite inequalities. Hence, one expects to find out some
explicit criteria for some specific processes. Clearly, for this, the first
candidate should be the birth-death process. Recall that for a birth-
death process with state space E = Z; = {0,1,2,-- -}, its Q-matrix has
the form: ¢; ;41 =b; >0 forall¢ >0, ¢;,—1 =a; > 0forall: > 1 and
gi; = O for all other ¢ # j. Along this line, it was proved by Tweedie
(1981)(see also Anderson (1991) or Chen (1992)) that

1
(1.6) S = Z L, Z 7 < 0o = Exponential ergodicity,
1 j<n—1 Mi%

where po =1 and p, = by ---by_1/ay -+ ay for allm > 1. Refer to Wang
(1980), Yang (1986) or Hou et al (2000) for the probabilistic meaning of
S. The condition is explicit since it depends only on the rates a; and b;.
However, the condition is not necessary. A simple example is as follows.
Let a; = b; = 4" (i > 1) and by = 1. Then the process is exponential
ergodic iff v > 2 (see Chen (1996)) but S < oo iff v > 2. Surprisingly,
the condition is correct for strong ergodicity.

Theorem 1.2 (Zhang, Lin and Hou (2000)).
S < 0o <= Strong ergodicity.

Refer to Hou et al (2000). With a different proof, the result is extended
by Y. H. Zhang (2001) to the single-birth processes with state space
Z,. Here, the term “single birth”means that ¢; ;41 > O for all 7 > 0
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but g;; > 0 can be arbitrary for j < 4. Introducing this class of Q-
processes is due to the following observation: If the first inequality in
(1.4) is replaced by equality, then we get a recursion formula for (y;)
with one parameter only. Hence, there should exist an explicit criterion
for the ergodicity (resp. uniqueness, recurrence and strong ergodicity).
For (1.5), there is also a recursion formula but now two parameters are
involved and so it is unclear whether there exists an explicit criterion or
not for the exponential ergodicity.

Note that the criteria are not enough to estimate the convergence
rate & or 3 (cf. Chen (2000a)). It is the main reason why we have to
come back to study the well-developed theory of Markov chains. For
birth-death processes, the estimation of & was studied by Doorn in a
book (1981) and in a series of papers (1985, 1987, 1991). He proved, for
instance, the following lower bound

& > erzlg {aip1 +b; — Vab; — Vaity1biz1},

which is exact when a; and b; are constant. The following formula for
the lower bounds was implicated in his papers and rediscovered in a
different point of view (in the study on spetral gap) by Chen (1996):

& = sup inf{a;+1 + b; — a;/vi—1 — biy1vi}.
v>0120

Besides, the precise & was determined by Doorn for four practical mod-

els. The main tool used in Doorn’s study is the Karlin-Mcgregor’s rep-

resentation theorem, a specific spectral representation, involving heavy

techniques. There is no explicit criterion for & > 0 ever appeared so far.

§2. The first (non-trivial) eigenvalue (spectral gap)

The birth-death processes have a nice property—symmetrizability:
wipi;(t) = p;p;i(t) for all 4,5 and ¢ > 0. Then, the matrix @ can
be regarded as a self-adjoint operator on the real L2-space L?(u) with
norm | - ||. In other words, one can use the well-developed L2-theory.
For instance, one can study the L2-exponential convergence given below.
Assuming that Z = ), u; < oo and then setting m; = p;/Z. Then, the
convergence means that

(21) CABF—w(H] SN = (] < e

for all t > 0, where 7(f) = [ fdm and ); is the first non-trivial eigenvalue
(more precisely, the spectral gap) of (—Q) (cf. Chen (1992, Chapter 9)).
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The estimation of A\; for birth-death processes was studied by Sul-
livan (1984), Liggett (1989) and Landim, Sethuraman and Varadhan
(1996) (see also Kipnis & Lamdin (1999)). It was used as a comparison
tool to handle the convergence rate for some interacting particle sys-
tems, which are infinite-dimensional Markov processes. Here we recall
three results as follows.

Theorem 2.1 (Sullivan (1984)). Let ¢; and c2 be two constants
satisfying
Zj>i Hj

€1 2 sup ———, C2 > sup Pi
i>1 Hi i>1 HiQy

Then Ay > 1/4c%cs.
Theorem 2.2 (Liggett (1989)). Let ¢1 and cy be two constants
satisfying

S i S Qs
c1 > sup Lzl 1, cy>sup Ly2its% %
i>1  HiQ4 i>1 Hia;
Then >\1 2 1/46102.

Theorem 2.3 (Liggett (1989)). For bounded a; and b;, A1 > 0 iff
(i) has an exponential tail.

The reason we are mainly interested in the lower bounds is that on
the one hand, they are more useful in practice and on the other hand,
the upper bounds are usually easier to obtain from the following classical
variational formula.

A = inf {D(f) : u(f) = 0,u(f?) = 1},

where

Zuzqm — ), 2(D)={f € L*(n) : D(f) < o0}

and p(f) = [ fdp.

Let us now leave Markov chains for a while and turn to diffusions.

§3. One-dimensional diffusions

As a parallel of birth-death process, we now consider an elliptic
operator L = a(x)d?/dz? + b(x)d/dz on the half line [0, 00) with a(z) >
0 everywhere. Again, we are interested in estimation of the principle
eigenvalues, which consist of the typical, well-known Sturm-Liouville
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eigenvalue problem in the spectral theory. Refer to Egorov & Kondratiev
(1996) for the present status of the study and references. Here, we
mention two results, which are the most general ones we have ever known
before.

Theorem 3.1. Let b(z) = 0 (which corresponds to the birth-death
process with a; = b; for all t > 1) and set 6 = sup, :cf;o a~!. Here
we omit the integration variable when it is integrated with respect to the
Lebesque measure. Then, we have

1. Kac & Krein (1958): 671 > Ao > (46)71, here \g is the first

eigenvalue corresponding to the Dirichlet boundary f(0) = 0.

2. Kotani & Watanabe (1982): 671 > A\ > (46)~1.

It is simple matter to rewrite the classical variational formula as
(3.1) below. Similarly, we have (3.2) for Ag.

Poincaré inequalities.

(3.1) A lf = (D2 AT
(3.2) Xoi 2 <A5'D(f), f(0)=o0.

It is interesting that inequality (3.2) is a special but typical case of
the weighted Hardy inequality discussed in the next section.

4. Weighted Hardy inequality

The classical Hardy inequality goes back to Hardy (1920):

AP S IR o
/o (x) S<p_1)/0 %, f(0)=0,f >0,

where the optimal constant was determined by Landau (1926). After
a long period of efforts by analysts, the inequality was finally extended
to the following form, called weighted Hardy inequality (Muckenhoupt
(1972)) ’

(4.1) /Ooo fdv < A/OOO F2dxn, fech f(0) =0,

where v and A be nonnegative Borel measures.

The Hardy-type inequalities play a very important role in the study
of harmonic analysis and have been treated in many publications. Refer
to the books: Opic & Kufner (1990), Dynkin (1990), Mazya (1985) and
the survey article Davies (1999) for more details. We will come back
this inequality soon.
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- We have finished the overview of the study on the exponential con-
vergence (equivalently, the Poincaré inequality) in the different subjects.
In order to have a more concrete feeling about the the difficulties of the
topic, we now introduce some simple examples.

§5. Difficulties

First, consider the birth-death processes with finite state space E.
' . —b
When E = {0, 1}, the @-matrix becomes Q = a 0 bg ) Then,
1 @
it is trivial that Ay = a; + bg. The result is nice since either a; or by
increases, so does \;. If we go one more step, E = {0, 1,2}, then we
have four parameters by, b; and aq,as and

)\1 = 2"1 [al + a9 +b0+bl — v/ (Gl — ay +b0 — b1)2 —|—4(11b1:[.

Now, the role for A, played by the parameters becomes ambiguous.
When E = {0, 1, 2, 3}, we have six parameters: bg, b1, b2, a1,a2,a3. Then

LD C +21/3 (3B - D?)
1T 3 3.21/3 3C ’

where the quantities D, B and C are not too complicated:

D=a1 +a2+a3—l—b0+b1+b2,
B=a3b0 + a9 (a3+b0)+a3b1
+ bg b1 + bg by + by by + a1 (a2 + az + b2),

1/3
C = <A+ \/4(BB-D2)3+A2) .

However, in the last expression, another quantity is involved:

A=-2a3—-2a3—2a3 +3a2by +3azbi —2b3+3a3b

—12a3bo by + 3b2by +3azbh? +3bo bt —2b3 — 6a3 by + 6.a3 by by

+3b2by + 6a3by by — 12bg by ba3 b3 by — 6ag b3 + 3by b3 + 3by b3

—2b3 +3a? (ag + a3 —2bg — 2by + bo)

+3a3 [az + by — 2 (by + by)]

+3az [a3 + b5 — 2b] — by bp — 23
—a3(4bo — 2by + ba) + 2bo(by + b2)]

+3aq [ag + a3 — 2b5 — bo by — 20 —ax(daz — 2bg + by — 2by)
+2bg by + 2b1 by + b3 + 2a3(bo + by + b2)].
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Thus, the roles of the parameters are completely mazed! Of course, it
is impossible to compute A; explicitly when the size of the matrix is
greater than five!

Next, we go to the estimation of \;. Consider the infinite state space
E =1{0,1,2,---}. Denote by g and D(g), respectively, the eigenfunction
of A\; and the degree of g when g is polynomial. Three examples of the
perturbation of A; and D(g) are listed in Table 1.1.

bi (z ZO) a; (7, Z 1) )\1 D(g)
i+c(c>0) 2t 1 1
1+ 1 21+ 3 2 2
i+1 2%+ (4+V2) 3 3

Table 1.1 Three examples of the perturbation of A; and D(g)
The first line is the well known linear model, for which A\; = 1, inde-
pendent of the constant ¢ > 0, and g is linear. Next, keeping the same
birth rate, b; = ¢ + 1, changes the death rate a; from 2i to 27 + 3 (resp.
2i + 4 + /2), which leads to the change of A; from one to two (resp.
three). More surprisingly, the eigenfunction g is changed from linear to
quadratic (resp. triple). For the other values of a; between 27, 27 + 3
and 2i 4+4 4 /2, \; is unknown since g is non-polynomial. As seen from
these examples, the first eigenvalue is very sensitive. Hence, in general,
it is very hard to estimate ;.

Hopefully, I have presented enough examples to show the difficulties
of the topic.

§6. Results about \;, & and A

It is position to state our results. To do so, define

W ={w:w 11,7(w) 20}, Z=>3 u,

s=swp 3 —= 3,

>0 j<icy H1% 535

where |1 means strictly increasing. By suitable modification, we can
define #' and explicit sequences §,, and é/,. Refer to Chen (2001a) for
details.

The next result provides a complete answer to the question proposed
in Section 1.

Theorem 6.1. For birth-death processes, the following assertions
hald
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(1) Dual variational formulas:

(6.1) A; = sup 1nf pibi(wiy1 — / Z LW, [Chen (1996)]

weW 12 §>it1
(6.2) = wlen“/fﬂ' ig}g pibi(Wir1 — wi)/j;rl Ly [Chen (2001a)]

(2) Appoximating procedure and explicit bounds:
Z6 > 6 T > A > 6> (48 foralln  [Chen (2000b,2001a)].

(3) Eaxplicit criterion: A1 > 0 4ff § < oo [Miclo (1999), Chen (20000)].
(4) Relation: & = Ay [Chen (1991)].

In (6.1), only two notations are used: the sets # and #’ of test
functions (sequences). Clearly, for each test function, (6.1) gives us a
lower bound of ;. This explains the meaning of “variational”. Because
of (6.1), it is now easy to obtain some lower estimates of \;, and in
particular, one obtains all the lower bounds mentioned above. Next,
by exchanging the orders of “sup” and “inf”, we get (6.2) from (6.1),
ignoring a slight modification of #". In other words, (6.1) and (6.2) are
dual of one to the other. For the explicit estimates “671 > \g > (46)™1”
and in particular for the criterion, one needs to find out a representa-
tive test function w among all w € #'. This is certainly not obvious,
because the test function w used in the formula is indeed a mimic of the
eigenfunction (eigenvector) of A1, and in general, the eigenvalues and
the corresponding eigenfunctions can be very sensitive, as we have seen
from the above examples. Fortunately, there exists such a representa-
tive function with a simple form. We will illustrate the function in the
context of diffusions in the second to the last paragraph of this section.

In parallel, for diffusions on [0, o], define

0w = [ e s=mp [T [Tee
F ={feC[0,00)NC(0,00): f (O)—Oandflooo>0}

Theorem 6.2 (Chen (1999a, 2000b, 2001a)). For diffusion
on [0,00), the following assertions hold.
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(1) Dual variational formulas:

(6.3) Ao > sup inf ec(“’)f’(m)// fe€/a
feF x>0 z

6.4 Ao < inf <@ fr /Oo ©

(6.4) o< Jnf, supe f(w)/ ) fe" /a

Furthermore, the signs of the equality in (6.3) and (6.4) hold if
both a and b are continuous on [0, c0).

(2) Appozximating procedure and explicit bounds: A decreasing se-
quence {6,} and an increasing sequence {6!,} are constructed ex-
plicitly such that

571> 5:1_1 > X > 671 > (46)7! for all n.

(3) Ezplicit criterion: Ao (resp. A1) >0 iff 6 < oo.

We mention that the above two results are also based on Chen and
Wang (1997a).

To see the power of the dual variational formulas, let us return to
the weighted Hardy’s inequality.

Theorem 6.3 (Muckenhoupt (1972)).  The optimal constant A in
the inequality

(6.5) /0 T 2dy < A /O T2\, fed,f(0) =0,

satisfies B < A < 4B, where B = sup v|z, o] f;o(d)\abs/dLeb)_l and
x>0

dAaps/dLeb is the derivative of the absolutely continuous part of \ with
respect to the Lebesgue measure.

By setting v = m and A = e®dxz, it follows that the criterion in
Theorem 6.2 is a consequence of the Muckenhoupt’s Theorem. Along
this line, the criteria in Theorems 6.1 and 6.2 for a typical class of the
processes were also obtained by Bobkov and Go6tze (1999a, b), in which,
the contribution of an earlier paper by Luo (1992) was noted.

We now point out that the explicit estimates “6=! > N\g > (46)~1”
in Theorems 6.2 or 6.3 follow from our variational formulas immediately.
Here we consider the lower bound “(46)~1” only, the proof for the upper
bound “671” is also easy, in terms of (6.4).
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Recall that § = sup,q [y e C [ e“/a. Set p(x) = [Je ©. By
using the integration by parts formula, it follows that

[ v(5)

IA
>

+
| >
z-z\
3
6\
b
(@0

Hence

o) — e=C@) o fpeC e Cw@) plz) 26
o) = s [ < iy

This gives us the required bound by (6.3).

Theorem 6.2 can be immediately applied to the whole line or higher-
dimensional situation. For instance, for Laplacian on compact Riemann-
ian manifolds, it was proved by Chen & Wang (1997b) that

A1 > su inf [ r) =g,
(2w nt 1)) =6

where I(f) is the same as before but for some specific function C(x).
Thanks are given to the coupling technique which reduces the higher
dimensional case to dimension one. We now have §~! > 67’1_1 1>& >
6-1 1> (46)~1, similar to Theorem 6.2. Refer to Chen (2000b, 2001a)
for details. As we mentioned before, the use of the test functions is
necessary for producing sharp estimates. Actually, the variational for-
mula enables us to improve a number of best known estimates obtained
previously by geometers, but none of them can be deduced from the
estimates “671 > & > (46)~!”. Besides, the approximating procedure
enables us to determine the optimal linear approximation of & in K:

w2 K
512ﬁ+5’

where D is the diameter of the manifold and K is the lower bound of
Ricci curvature (cf., Chen, Scacciatelli and Yao (2001)). We have thus
shown the value of our dual variational formulas.

§7. Three basic inequalities

Up to now, we have mainly studied the Poincaré inequality, i.e.,
(7.1) below. Naturally, one may study other inequalities, for instance,
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the logarithmic Sobolev inequality or the Nash inequality listed below.

(7.1)

Poincaré inequality : || f — 7(f)||> < A7 D(f)
(7.2)

Logarithmic Sobolev inequality : /f2 log(IfI/IlfINdm < o™t D(f)

(7.3) |
Nash inequality : || f — w(f)||>T4" < 7I~1D(f)“f”i/y

(for some v > 0).

Here, to save notation, o (resp. 1) denotes the largest constant so that
(7.2) (resp. (7.3)) holds.

The importance of these inequalities is due to the fact that each
inequality describes a type of ergodicity. First, (7.1) <= (2.1). Next,
the logarithmic Sobolev inequality implies (is indeed equivalent to, in the
context of diffusions) the decay of the semigroup P; to m exponentially
in relative entropy with rate o and the Nash inequality is equivalent to

1Pf — = (/) < Clfll /e

§8. Criteria

Recently, the criteria for the last two inequalities as well as for the
discrete spectrum (which means that there is no continuous spectrum
and moreover, all eigenvalues have finite multiplicity) are obtained by
Mao (2000, 2002a, b), based on the weighted Hardy’s inequality. On
the other hand, the main parts of Theorems 6.1 and 6.2 are extended
to a general class of Banach spaces in Chen (2002a, d, €), which unify
a large class inequalities and provide a unified criterion in particular.
We can now summarize the results in Table 8.1. The table is arranged
in such order that the property in the latter line is stranger than the
former one, the only exception is that even though the strong ergodicity
is often stronger than the logarithmic Sobolev inequality but they are
not comparable in general (Chen (2002b)).

Birth-death processes
Transition intensity:

i—i+1 atrate b, =¢ 41 >0

—1—1 atrate a;=g¢q;;—1 >0.
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Define
—1 b b s ik =
po=1, pn=——"—,n2>1 ulikl= i
ay - ap L
1<j<k
Property Criterion
Uniqueness Z ul0,n] = oo (%)
"120 Hn b’rL
I
Recurrence = oo
n>0 Hnbn
Ergodicity (%) & pf0, c0) < oo
Exponential ergodicity
2 . (*) & sup pn, o) Z < oo
L“-exponential convergence n>1 Gl B b].

T

Logarithmic Sobolev inequality | (%) & sup u[n, oo)log{uln, oo)—l] Z )
n>1 an_lyljbj

1

Strong ergodicity
()& 3

1
1 . plntl, 00 =3 pn »_ < od
L*-exponential convergence S0 Lnbn = jgn—lﬂjbﬂ'
Nash inequality (*) & sup pln, oo)(u_z)/u Z < oo (&)
n>1 j<mne1 Bjibj
Table 8.1. Ten criteria for birth-death processes
Here, “(x) & ---” means that one requires the uniqueness condition in

“.

the first line plus the condition “ --”. The “(¢)” in the last line means
that there is still a small gap from being necessary. In other words, when
v € (0, 2], there is still no criterion for the Nash inequality.

Diffusion processes on [0,00) with reflecting boundary
Operator:
d? d
L= —
a(z) dz?

Define . v
Clz) = /0 bja,  plz,y] = / ¢ /a.

For the Nash inequality, we have the same remark as before. The reason
we have one more criterion here is due to the equivalence of the loga-
rithmic Sobolev inequality and the exponential convergence in entropy.
However, this is no longer true in the discrete case. In general, the loga-
rithmic Sobolev inequality is stronger than the exponential convergence
in entropy. A criterion for the exponential convergence in entropy for
birth-death processes remains open (cf., Zhang and Mao (2000) and Mao
and Zhang (2000)). The two equivalences in the tables come from the
next diagram.
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Property Criterion
o0
Uniqueness / o, z]e_c(x) =oco (%)
9]
o0
Recurrence / e C®) = oo
(0]
Ergodicity () & pf[0, 00) < oo
Exponential ergodicity z _c
L?-exponential convergence (*) & 21;% Kz, OO)A e <
T
Discrete spectrum (%) & nlimoo sup ulz, oo)/ e~ =0
TP z>n n
Logarithmic Sobolev inequality 1, [* _C
Exponential convergence in entropy (*) & i;%”[z’ odlog[ufz, oo) 7] 0 € <oo

Strong ergodicity e —C(x) o
L!-exponential convergence (*) & /0 ulz, ode < oo

€T

Nash inequality (x) & sup plz, oo)(u_Z)/u/ e € < oo(e)
x>0 0
Table 8.2. Eleven criteria for one-dimensional diffusions
§9. New picture of ergodic theory

Theorem 9.1. Let (E,&) be a measurable space with countably

generated &. Then, for a Markov processes with state space (E,&),
reversible and having transition probability densities with respect to a
probability measure m, we have the diagram shown in Figure 9.1.

Nash inequality

4 AV
Logarithmic Sobolev inequality L' -exponential convergence
Y I
Ezxponential convergence in entropy m-a.s. Strong ergodicity
4 2
Poincaré inequality <= m-a.s. Exponential ergodicity
0
L?-algebraic ergodicity
g

Ordinary ergodicity

Fig. 9.1. Diagram of nine types of ergodicity

Here are some remarks about Figure 9.1.

(1) The importance of the diagram is obvious. For instance, by us-
ing the estimates obtained from the study on Poincaré inequal-
ity, based on the advantage on the analytic approach — the
L?-theory and the equivalence in the diagram, one can estimate
exponentially ergodic convergence rates, for which, the known
knowledge is still very limited. Actually, these two convergence
rates are often coincided (cf. the proofs given in Appendix). In
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particular, one obtains a criterion for the exponential ergodicity
in dimension one, which has been opened for a long period. Con-
versely, one obtains immediately some criteria, which are indeed
new, for Poincaré inequality to be held from the well-known crite-
ria for the exponential ergodicity. Next, there is still very limited
known knowledge about the L!-spectrum, due to the structure
of the L'-space, which is only a Banach but not Hilbert space.
Based on the probabilistic advantage and the identity in the di-
agram, from the study on the strong ergodicity, one learns a lot
about the L-spectral gap of the generator.

(2) The L2-algebraic ergodicity means that Var(P;f) < CV(f)t'™4
(t > 0) holds for some V having the properties: V' is homoge-
neous of degree two (in the sense that V(cf+d) = c2V (f) for any
constants ¢ and d) and V(f) < oo for all functions f with finite
support (cf. Liggett (1991)). Refer to Chen and Wang (2000),
Rockner and Wang (2001) for the study on the L2-algebraic con-
vergence.

(3) The diagram is complete in the following sense: each single-
directed implication can not be replaced by double-directed one.
Moreover, the L!-exponential convergence (resp., the strong er-
godicity) and the logarithmic Sobolev inequality (resp., the ex-
ponential convergence in entropy) are not comparable.

(4) The reversibility is used in both of the identity and the equiva-
lence. Without the reversibility, the L?-exponential convergence
still implies 7-a.s. exponentially ergodic convergence.

(5) An important fact is that the condition “having densities” is
used only in the identity of L!-exponential convergence and 7-a.s.
strong ergodicity, without this condition, L!-exponential conver-
gence still implies 7-a.s. strong ergodicity, and so the diagram
needs only a little change (However, the reversibility is still re-
quired here). Thus, it is a natural open problem to remove this
“density’s condition”.

(6) Except the identity and the equivalence, all the implications in
the diagram are suitable for general Markov processes, not neces-
sarily reversible, even though the inequalities are mainly valuable
in the reversible situation. Clearly, the diagram extends the er-
godic theory of Markov processes.

The diagram was presented in Chen (1999c, 2002b), originally stated
mainly for Markov chains. Recently, the identity of L!-exponential con-
vergence and the m-a.s. strong ergodicity is proven by Mao (2002c). A
counter-example of diffusion was constructed by Wang (2001) to show
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that the strong ergodicity does not imply the exponential convergence
in entropy. Partial proofs of the diagram are given in Appendix.

§10. Go to Banach spaces

To conclude this paper, we indicate an idea to show the reason why
we should go to the Banach spaces.

Theorem 10.1 (Varopoulos, N. (1985); Carlen, E. A., Kusuoka,
S., Stroock, D. W. (1987); Bakry, D., Coulhon, T., Ledoux, M. and
Saloff-Coste, L. (1995)). When v > 2, the Nash inequality

If — 7(HIFH < D) £

is equivalent to the Sobolev-type inequality

”f - ’/T(f)”?//(u—Z) < CQD(f)a

where || - ||p is the LP(u)-norm.

In view of Theorem 10.1, it is natural to study the inequality

|(f =7 (£)?||5 < AD(f)

for a general Banach space (B, || ||, ¢¢). It is interesting that even for the
general setup, we still have quite satisfactory results. Refer to Bobkov
and Gotze (1999a, b) and Chen (2002a, d, e) for details.

§11. Appendix: Partial proofs of Theorem 9.1

The detailed proofs and some necessary counterexamples were pre-
sented in Chen (1999c, 2002b) for reversible Markov processes, except
the identity of the L!-exponential convergence and m-a.s. strong ergod-
icity. Note that for discrete state spaces, one can rule out “a.s.” used
in the diagram. Here, we prove the new identity and introduce some
more careful estimates for the general state spaces. The author would
like to acknowledge Y. H. Mao for his nice ideas which are included in
this appendix. The steps of the proofs are listed as follows.

(a) Nash inequality = L'-exponential convergence
and m-a.s. Strong ergodicity.
(b) L'-exponential convergence <= m-a.s. Strong ergodicity.
(c¢) Nash inequality = Logarithmic Sobolev inequality.
(d) L?-exponential convergence = m-a.s. Exponential ergodicity.
(e) Exponential ergodicity = L2-exponential convergence.
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(a) Nash inequality = L'-exponential convergence and 7-a.s.
Strong ergodicity [Chen (1999b)]. Denote by || - ||,—q the operator’s norm
from LP(7) to L9(w). Note that

Nash inequality <= Var(P;(f)) = |P.f — 7(f)||2 < C?||f|3/t**
(q:=v/2+1)
= (P = m)fls < Cllflh D72,
= [|Py — 7lhime < C/t47V2,

Since || P; — 7||1-1 < || Py — 7||1_2, we have

Nash inequality = L'-algebraic convergence.

Furthermore, because of the semigroup property, the convergence of
| - |l1—1 must be exponential, we indeed have

Nash inequality = L'-exponential convergence.
In the symmetric case: P, — 7 = (P, — m)*, and so
P2t = Tllimoo < 1P = 7lhi—2l| P — 7ll2—00 = [P — 7l

Hence, |P; — 7|[1500 < C/t?1. Thus,

ess SuPg || P (x, -) — 7||var = esssupy sup |(Py(x,-) —7)f]

|f1<1
<esssup, sup |(Piz,-)—m)f|= sup esssupg|(Pi(z,-)—7)f|
Ifll. <1 If1l:<1
= ||1P, — T||1meo < C/t71 =0, as t — oo.

This gives us the m-a.s. strong ergodicity.

(b) L'-exponential convergence < w-a.s. Strong ergodicity [Mao
(2002c)]. Since (LY)* = L*® = ||B — 7|11 = |P} — 7||co—oo and
P} (z,-) < m, we have

“Pt* - 7T||OO—>oo = €S5S 8Upg ||fSHup—1 I(Pt*_ﬂ)f(x)l

=esssup, sup [(P] —m)f(z)]
sup | f|=1

= esssup, || P/ (z,-) — 7||var-
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Hence, m-a.s. strong ergodicity is exactly the same as the L'-exponential
convergence. Without condition “P/(z,-) < n”, the second equality
becomes “>”, and so we have in the general reversible case that

L'-exponential convergence = m-a.s. Strong ergodicity.

(c) Nash inequality => Logarithmic Sobolev inequality
[Chen (1999b)]. Because ||f|l1 < ||fllp for all p > 1, we have || - |22 <
|- lise < C/ta7=D/2 and so

Nash inequality = Poincaré inequality <= A\; > 0.
[ Ftllp—2 < | Pellim2 < [P = wllimz + [[7]limz <00, pe(1,2).

The assertion now follows from [Bakry (1992); Theorem 3.6 and Propo-
sition 3.9].

The remainder of the Appendix is devoted to the proof of the asser-
tion:

(A1) L*-exponential convergence <= 7-a.s. Exponential ergodicity.

Actually, this is done by Chen (2000a). Because, by assumption, the
process is reversible and P,(z,:) < 7. Set p(z,y) = ﬂld(;‘f#)(y). Then
we have pi(z,y) = pe(y, z), m X m-a.s. (z,y). Hence

(42) [ pulouPr(dy) = [ pulou)pv0)n(d) = paule2) < o0
(Carlen et al (1987)).

This means that p;(x,-) € L?(x) for allt > 0 and 7-a.s. z € E. Thus, by
[Chen (2000a); Theorem 1.2] and the remarks right after the theorem,
(A1) holds.

The proof above is mainly based on the time-discrete analog result
by Roberts and Rosenthal (1997). Here, we present a more direct proof
of (A2) as follows.
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(d) L2-exponential convergence = m-a.s. Exponential ergodicity [Chen
(1991, 1998, 2000a)]. Let u < 7. Then
d
(anr1)
i

“:u’Pt - 7THVa.r = sup I(/“Pt - W)fl = Ssup
IfI<1 [fi<1

()
(43) = sup ”{f(Pt*(%g } ))H
()] <

dp

a—l

= sup
[fl<1

<

e—teap(L”)
2

< -1

1

e~ t&ap(Ll)
2

We now consider two cases separately.
In the reversible case with P,(z,-) < 7, by (A2), we have

(21

dr 1
(A4) < [lps(z, ) — 1}z = &op(E)

= [Vp2o(w o) — TermriD etemnD) >

Therefore, there exists C'(x) < oo such that

1Pe(z, ) = Tllvar <

(A5) | Py, ) — m||var < C(ac)e_tgap(L), t>0, mas. (z).

Denote by €1 be the largest ¢ such that || P(x, ) — 7||var < C(z)e™¢* for
all t. Then g, > gap(L) = A;.

In the ¢-irreducible case, without using the reversibility and transi-
tion density, from (A3), one can still derive 7-a.s. exponential ergodicity
(but may have different rates). Refer to Roberts and T'weedie (2001) for
a proof in the time-discrete situation (the title of the quoted paper is
confused, where the term “L!-convergence” is used for the m-a.s. ex-
ponentially ergodic convergence, rather than the standard meaning of
L!-exponential convergence used in this paper. These two types of con-
vergence are essentially different as shown in Theorem 9.1). In other
words, the reversibility and the existence of the transition density are
not essential in this implication.

(e) m-a.s. Exponential ergodicity = L?-exponential convergence [Chen
(2000a), Mao (2002¢)]. In the time-discrete case, a similar assertion was
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proved by Roberts and Rosenthal(1997) and so can be extended to the
time-continuous case by using the standard technique [cf., Chen (1992),
8§4.4]. The proof given below provides more precise estimates. Let the
o-algebra & be countably generated. By Numemelin and P. Tuominen
(1982) or [Numemelin (1984); Theorem 6.14 (iii)], we have in the time-
discrete case that

m-a.s. geometrically ergodic convergence
<= |||[P"(e,-) — 7||var||1 geometric convergence,
here and in what follows, the L!-norm is taken with respect to the
variable “e¢”. This implies in the time-continuous case that
m-a.s. exponentially ergodic convergence
<= ||| P¢(e, ) — 7||varlls exponential convergence.
Assume that ||||P;(e, ) — 7||var||1 < Ce®2" with largest e5.

We now prove that ||| Pi(e, ) —7||varll1 = |1 Pt —7||ooo1- Let || f]loe =
1. Then

(Pl = [ #tda)]| [ [Pute, dy) - n(aw)] 7(0)
< / m(dz) sup 1, / [Pt(af,dy)—’fr(dy)]g(y)'

llglloo <
= HHPt(.a ) - 7THVar|[1
(Need P,(z,-) < m or reversibility!).

Next, we prove that || Pot — 7||co—1 = || P: —7||%,_ o in the reversible case.
We have

1(Pe = m)f113 = (P = m)f, (P = ) f) = (f, (P — )2 f)
= (f; (P2t = m)f) < | fllooll (P2t — ™) flla
< N FZN Pt = 7l oo

Hence || Py; — 7l|oo—1 > || P: — 7||% _,5. The inverse inequality is obvious

by using the semigroup property and symmetry: ||Po; — 7|01 < || B —
Tlloom2l| Pe = mll2—1 = 1P — 7%, o
We remark that in general case, without reversibility, we have || P; —

Tlloom1 = | P — ||%, /2. Actually,

ma—ﬂﬂ@s/ua—ﬂﬂ%wsmmmfuﬂ—ﬂﬂm
<2 fIGNP: = 7lloom1,  f € L(m).
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Finally, assume that the process is reversible. We prove that A\; =
gap(L) > 2. We have just proved that for every f with «(f) = 0 and
I fll2 = 1, [|P:flI2 < C||f]|%,e~?¢2t. Following [Wang (2000; Lemma 2.2),
or Rockner and Wang (2001)], by the spectral representation theorem,
we have

PilR= [ e,
P13 = | (Bxf, f)

oo t/s
> [/ e 2N d(Ey f, f)jl (by Jensen inequality)
0

= |PfI2*, t>s.

—2e9s

s/t
Thus, |[P,f3 < |[ClIFIZ] e

. Letting t — oo, we get

1Pl < e72%,  a(f) =0, [fl2=1, f e L®(m).

Since L*°(r) is dense in L%(7), we have
IP:fll5 < e7?2, 520, w(f)=0, [Ifl2=1.

Therefore, A1 > e5. Q.E.D.

Remark A1l. Note that when po,(-,+) € LY?(r) (in particular, when
p2s(z, z) is bounded in z) for some s > 0, from (A4), it follows that there
exists a constant C such that ||||P;(e,-) — ||var|l1 < Ce~?1t. Then, we
have €5 > ;. Combining this with (e), we indeed have A\; = e,.
Remark A2. It is proved by Hwang et al (2002) that under mild
condition, in the reversible case, \; = €. Refer also to Wang (2002) for
related estimates.

Final remark. The main body of this paper is an updated version of
Chen (2001c), which was written at the beginning stage of the study
on seeking explicit criteria. The resulting picture is now quite complete
and so the most parts of the original paper has to be changed, except
the first section. This paper also refines a part of Chen (2002c).
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Probabilistic Analysis of Directed Polymers
in a Random Environment: a Review

Francis Comets, Tokuzo Shiga, and Nobuo Yoshida

Abstract.

Directed polymers in random environment can be thought of as
a model of statistical mechanics in which paths of stochastic pro-
cesses interact with a quenched disorder (impurities), depending on
both time and space. We review here main results which have been
obtained during the last fifteen years, with proofs to most of the re-
sults. The material covers the diffusive behavior of the polymers in
weak disorder phase studied by J. Imbrie, T. Spencer, E. Bolthausen,
R. Song and X. Y. Zhou [11, 3, 25|, and localization of the paths in
strong disordered phase recently obtained by P. Carmona, Y. Hu,
and the authors of the present article 4, 5].
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1. Introduction

1.1. Physical background

We start with an informal description of the situation we will discuss
in these notes. Imagine a hydrophilic polymer chain wafting in water.
Due to the thermal fluctuation, the shape of the polymer should be
understood as a random object. We now suppose that the water contains
randomly placed hydrophobic molecules as impurities, which repel the
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hydrophilic monomers which the polymer consists of. The question we
address here is:

(L1)

How do the impurities affect the global shape of the polymer chain?

We try to answer this question in a mathematical framework. However,
as is everywhere else in mathematical physics, it is very difficult to do so
without compromising with a rather simplified picture of the real world.
Here, our simplification goes as follows. We first suppress entanglement
and U-turns of the polymer; we shall represent the polymer chain as a
graph {(j,w;)}j=; in N x 72, so that the polymer is supposed to live
in (1 + d)-dimensional discrete lattice and to stretch in the direction of
the first coordinate. Each point (j,w;) € N x Z? on the graph stands
for the position of j-th monomer in this picture. Secondly, we assume
that, the transversal motion {w;}}_, performs a simple random walk in

Z4, if the impurities are absent. We then define the energy of the path
{(,w;j)}j=1 by

(1.2 B n.w)

where § = 1/T > 0 is the inverse temperature and {n(n,z) :n>1, z €
Z%} is a real i.i.d. random variables, with n(n, z) describing the presence
(or strength) of an impurity at site (n, z). The typical shape {(j,w;)}7_;
of the polymer is then given by the one that minimizes the energy (1.2).
Let us suppose for example that 7n(n,z) takes two different values +1
(“presence of a water molecule at (n,z)”) and —1 (“presence of the
hydrophobic impurity at (n,x)”). Then, the energy of the polymer is
increased by 4+ each time a monomer is in contact with the impurity
(n(j,wj) = —1). Therefore, the typical shape of the polymer for each
given configuration of {n(j, )} is given by the one which tries to avoid
the impurities as much as possible. The purpose of these notes is to

introduce rigorous results which answer (1.1) roughly as follows.

(a): If d > 3 and B small enough, the impurities do not affect the
global shape of the polymer (the weak disorder phase).

(b): Ifeither (i): d < 2and 3 # Oor (ii): d > 3 and 3 large enough?,
then, the impurities change the global shape of the polymer dras-
tically (the strong disorder phase).

1To be precise, there are some exceptions. See Remark 2.2.1 below.
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1.2. Simple random walk model for directed polymers

We now put the informal description given in section 1.1 into a math-
ematical framework. As we mentioned before, the framework can be
thought of as a model in statistical mechanics. However, no prior knowl-
edge of statistical mechanics is needed in this paper. The model we
consider here is defined as a random walk in a random environment.
We first fix notation for the random walk and the random environment.
Then, we introduce the polymer measure.

e The random walk: ({wp, }n>0, P) is a simple random walk on the d-
dimensional integer lattice Z¢. More precisely, we let 2 be the path space
Q = {w = (Wn)n>0;wn € Z% n > 0}, F be the cylindrical o-field on €,
and, for all n > 0, w,, : w — w, be the projection map. We consider the
unique probability measure P on (2, F) such that w; —wyp, ... ,wp—wn—1
are independent and

Plwp=0} =1, Pl{wp,—wn_1=2%6}=2d)7", i=12,...,d,

where &; = (6x;)%_, is the j-th vector of the canonical basis of Z%. In
the sequel, P[X| denotes the P-expectation of a r.v.(random variable)
X on (2, F, P).

e The random environment: n = {n(n,z) :n € N, z € Z%} is a se-
quence of r.v.’s which are real valued, non-constant, and i.i.d.(independent
identically distributed) r.v.’s defined on a probability space (H, G, Q)
such that

(1.3) Qlexp(Bn(n,x))] < oo for all B € R.

Here, and in the sequel, Q[Y] denotes the Q-expectation of a r.v. Y on
(H,6,Q).

e The polymer measure: For any n > 0, define the probability mea-
sure p,, on the path space (2, F) by

1 .
(1.4) pn(dw) = ——exp | B Y n(dw;) | Pldw),
" 1<j<n
where 3 > 0 is a parameter (the inverse temperature) and
(1.5) Zn=P|exp |8 Y n(jw;)
1<j<n

is the normalizing constant (the partition function).
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The polymer measure yu, can be thought of as a Gibbs measure on
the path space (2, F) with the Hamiltonian (1.2). We stress that the
random environment 7 is contained in both Z,, and u, without being
integrated out, so that they are r.v.’s on the probability space (H,G, Q).
The polymer is attracted to sites where the random environment is pos-
itive, and repelled by sites where the environment is negative.

Remark 1.2.1. This model was originally introduced in physics
literature [10] to mimic the phase boundary of Ising model subject to
random impurities. Later on, the model reached the mathematics com-
munity [11, 3], where it was reformulated as above.

Here are two standard choices for the distribution of 7n(n, x).

Example 1.2.1. Bernoulli environment ([3, 11, 25]); This is
the case with

Q{n(n,z) =-1} =p>0, Q{n(n,z)=+1}=1-p>0.

In the physical picture described in section 1.1, n(n,z) = —1 (resp.
n(n,z) = +1) can be interpreted as the presence of a hydrophobic im-
purity (resp. a water molecule) at site (z,n).

Example 1.2.2. Gaussian environment ([4]); This is the case
in which n(n,z) is a standard normal random variable;

Q{n(n, z) € dt} = exp(—t?/2)dt.

1
V2T
2. Some typical results for the simple random walk model

In this section, we present some typical results for the simple random
walk model. Here, we focus on the conceptual issues on these results
and do not go into the proofs.

We now introduce an important quantity for this model, which ap-
pears in the assumptions of the results we present. Let A(3) be the
logarithmic moment generating function of n(n, x),

(2.1) A(B) = InQ[exp(Bn(n,x))], B€R.

The function A(8) can be explicitly computed for some typical choice
of the distribution of n(n,z). For example, A(8) = In(pe™? + (1—p)e?)
for the Bernoulli environment (Example 1.2.2) and A(8) = 13? for the
Gaussian environment (Example 1.2.2).
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2.1. The weak disorder phase

The results we present in this subsection show that the impurities do not
change the transversal fluctuation of the polymer if d > 3 and [ is small
enough. We first recall the following fact about the return probability
g for the simple random walk:

def. =1 ifd < 2,
(2.2) g = P{wn—Oforsomenzl}{ <1 ifd>3
More precisely, it is known that w441 < mg for all d > 3 [22, Lemma 1]
and that 73 = 0.3405... [26, page 103]. In particular, 74 < 0.3405... for
all d > 3.

Theorem 2.1.1. (The diffusive behavior; [11, 3, 25]) Sup-
pose that d > 3 (hence my < 1) and that

(2.3) 11(8) E A(28) — 2M(8) < In(1/7g).
Then,
(2.4) nli/‘n;ounﬂwnlz]/n =1 Q-as.

Note that ~;(8) is increasing on [0,00) and ;(0) = 0 so that the
condition in (2.3) does hold if 3 is small. Proof of Theorem 2.1.1 is given
in section 3.2

Example 2.1.1. Consider the Bernoulli environment (Exam-
ple 1.2.1). In this case, it is not difficult to see from direct computations
that Bli/m 7v1(8) = —In(1 — p). This shows that (2.3) holds for all 5> 0

ifp(l—ﬂ'd.

Example 2.1.2. Consider the Gaussian environment (Exam-

ple 1.2.2). Then, 7;(8) = 32 and hence (2.3) holds if 3 < /In(1/7y).

Remark 2.1.1. The first rigorous proof of Theorem 2.1.1 was
obtained by J. Z. Imbrie and T. Spencer [11] in the case of Bernoulli
environment. Soon afterwards, a more transparent proof based on the
martingale analysis was given by E. Bolthausen [3]. The martingale
proof was then extended to general environment under condition (2.3)
by R. Song and X. Y. Zhou [25]. By the argument in [3, 25], it is possible
to get a much more precise statement than (2.4). In fact, under the same
assumption in Theorem 2.1.1, the following central limit theorem holds;
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for all f € C(R?) with at most polynomial growth at infinity,

(2.5)
Jim o [F (V) = @m) % [ 1 (2/Va) expl—af?/2)dz, Q-as

The diffusive behavior (2.4) follows from (2.5) by choosing f(z) = |z|2.
In [3], (2.5) is obtained for the Bernoulli environment only. However,
with the help of the observation made in [25], it is not difficult to extend
the central limit theorem to general environment under the assumption
in Theorem 2.1.1. We will sketch the proof of (2.5) in Remark 3.2.4
below.

We now recall the following well known fact for the simple random
walk, i.e., the case of 3 = 0;

(2.6) - max P{w, =2} =0(n"Y?), asn / co.
ze

The decay rate n~%?2 in (2.6) can be understood as a manifestation of
the fact that the possible position of w,, is spread over a ball in Z¢ with
radius const. X \/n.

For 3 # 0, we can still prove (2.6) in a weaker form as follows.

Theorem 2.1.2. (Delocalization;[4, 5]) Suppose that d > 3
and that (B is small enough so that (2.3) holds. Then,

2.7 n—1{w, = z}?

(2.7) > max 1 {wn =2} <00, Q-as
n>1

and thus,

2.8 li net{wn =2} =0, Q-a.s.

(2.8) Jim max iy {wn = «} Q-a.s

Proof of Theorem 2.1.2 is given in section 3.3.

Remark 2.1.2. Theorem 2.1.2 was obtained for Gaussian en-
vironment by P. Carmona and Y. Hu [4] and then for general environ-
ment by F. Comets, T. Shiga and N. Yoshida [5].

2.2. The strong disorder phase

The result we present in this subsection shows that the behavior of the
polymer is quite different from the usual random walk if either (i) d = 1,2
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and B # 0 or (ii) d > 3 and 3 is large? For this model, it is rather recent
that the phenomena of this kind began to be studied rigorously.

We now present a result which is in sharp contrast with (2.6) and
(2.8).

Theorem 2.2.1. (Localization to the favorite sites [4, 5])
Suppose either that
(i): d=1,2 and B #0 or
(ii): d > 1 and

(2.9) v2(8) = BN (8) — A(B) > In(2d).
Then, there ezists a constant ¢ = ¢(d, ) > 0 such that

(2.10) nli/rglo max prn-1{wn =z} > ¢, Q-a.s.

The bound (2.10) suggests that the position of w,, viewed under the
polymer measure p,_1, is concentrated at a small region (the “favorite
sites”) with the size O(1) as n  oc.

Note that 7, is increasing on [0, 00) and therefore that (2.9) holds
for large enough 3 if

(2.11) ﬁli/rgo v2(6) > In(24d).

We see from Theorem 2.1.2 and Theorem 2.2.1 that, if d > 3 and (2.11),
then a phase transition occurs as (8 increases from the weak disorder
phase to the strong disorder phase.

Theorem 2.2.1 under condition (ii) is proved in section 3.4. For the
proof of this theorem under condition (i), we refer the reader to [4, 5].

Remark 2.2.1. For d > 3, there are exceptional choices of
the distribution of n(n,z) like the one discussed in Example 2.1.1, for
which (2.10) does not hold even for large 5 (in fact, (2.8) holds for all 3);
to be on the safe side for this statement, one can consider unbounded
environments, or bounded ones without mass on the top point of its
support. In this case, one has (2.11), and hence (2.9) for large enough
3. See Example 2.2.1 and Example 2.2.2 below.

Example 2.2.1. Consider the Bernoulli environment (Exam-
ple 1.2.1). Then, it is not difficult to see from direct computations that

ﬁli/m v2(B) = In(1/(1 — p)). This shows that (2.9) holds for large enough

: 1

2This is again, up to some exceptions See Remark 2.2.1 below.
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Example 2.2.2. Consider the Gaussian environment (Exam-

ple 1.2.1). Then, v2(8) = 32/2 and hence (2.9) holds if 8 > 1/21n(2d).

Remark 2.2.2. Theorem 2.2.1 was obtained for Gaussian en-
vironment by P. Carmona and Y. Hu [4] and then for general environ-
ment by F. Comets, T. Shiga and N. Yoshida [5].

2.3. The normalized partition function and its positivity in
the limit

We now introduce an important process on (H,G,Q) ((2.12) below),
which is a martingale in fact. The large time behavior of this process
characterizes the phase diagram of this model and for this reason, many
of results on the model can be best understood from the viewpoint of
this process.

Define the normalized partition function by

(2.12) Wy = exp(—A(B)n)Z,, n> 1.
We then have

Lemma 2.3.1. The limit

(2.13) W = lim W,
n /oo

ezists Q-a.s. Moreover, there are only two possibilities for the positivity
of the limat;

(2.14) Q{We >0} =1,
(2.15) Q{Weo =0} =1.

The proof of this lemma is standard and is given in section 3.1.

The above contrasting situations (2.14) and (2.15) can be consid-
ered as the characterization of the weak disorder phase and the strong
disorder phase, respectively. In fact, as are shown in Theorem 3.3.1 be-
low, (2.14) implies (2.7), while (2.15) implies a weaker form of (2.10)
that > o, max czd pn—1{wn = x} = 00, Q-a.s. It is even expected that
(2.14) implies (2.5) and that (2.15) implies (2.10).

We close this subsection with the following result, which, in consis-
tency with what we discuss above, describes the basic phase diagram of
the model.

Theorem 2.3.2. (a): Ford >3, (2.3) implies (2.14).
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(b): Either (i) or (ii) in Theorem 2.2.1 implies (2.15).

Proofs of Theorem 2.3.2 (a) and (b) are given in Sections 3.2 and
3.4, respectively.

Remark 2.3.1. For d > 3, it is an interesting question to
find a characterization of (2.14) (or (2.15)) in terms of the distribution
of n(n,z). As is shown in section 3.1, (W,,),>1 is a mean-one, positive
martingale on (H,G,Q). In this respect, this question has somewhat
similar flavor to some other topics in the probability theory such as
Kakutani’s dichotomy for infinite product measure (e.g.,[8, page 244)),
nontriviality of the limit of the normalized Galton-Watson process [1]
and of multiplicative chaos [14].

3. Martingale analysis on the simple random walk model

This section is devoted to the proofs of the results introduced in the
previous one. We define an increasing sequence of sub o-fields of G by

(3.1) Gn=0n(,z); j<n, z€Z n>1

A major technical advantage of the model is that we can relate objects
of interest such as

ponllenl?] and max in s {wn = 2}
z€Z4

to some martingale on (H, G, Q) with respect to the filtration (G,). As
is very easy to guess, what makes this possible is the independence of
the environment {n(n,z)}, especially in the time parameter n. We will
see from the arguments below, the martingale analysis plays a key role
in everything we do.

3.1. Proof of Lemma 2.3.1

We first show that (W,,),>1 is a mean-one, positive (G, )-martingale on
(H,G,Q). Here and in what follows, we use the following notation.

(3.2) e(n,z) = e(n,z,n)=exp(Bn(n,z) — A(B)),
(33) €1,n = el,n(wan): H 6(j7wj)'

1<j<n

Note that W,, = Ple; ] in this notation. For any fixed w € Q, €3, is
the product of mean-one i.i.d. random variables on (H, G, @) and hence
is a mean-one, positive (G,)-martingale. This implies the martingale
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property of W,,. By the martingale convergence theorem, the limit W
exists Q-a.s. It is clear that the event {W, = 0} is measurable with
respect to the tail o-field

ﬂ on(,z); j>n, z €2,
n>1

Therefore by Kolmogorov’s zero-one law, only (2.14) and (2.15) are the
possibilities. 0O

3.2. The second moment method

In this subsection, we give proofs to Theorem 2.1.1 and Theorem 2.3.2
(a). The proofs are based on the L? analysis of certain martingales on
(H,G,Q). This approach was introduced by E. Bolthausen [3] and then
investigated further by R. Song and X. Y. Zhou [25]. We summarize the
main step in their analysis as Proposition 3.2.1 below. The proposition
deals with a process (M,),>1 on (H,G, Q) of the form;

(3.4) M,, = Plo(n,wn)e1 ]

Here, e; ,, has been introduced by (3.3) and ¢ : Nx 7% — R is a function
for which we assume the following properties:

(P1): There are constants C;,p € [0,00), i = 0, 1,2 such that
(3.5) lo(n,z)| < Co + Ci|z|? + CynP/? for all (n,xz) € N x Z4.
def.

(P2): @, = ¢(n,wp), n > 1 is a martingale on (Q,F, P) with
respect to the filtration

(3.6) Fn=olw;; j<mn.
It is easy to see from (P2) that (My,)n>1 is a (G, )-martingale on (H,G, Q).
The following proposition generalizes (3, Lemma 4] and [25, Theorem 2.

Proposition 3.2.1.  Consider the martingale (M), >1 defined
by (3.4). Suppose that d > 3 and that (2.3), (P1), (P2) are satisfied.
Then, there exists k € [0,p/2) such that

(3.7) max |M;| = O(n"), asn / oo, Q-a.s.

0<j<n
If in addition, p < %d — 1, then

(3.8) li/m M, ezists Q-a.s. and in L%(Q).
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Remark 3.2.1. As will be seen from the way (3.7) is used
below, it is crucial that the divergence of the right-hand-side is strictly
slower than nP/2, and this is where the property (P2) is relevant. If we
drop the property (P2) from the assumption of Proposition 3.2.1, we
then have a larger bound:

(3.9) M, = O(nP’?), asn / oo, Q-a.s.

This larger bound from the weaker assumption can be obtained via
Proposition 3.2.1 as in the proof of (2.1) in [3].

We will prove Proposition 3.2.1 later on. Before doing so, we explain
how this proposition is used to derive the desired conclusions in Theorem
2.1.1 and in Theorem 2.3.2 (a).

e Theorem 2.3.2 (a) is proved by choosing ¢ = 1 in Proposition
3.2.1. By (3.8), M,, = W,, converges in L?(Q). In particular,

QWs] = lim Q[W,] =1.
n /oo
This implies Q{W, > 0} > 0 and hence that Q{W, > 0} = 1 by the
zero-one law.
e To prove (2.4), we take ¢(n,z) = |z|> — n (hence p = 2). Then,
by Theorem 2.3.2 (a) and Proposition 3.2.1, there exists x € [0,1) such
that

.UnHwnlz] —n = Plp(n,wn)e1n]/Wn = O(n") Q-as.

We now turn to the proof of Proposition 3.2.1. Here, we follow [25].
We present a key step in the proof as a lemma.

Lemma 3.2.2. Suppose that d > 3 and that (2.3), (P1), (P2)
are satisfied. Then,

(3.10) Q[M?] = O(b,), asn / oo, Q-a.s.
where by, =1 ifp< $—1,b, =Inn if p=2 — 1, and b, = nP~2+1 4f
p> 4 -

Remark 3.2.2. The choice of b, is made in order to have

do1<ji<n jP=% = O(bn). See (3.15) below for the reason of the power
P— 3.

Proof of Lemma 3.2.2: On the product space (22, F®2), we consider
the probability measure P®? = P®2(dw, dw), that we will view as the
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distribution of the couple (w,®) with @ = (&)k>0 an independent copy
of w = (wk)k>0. We write x;, ... 4, for the indicator function of the event

{w,-l = (:Jil, Wi, I(Diz y ooy Wi = &%}
We first expand the second moment Q[M?] as follows:

(3.11)
QM =5+ > (P —1F N PO, (0) Xy i)

1<k<n 1<6; <. <8k <n
To see this, we write M2 in terms of the independent copy:

M? = P[®,e;,)?

n

(3.12) = P[P (w)Pn(@)er,n(w, mern (@, n)].

It follows from (3.12) that

(3.13) QM] = P%* [@4,(w) 20 (@) Qler,n(w, mern(@, )]l

On the other hand, with notation (3.2), we have that
Qle(ws,me@;,m)] =1+ (m? —1)x;,

ane hence that

Qlern@ mern@m] = [ (14 -1)x,)

1<j<n
(3.14) = 1+ > (@@ -1k 3 X e
1<k<n 1<i1 <. <igp<n

The expansion (3.11) is now obtained by inserting (3.14) into (3.13) and
by the martingale property of &,,.
Let us fix 4y, ...,7; for a moment. We then have by (3.5) that

P®2[(I)ik (w)zxila--wik] < BC%Ail,---,ik + 3(C§ + C2Z)B

R S
where

Aiy e = PO lwi PP Xy i) B i, = '£P®2[Xi1,...,ik]-

We now bound A;, . ; from above. As will be seen from the way it is
done, the same bound (up to the multiplicative constant) is obtained for
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Bi,.....i,.- Observe that

P [lwn?Pxn] = Y Pllwn|* : wp = z]Plwn = 1
TEZ3
< Cn”EP|wn|?)
(3.15) < CnP %,

where we have used (2.6) on the second line. We write j; = ip — @71,
¢ =1,2,..,k with ig = 0. We then see from the Markov property and
(3.15) that

Aiy i
< k2P Z P®2[|wie_wie—1|2pxi17-.-,ik]
1<<k
= K73 | IT PPl | P2l | TT P22 1)
1<e<k \1<m<¥ £<m<k
_d
< ok Y I PP
1<0<k 1<m<k
m#L
g
Note that Y, i, 7?72 = O(by) and that .5, P®?[x;] = 74

Therefore, we obtain from what we have seen above that

S PE®, (@) Xy, i)

15i1<...<ik <n

< ekt S Y N g

(M8

IT P®ix.

1<e<k1<j:1<n 1<, <n 1<m<k
m#L
o k—1
d
< O(bp)k* | —— :
1-—71'd

By this and (3.11), we now arrive at

k—1
QIMZ) < @5+ O(bn) Y k(P — 1)F (——W"’ ) :
"1 1—my

The summation in k converges, thanks to the assumptions d > 3 and
(2.3). This finishes the proof of (3.10). O
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Remark 3.2.3. We see from the proof of (3.10) that

k—1
sup Q[W?2] = 1+ Z(ew(ﬂ) —1)* (L) .

1—m
n>1 k>1 d

This shows that sup,,»; QW?2] < oo if and only if d > 3 and (2.3) holds.

It is now, easy to complete the proof of Proposition 3.2.1. We set
M} = maxo<j<n |M;| to simplify the notation. For (3.10), it is sufficient
to prove that for any 6 > 0,

(3.16) M =0n’+/b,) asn /oo, Q-as.,

where b, is the L?-bound in Lemma 3.2.2. Moreover, by the mono-
tonicity of M} and the polynomial growth of n®y/b,, it is enough to
prove (3.16) along a subsequence {n* : n > 1} for some power k > 2.
Now, take k > 1/6. We then have by Chebychev’s inequality, Doob’s
inequality and Lemma 3.2.2 that

QIMyk > nv/byr}
QUM )%/ (n*byx)
4Q[M ]/ (n®byr)
Cn™2.

Q{M*. > n™\/by}

IA AN A IA

Then, it follows from the Borel-Cantelli lemma that
Q{M*. < n*/b,x for large enough n’s} = 1.

This ends the proof of (3.7).

The second statement (3.8) in Proposition 3.2.1 follows from Lemma
3.2.2 and the martingale convergence theorem. This completes the proof
of Proposition 3.2.1. O

Remark 3.2.4. With Proposition 3.2.1 in hand, we are no
longer far away from the central limit theorem (2.5). Following [3], we
now explain a route to (2.5).

We let a = (a;)9-; and b = (b;)%_, denote multi indices in what
follows. We will use standard notation |a|; = a1+...+aq, z* = 27" - - - x5*

oya = (2 )" ()™ d Tt ;
and (57)* = | 74 5.; ) for z € R% It is enough to prove (2.5)

for any monomial of the form f(z) = 2% We will do this by induction
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on |a|;. We introduce

otnz) = (5) exsl0-c—np(o) R

o\ 0]
Y(n,z) = (55> exp(@-x—n%)

where p(f) = In (% doi<i<d cosh(Hj)>. Clearly, the function ¢ satisfies

(P1) and (P2) with p = |al;. On the other hand, we see from the
definition of 1 that

)

6=0

(3.17) (2m)~4/2 ¢(1,x/\/a)e"$|2/2d:c = 0.
Rd

Moreover, it is not difficult to see [3, Lemma 3c] that ¢p(n,z) = z* +
wo(n,z) and ¥(n,z) = % + o(n, z) where

po(n,z) = Y. Aubg)atn?, o(n,z)= D Aa(bj)a’n’.
bl1+25<]als [b]1+25=|al1
j>1 j>1

for some A, (b, j) € R. In particular, o and 1y have the same coefficients
for 2°n? with |b|; + 25 = |a|;. We now write p,[(w,/v/n)?] as

1

pnl(wn/vn)?] = WﬂP[g@(n, wp ey p]n 12l /2

1
—W;P[lbo(l,wn/\/ﬁ)el,n]

+WLHP[(¢0(n,wn) — @o(n,wp)) e n|n 12l /2

As n / oo, the second term converges to (2m)~%/2 Jga (z//d)®

x e~1%1°/2dz by the induction hypothesis and (3.17). The first and the
third terms on the right-hand side vanish as n ~ oco. In fact, we use
Theorem 2.3.2 (a), Proposition 3.2.1 for the first term and Theorem
2.3.2 (a), (3.9) for the third term.

3.3. The replica overlap

In this subsection, we prove Theorem 2.1.2 as a consequence of Theorem
2.3.2 (a) and Theorem 3.3.1 below. ,
For n > 1, we introduce the following random variables on (H, G, Q);

I, = Z pn—1{wn = z}?, Jp = max p,_1{w, = x}.
vezd r€eZd
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It is clear that
(3.18) J2 <1, < J,.

Both Theorem 2.1.2 and Theorem 2.2.1 deal with the large time behavior
of J,,n / o0. As we will see below, I,, is better suited for the martingale
analysis. For this reason, we will prove these theorems by studying I,,,
rather than J, itself.

We now mention to an interpretation of I,,. On the product space
(922, F®2), we consider the probability measure p®? = u®?(dw, d&), that
we will view as the distribution of the couple (w,@) with & = (&k)r>0
an independent copy of w = (w)k>0 with law p,. We then have that

(3.19) I, = p&? (wp = Tp) .

Hence, the summation

(3.20) > L

1<k<n

is the expected amount of the overlap up to time n of two independent
polymers in the same (fixed) environment. This can be viewed as an
analogue to the so-called replica overlap often discussed in the context
of disordered systems, e.g. mean field spin glass, and also of directed
polymers on trees [7].

The large time behavior of (3.20) and the normalized partition func-
tion W,, are related as follows.

Theorem 3.3.1. Let 3 #0. Then,

(3.21) Wooe=0}=¢> In=c0p, Q-as.

n>1
Moreover, if Q{W = 0} = 1, there exist c1,co € (0,00) such that
Q-a.s.,

(3.22) ¢ Z I.<-InW, <ec, Z I for large enough n’s.
1<k<n 1<k<n
We first note that Theorem 2.1.2 is now obtained as a consequence
of Theorem 2.3.2 (a), (3.21) and (3.18).
Proof of Theorem 3.3.1: To conclude (3.21) and (3.22), it is enough
to show the following (3.23) and (3.24):

(3.23) {(Weo =0} C ) In=00p, Qas.

n>1
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There are ¢, s € (0,00) such that

(3.24) Y I, =00 p C{(3.22) holds}, Q-as.

n>1

The proof of (3.23) and (3.24) are based on Doob’s decomposition for the
process — In W,,. It is convenient to introduce some more notation. For
a sequegce (an)n>o0 (random or non-random), we set Aa, = ap — An—1
for n > 1. Let us now recall Doob’s decomposition in this context; any
(Gn)-adapted process X = {X,}n>0 C L'(Q) can be decomposed in a
unique way as

Xn =M, (X)+ A (X), n>1,
where M(X) is an (G,)-martingale and
A() - 0, AAn = Q[Aangn_l], n Z 1.

M, (X) and A,,(X) are called respectively, the martingale part and com-
pensator of the process X. If X is a square integrable martingale, then
the compensator A, (X?2) of the process X2 = {(X,,)?}.>0 C L}(Q) is
denoted by ( X ),, and is given by the following formula:

A(X )n = QU(AX1)?|Gn-1]

Here, we are interested in the Doob’s decomposition of X,, = —IlnW,,,
whose martingale part and the compensator will be henceforth denoted
M, and A,, respectively

(3.25) —InW, = M, + A,.

To compute M,, and A,, we introduce U,, = p,_1[e(n,w,)] — 1 (Recall
(3.2)). It is then clear that

(3.26) Wy /Wpo1 =1+U,
and hence that

(3'27) AAn = _Q[ln(l + Un”gn—l],
AM, = —1In(1+ U,) + Q[In(1 + U,,)|Gn-1]-

In particular,

(3.28) A(M ), <Qn*(1+ Uy,)|Gn-1].
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We now claim that there is a constant ¢ € (0,00) such that
1

(3.29) -I, <AA, <cl,, A(M), <cl,.
c

Indeed, both follow from (3.27), (3.28) and Lemma 3.3.2 below; {e;},
{a;} and @ in the lemma play the roles of {e(n, 2)} ., <n» {Mn—1(wn =

Z)}Izllfn and Q[ ’ ‘gn—l]'
We now conclude (3.23) from (3.29) as follows (the equalities and
the inclusions here being understood as Q-a.s.):

ZIn<oo C {Aw <00, (M)y < oo}

n>1

C {Aw <00, lim M, exists and is finite}

n oo

C {Ws > 0}.

Here, on the second line, we have used a well-known property for mar-
tingales, e.g. [8, page 255, (4.9)].
Finally we prove (3.24). By (3.29), it is enough to show that

n /oo n

(3.30) {Ax = 0} C { lim _nWn 1}, Q-a.s.

Thus, let us suppose that Ao, = co. If ( M )o, < 00, then again by [8,
page 255, (4.9)], 1i/m M,, exists and is finite and therefore (3.30) holds.

If, on the contrary, ( M ), = oo, then

W, M, (M)

— i 1 1 -a.s.
A, (M), A, Timl Qas

by (3.29) and the law of large numbers for martingales, see [8, page 255,
(4.10)]. This completes the proof of Theorem 3.3.1. a

Lemma 3.3.2. Let e;, 1 < i < m be positive, non-constant
i.i.d. random variables on a probability space (H,G, Q) such that

Qlerl =1, Qle3 +1In?ey] < 0.

For {a;}1<i<m C [0,00) such that Y, ... a; = 1, define a centered
random variable U > —1 by U =5, .. o;e; — 1. Then, there ezists a
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constant ¢ € (0,00), independent of {a;}1<i<m such that

1 9 U?
: - 2 <
(3.31) DD Q[2+U},
1<i<m
1 2 2
(3.32) D DI, ln(14+0U)] <e Z o?,
1<i<m 1<i<m
(3.33) QI*(1+U)]<ec Y ol

1<i<m

The readers are invited to try the proof of this lemma as an inter-
esting exercise. A solution can be found in [5].

3.4. The fractional moment method

In this subsection, we prove Theorem 2.2.1(b) and Theorem 2.3.2(b).
Both are obtained by dealing with the fractional moment Q[W?], 0 <
6 < 1. To be more precise, we will prove that for some 6 € (0,1) an

an /" 00,

— 1
3.34 lim — QW] <o0.
(3.34) dm o In QW]
Proof of Theorem 2.2.1 under condition (ii): We first assume (3.34)
with a,, = n for a moment to see that it implies (2.10). We then have
by the Borel-Cantelli lemma that there is c3 € (0, 00) such that

- 1
(3.35) nl;rr;oﬁann < —c3, Q-as.

Then, by (3.18) and (3.22) we conclude that

n
n /oo n oo 1<k<n

im J, > EEZLc

1
Z - llm _ann
n /oo C2T

> c3/ca.

We now turn to the proof of (3.34) with a, = n. Recall the notation
(3.2) and define

Win=P H e(j+n,z+w;)|, nm>1.

1<j<m
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For 6 € (0,1), by the subadditive estimate (u + v)? < u? + 1%, u,v >0,
we get
Wo< (@)™ ) e(l,2)’(Wi,_y)’.

z,|z|1=1

Since WY,,_; has the same law as Wy, 1,

QWZ] < r(0)QW;_],

where () = (2d)1~°Qle(1, z)?]. Note that 6 — Inr(6) is convex, contin-
uously differentiable, and that In(2d) = In7(0) > In7(1) = 0. Therefore

r(f) < 1 for some 6 € (0,1) if and only if 0 < dlndq(;(G) , which is

equivalent to v2(3) > In(2d). O

Proof of Theorem 2.3.2(b): We will check (3.34) where a,, = n'/3
if d =1 and a, = VInn if d = 2. In this respect, we first prove an
auxiliary lemma.

Lemma 3.4.1. For 6 € [0,1] and A C Z¢,
(3.36) AIQ (Wi _11n] 2 Q [Wy_1] — 2P(wn & A)°.

Proof: Repeating the argument in [19, page 453], we see that

AL, > Al pno1(wn = 2)°
zEA

Un—l(wn € A)2

(1= tn-1(wn & A))*
1= 2pn_1(wn € A)

1 — 2ppn_1(wn & A)°.

(AVARAY,

Note also that

QWE_ tn-1(wn €A)°] < QWa—ibtno1(wn ¢ A))°
= P(w, € A)°.
We therefore see that

IAlQ [WY_,1,] QWi_1] —2Q [W_ypin—1(wn & A)?]

Q [WE_,] —2P(w, & A)°.

AVARY]

n
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Assume now that 6 € (0,1), and define a function f : (—1,00) —
[0, 00) by

flu) =14 0u—(1+u)°.
It is then clear that there are constants ci,c2 € (0,00) such that
01U2
2+u

(3.37) < f(u) < cou® for all u € (—1,00).

We see from (3.26), (3.37) and (3.31) that

Wg_lQ[(l + Un)a - 1'gn—l]
= WP _Q[f(Un)|Gn-1]
< —esWi_i1,.

QIAWS|Gn—1]

We therefore have by (3.36) that

6 c3 6 2c3 6
(3.38) QWY < (1 - W) QWi_i]+ mp(wn ¢ A)°.

For d = 1, set A = (—n?/3 n?/3]. Then,

1/3

2| 2 n18) < 2exp(-2-),

ni/2

P(wnga’A)zP(

so that (3.38) reads,

9n1/3
2 )

QWY < (1 — 2:23/3) Q [Wg_l} + 4cz exp(—

It is not difficult to conclude (3.34) with a,, = n!/3 from the above.
For d = 2, we set

A= (_n1/2 1n1/4 n, n1/2 1111/4 n]Z

to get (3.34) with a, = VInn in a similar way as above. a

4. Some related models

The simple random walk model which we have discussed so far has a
number of close relatives in the literature. We now mention some of
them.
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4.1. Gaussian random walk model

This model considered in M. Petermann [23] and by O. Mejane [20].
The polymer measure for this model is defined by the same expression
(1.4). Here, however, the random walk (w,),>1 is the summation of
independent Gaussian random variables in R¢, i.e.,  is replaced by
Q= {w = (Wn)n>0;wn € R%, n > 0} and P is the unique measure on
(Q, F) such that wy — wp, ... ,w, —w,_1 are independent and

P{wy =0} =1, P{wp,—wn_1 €dx} = (2m) Y% exp(—|z|?/2)dz.
Moreover, as the random environment, one takes a random field
{n(n,z) ; (n,z) € N x R4}

with a certain mild correlation in x variables. A major technical advan-
tage in working with the Gaussian random walk rather than the simple
random walk is the applicability of a Girsanov-type path transformation,
which plays a key role in analyzing this model.

4.2. Brownian directed polymer

This model is introduced in [6] as a continuous model of directed poly-
mers in random environment, defined in terms of Brownian motion and
of a Poisson random measure. We first fix notation we use for the Brow-
nian motion and Poisson random measure. Then, we introduce the poly-
mer measure. We write Ry = [0, c0).

e The Brownian motion: Let ({wt}i>0, P) denote a d-dimensional
standard Brownian motion. To be more specific, we let the measurable
space (2, F) be C(R; — R?) with the cylindrical o-field, and P be the
Wiener measure on (2, F) such that P{wp =0} = 1.

o The space-time Poisson random measure: We let n denote the
Poisson random measure on R, x R¢ with the unit intensity, defined on
a probability space (M,G, Q). To make the definitions more precisely,
we let B(R, x R?) denote the class of Borel sets in R, x R?. Then,
1 is an integer valued random measure characterized by the following
property: If A;, ..., A, € B(R; x R?) are disjoint and bounded, then

(4.1)
~ - |4;[*
Q ﬂ{n(Aj) =k} | = Hexp(—]Ajl)—k—_'— for ki1, ...,k, € N.
j=1 a

=1

Here, |A| denotes the Lebesgue measure of R3+1.
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e The polymer measure: We let V; denote a “tube”around the graph
{(s,ws) }o<s<t of the Brownian path,

(4.2) Vi = Vi(w) ={(s,2) ; s € (0,t], z € U(ws)},

where U(z) C R? is the closed ball with the unit volume, centered at
z € R% For any t > 0, define a probability measure u; on the path

space (2, F) by

exp (Bn(V1))

(4.3) pe(dw) = Z,

P(dw),

where 3 € R is a parameter and

(4.4) Zy = Plexp (Bn(V))] -

The Brownian motion model defined above can be thought of as a natural
transposition of the simple random walk model into continuum setting.

Analogous results of Theorem 2.1.2, Theorem 2.2.1, Theorem 2.3.2,
and Theorem 3.3.1 as well as an almost sure large deviation principle for
the polymer measure are obtained for this model in [6]. The model allows
application of stochastic calculus, with respect to both Brownian motion
and Poisson process, leading to qualitative properties of the quenched
Lyapunov exponent and handy formulas for the fluctuation of the free
energy.

Another strong motivation for the present model is its relation to
some stochastic partial differential equations. To describe the connec-
tion, it is necessary to relativize the partition function, by specifying
the ending point of the Brownian motion at time ¢. Let P[-|w; = y] be
the distribution of the Brownian bridge starting at the origin at time 0
and ending at y at time t. Define

(4.5)  Zi(y) = Plexp (Bn(V2)) |lwe = y](2mt) =% exp{—|y|?/2t} .

Then, by definition of the Brownian bridge,

Rd

Similar to the Feynman-Kac formula, one obtains [6] the following sto-
chastic heat equation (SHE) with multiplicative noise in a certain weak
sense,

(4.6)
dZ:(y) = 1A, Z,(y)dt + (e = 1)Z,- (y)n(dt x U(y)), t>0,y€R?,
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where dZ;(y) denotes the time differential and A, = (3%1)2 +...—}—(5§—d)2.

In the literature, this equation has been extensively considered in
the case of a Gaussian driving noise, instead of the Poisson process 7
here. Although we are able to prove (4.6) only in the weak sense, let
us now pretend that (4.6) is true for all y € R%. We would then see
from It6’s formula that the function h:(y) = In Z;(y) solves the Kardar-
Parisi-Zhang equation (KPZ):

dhi(y) = 3 (Ayhe(y) + [Vyhe(y)[*) dt + Bn(dtxU(y)) -

We observe that, since h has jumps in the space variable y, the non-
linearity makes the precise meaning of this equation somewhat knotty.
This equation was introduced in [15] to describe the long scale behavior
of growing interfaces. More precisely, the fluctuations in the KPZ equa-
tion —driven by a é-correlated, gaussian noise—, are believed to be non
standard, and universal, i.e., the same as in a large class of microscopic
models. See [17] for a detailed review of kinetic roughening of growth
models within the physics literature, in particular to Section 5 for the
status of this equation.

4.3. Crossing Brownian motion in a soft Poissonian potential

This model is studied by M. Wiithrich [30, 31, 32], see also [28]. The
model investigated there is described in terms of Brownian motion and
of Poisson points. However, the Brownian motion there is “undirected”,
in other words, the d-dimensional Brownian motion travels through the
Poisson points distributed in space R?, not in space-time as in the Brow-
nian directed polymer.

4.4. First and last passage percolation

The first (resp. last) passage percolation can be thought of as an ana-
logue of directed polymers at § = —oo (resp. 8 = 400). In fact, we
have for example that

. 1 def.
lim —1InZ, = T* S nG,w;
,B/I‘I—{r-loo J6] f4n n wer&g)(f:O n(J’wJ),

i.e., the maximal passage time 7T, in the context of the directed last
passage percolation can be obtained as a limit of the free energy of the
directed polymer. It is expected and even partly vindicated that the
properties of the path with minimal/maximal passage time has similar
feature to the typical paths under the polymer measure [16, 21, 18]. A
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few exactly solvable models of directed last passage percolation have re-
cently been worked out in dimension d = 1 [2, 12, 13]|. Johansson [12]
treats the case of geometrically distributed n’s, and Baik, Deift and Jo-
hansson analyze some continuous space Poissonian directed last passage
percolation model in connection with the longest increasing sequence of
the random permutation [2, 13]. For these exactly solvable models, it is
proven that the maximal passage time T, has the following asymptotic
form in law as n " oo:

(47) con + cln1/3X,

where ¢;, ¢ = 1,2 are positive constants and X is a random variable
with the Tracy-Widom distribution. As is well known, the Tracy-Widom
distribution appeared in the literatures in connection with the Gaussian
Unitary Ensemble [29]. Since then, it has increasingly realized that
this distribution is universal as the scaling limit of many other related
models. For this reason, we are tempted to believe that for d = 1 and
B # 0, the free energy In Z,, of the directed polymer has the same large
time behavior as (4.7) with ¢;, ¢ = 1,2 depending on 3 and the choice
of n [27].

4.5. Other models

Directed polymers in random environment, at positive or zero tempera-
ture, relate — even better, can sometimes be exactly mapped — to a num-
ber of interesting models of growing random surfaces (directed invasion
percolation, ballistic deposition, polynuclear growth, low temperature
Ising models), and non equilibrium dynamics (totally asymmetric sim-
ple exclusion, population dynamics in random environment); We refer to
the survey paper [17] by Krug and Spohn for detailed account on these
models and their relations.

5. Critical exponents

We write £(d) for the “wandering exponent” i.e., the critical exponent
for the transversal fluctuation of the path, and x(d) for the the criti-
cal exponent for the longitudinal fluctuation of the free energy. Their
definitions are roughly

(5.1)  sup |w;]=nt@ and InZ, - Q[nZ,]~nX? asn oo
0<j<n

There are various ways to define rigorously these exponents, e.g. (0.6)
and (0.10-11) in [30], (2.4) and (2.6-7-8) in [24], and the equivalence
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between these specific definitions are often non trivial. Here, we do not
go into such subtlety and take (5.1) as “definitions”. The polymer is
said to be diffusive if £(d) = 1/2 and super-diffusive if £(d) > 1/2.
These exponents are investigated in the context of various other
models and in a large number of papers. In particular, it is conjectured
in physics literature that the scaling identity holds in any dimension,

(5.2) x(d) = 26(d) ~ 1, d> 1,
and that the polymer is super-diffusive in dimension one;
(5.3) x(1) = 1/3, &(1) =2/3.

See, e.g., [10],]9, (3.4),(5.11),(5.12)], [17, (5.19),(5.28)]. For some models
of directed first passage percolation, K. Johansson [12, 13] proves (5.3),
cf. (4.7).

On the other hand, other rigorous results prove (or suggest) for
example that

(5.4) x(d) > 2¢(d)—1 foralld>1,
(5.5) £(d) < 3/4 foralld >1,
(5.6) £1) > 1/2

M. Piza [24] discusses (5.4) —(5.6) for the simple random walk model. For
the Gaussian random walk model, M. Petermann [23] proves (5.6), while
O. Mejane [20] shows (5.5). F. Comets and N. Yoshida [6] discuss (5.4)—
(5.6) in the framework of Brownian directed polymer. Critical exponents
similar to the above are also discussed for the crossing Brownian motion
in a soft Poissonian potential by M. Wiithrich [30, 31, 32] and for the
first passage percolation by C. Licea, M. Piza and C. Newman [21, 18].

Acknowledgements: We would like to thank H. Spohn for nice discussions
and variable remarks.
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Abstract.

The hyperbolic (Euler) scaling limit of weakly asymmetric Ginz-
burg-Landau models with a single conservation law is investigated,
weak asymmetry means that the microscopic viscosity of the system
tends to infinity in a prescribed way during the hydrodynamic limit.
The system is not attractive, its potential is a bounded perturbation
of a quadratic function. The macroscopic equation reads as O:p +
8.5’ (p) = 0, where S is a convex function. The Tartar - Murat theory
of compensated compactness is extended to microscopic systems, we
prove weak convergence of the scaled density field to the set of weak
solutions. In the attractive case of a convex potential this set consists
of the unique entropy solution. Our main tool is the logarithmic
Sobolev inequality of Landim, Panizo and Yau for continuous spins.

§1. Introduction and Main Result

In the last fifteen years a great progress has been made in the theory
of hydrodynamic limits. Although the first papers [2] and [22] concern
hyperbolic problems, most results are related to diffusive systems, see
e.g. [13,29,30] and the monograph [15] with historical notes and further
references. The main difficulty in hyperbolic problems comes from the
breakdown of regularity and uniqueness of macroscopic solutions. In a
smooth regime the relative entropy method of Yau [32] works well in
quite general situations. Beyond shocks, however, only some attractive
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systems like asymmetric exclusions, zero range and stick processes are
tractable, see [1,4,21,23,24] and also [16,31] on entropy and large devia-
tions for asymmetric exclusion processes. The specific structure of these
models is very important, and PDE techniques play an essential role
in the proofs. The main purpose of this paper is to develop a general
method for hyperbolic problems: we are going to extend the Tartar -
Murat theory of compensated compactness to microscopic (stochastic)
systems, see [26] and [19] for the first ideas, [14] or [25] for a systematic
treatment of these advanced PDE techniques. Compensated compact-
ness yields weak convergence of the scaled empirical density to the set
of weak solutions to the macroscopic equations. A first exposition of
the main ideas for stochastic systems was given in [9] in the case of
asymmetric exclusions, and also for a lattice gas with two conservation
laws. Here we study an asymmetric Ginzburg—Landau model with a
single conservation law in details; we wanted to demonstrate that this
method is really applicable. Another model, a two-component lattice
gas with collisions is to be discussed in a forthcoming paper [11], see
also [27,28] for a large class of two-component models. To have conver-
gence of the scaled microscopic process to a well specified macroscopic
solution, one has to supplement compensated compactness with the en-
tropy condition of Lax and Kruzkov implying the uniqueness of the
limiting macroscopic solution. Unfortunately, we can only prove this
condition for attractive Ginzburg—Landau models by adapting the cou-
pling method of Rezakhanlou [21]. In another paper [10] we investigate
non-attractive lattice gas models with a single conservation law. The
structure of these systems allows us to verify also the entropy condi-
tion, thus we get convergence to a single entropy solution specified by
its initial value.

Let nx(t) € Rfor t > 0, k € Z, and consider the following infinite
system of stochastic differential equations as the evolution law of this
continuous spin model. Given a potential V (y) = y2/2+ U(y) such that
U,U’,U" are bounded,

(11)  dme =3 (Vi1 —Viyy)dt
+0(e) (Vi1 +Vi_1—2V{) dt + \/20(e) (dw—1 —dwy)

where wg, k € Z is a family of independent Wiener processes, o =
o(e) > 1/2 is the coeflicient of microscopic viscosity; abbreviations like
Vi = V'(n) are widely used also later on. The scaling parameter,
0 < € — 0 of the hydrodynamic limit is interpreted as the spacing of
the lattice in macroscopic units, hyperbolic scaling means that time is
speeded up by a factor of 1/e. We shall let o depend on ¢ during the
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limiting procedure in such a way that eo(e) — 0 as ¢ — 0, thus the
effect of the second difference, o (V, 4V, _;—2V}) diminishes as ¢ — 0.
A technical condition, eo?(e) — oo will be explained later.

Since the drift is Lipschitz continuous in a weighted ¢2 space, (2
of doubly infinite sequences n = (1 : k € Z) with weights e~ ¥l for
instance, the existence of unique strong solutions to (1.1) follows by a
standard iteration procedure, and ) carries a large class of probability
measures, see e.g. [9] for further references. Let Fy; denote the o-field
generated by ni; = (n; 1 k —1 < j < k), p is the distribution of the
evolved configuration 7(t) , and p; x,; denotes the distribution of ny ;(t).
Short hand notation is to be used later in case of k =n and [ = 2n.

The total spin Y 7 is formally preserved by the evolution, and
certain product measures A\, with one dimensional marginal densities
9z, z €R,

oo
0:(0) = exp(ey = V(o) ~ F(2)), Fla)imlog [ eV V0

— 00
are all stationary states. As a reference measure, A := A\g will be used;
we may and do assume that F'(0) = F'(0) = 0. A converse statement on
stationary states in a much stronger form will be needed, our main tool
is the logarithmic Sobolev inequality of [17]; that is why we are assuming
that V is a bounded perturbation of a quadratic function. The model is
attractive if V is convex; we are interested in the general case when an
effective coupling is not available.

Due to the asymmetric part (1/2)(V)_, —V; ) of the drift, the
model admits a hyperbolic scaling as specified below. In the absence
of the stochastic term /20 (dwy — dwg_1), (1.1) looks like a lattice
approximation procedure for solving d;p + 9,V '(p) = 0; the viscid part
o (V) 41T V/_; — 2V}/) is needed even in this deterministic situation to
stabilize the algorithm, see [14,18,25]. However, in regions of the phase
space where V is concave, the viscid correction plays an opposite role;
the convexity of V' is very important in the deterministic case. Moreover,
the value of 0 may depend on the initial condition.

The behavior of the stochastic model is similar, but more complex.
For ¢ > 0 interpreted as the macroscopic spacing of the lattice, let
pe(t,x) = ne(t/e) if |z — ke| < €/2 denote the empirical process; we
are interested in its limiting behavior as the scaling parameter ¢ — 0.
In view of the principle of local equilibrium, the true distribution, p; /.
of our process is close to a product measure with marginal densities g,
such that z does depend on space and time. Since A, () = F'(z) =
p is the expectation of 7 with respect to A,, while \,(V)) = z =
S’(p) if p = F’(z), where S(p) := sup, {zp — F(2)}, Op + 0.5 (p) =
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£0925'(p) is expected for the asymptotic mean of p. as € — 0. This
was proven in [7] for ¢ = 0¢/e and small U by means of the parabolic
perturbation technique of [6], see also [12,4] on the weakly asymmetric
exclusion process. Heuristic considerations of this kind suggest that
the macroscopic equation becomes 9;p + 8,5'(p) = 0 if ec — 0 during
the hydrodynamic limit. This can be proven by means of the relative
entropy method [32] when the macroscopic solution is smooth, even
if ¢ > 0 is fixed. In case of an incompressible limit (perturbation of
equilibrium) the initial configuration is changed during the scaling limit,
see [20,24,28].

In a regime of shocks some new methods are needed, this is the
subject of the present paper. Unfortunately, we are able to control
oscillations of the empirical process only if the microscopic viscosity, o
goes to infinity as € — 0. More precisely, we are assuming that ec — 0
but e6?2 — +oco as € — 0. For example, o(g) := /zlog(1/¢) is an
allowed choice. Let us remark that the concept of microscopic viscosity
is plausible in many other cases, and conditions on its growth rate are
the same as above, see [9,10,11], but Dittrich [4] only needs e0® — +oo
in case of asymmetric exclusions. If the generator, £ of a conservative
process decomposes as £ = £y + 0B, where & is symmetric, then the
parameter o > 0 may be interpreted as the microscopic viscosity of the
model. The paper [28] investigates perturbation of the equilibrium for
a class of two-component hyperbolic models in a smooth regime; the
order of microscopic viscosity of these models is the same as here. Also
in such situations we use the term weakly asymmetric system; perhaps
the phrase large microscopic viscosity limit would be more correct.

A locally square integrable p € L? (Ri) is a weak solution to O;p +

loc

0;8'(p) = 0 with initial value po € L2 _(R) if p(t, x) satisfies

loc

o ]

02 [T [ Sy dndrs [ )i =0

— 00

for all test functions ¢ € CL(R?%), where 1! := 8,1, CF(R?) is the
space of compactly supported v : R? — R with k continuous derivatives,
R? :=[0,00) xR, L2 _ is the space of locally square integrable functions.
It is easy to check that S” is bounded, thus the definition above is not
a senseless one. In fact, only the local integrability of p is needed in
(1.2) because S’ is linearly bounded, but we prefer an L? setting. In
case of a single conservation law the Laz entropy condition is sufficient
for the uniqueness of weak solutions, see [14] or [25]. For a > 0 let H,

denote the set of such couples (h, J) of continuously differentiable real
functions that |h(u)| + |J(u)| = O(|u|®) for large u, and J' = h'S” | that
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is 9;h(p) + 0, J(p) = 0 along classical solutions; (h,J) is called an Laz
entropy pair. A weak solution, p satisfies the entropy condition if

o0

oo o0
13) [ [ o+ s dode+ [ (po(@)pio,e)de >0
0 —00 — 00
for all 0 < ¢ € C1(R?) and (h,J) € H; with h convex. An equivalent
version of the Lax inequality has been proposed by Kruzkov, see [21,25],
namely

/Ooo /_Oo (lp = cl vy + 1S (p) — S'(c)| ¥y,) da dt

(1.4) + [ on(e) = clv(0,0)do 2 0
for all 0 < ¢ € Cl(R?) and c € R; the flux of h.(u) := |u — ¢| can be
chosen as J.(u) := |S'(u) — S’ (¢)|.

The Lax inequality is motivated by the viscous approximation 0;u.+
0,5 (ue) = €002’ (u.) , where ed — 0, because

Orh(ue) + 0pJ(ue) = eoh/ (ue) 2@’ (ue)
(1.5) = €00, (h'(ug)q)"(ue)axus) —eah” (ue)®" (ue)(Opue)?,

whence one can derive (1.3) with an appropriate choice of ®; the most
favored one is ®(u) = u?/2. We see that there is a freedom in choos-
ing the viscid correction e0d2®’, but ®” > 0 is very important at this
point; the structure of lattice approximation procedures and other nu-
merical schemes is similar. The viscous correction must be elliptic in
all cases. Stochastic models are structured in a more canonical way be-
cause they must have a stationary state; the form of (1.1) is dictated by
this requirement. Calculations at the microscopic level follow the above
scheme of the viscous approximation, that is why the strict convexity of
V is needed for (1.3) or (1.4).

Several topologies shall be used in the study of the limit distribu-
tion of the empirical process p.. We shall see that p. is locally square
integrable, thus the weak topology of L2 (R2) will be the first one; the
distribution P: of p. will be considered on this space. We are interested
in the limiting behavior of the density field R, ,

(1.6) R.(4) := /Ooo /_oo W(t,7) pe(t, ) dz dt

where 1) € C.(R?) is compactly supported. The initial conditions are
specified in terms of a family p. o : € > 0 of initial distributions. First
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of all, we have some pg € L2 _(R) such that

loc

o0 o0

(L.7) iy [ p@p.0.0)de = [ pla)pola)do

—
e~0J —o0

in probability for all ¢ € C.(R). The second condition tells that the
entropy, S of u. o relative to A := Ao is extensive. The entropy of a
probability measure v relative to A is defined as S[v|A] := v(log f) if
v < Xand dv = fd\, S = +oo otherwise. Let p. o, denote the
restriction of u. o to F, 2n , and suppose that fy, := dp. o, /dA satisfies

(1.8) SnltteolA] == / fenlogfendd < Con Ve >0andneN.

Our main result is

Theorem 1.1. Suppose (1.7), (1.8) and specify o = o(e) such
that eo(e) — 0 but e0?(e) — +00 as € — 0. Then the family P. is tight
as € — 0, and any limit distribution is concentrated on a set of weak
solutions (1.2) to the macroscopic equation 8;p+8,5'(p) = 0. Moreover,

of V 1is strictly convex, then we have a weak solution p € LIQOC(Ri) such
that '

lim R.(4) = R() = / / Wt 2)p(t, 7) da dt
€= 0 —00

in probability for all ) € C.(R?); this p is uniquely specified by its initial
value pg and the entropy condition (1.4).

The paper is organized as follows. Below and in Section 2 we are
going to exhibit the main ideas of the argument. Section 3 summarizes
some basic facts on the microscopic model, further technical details are
added in Section 4. The proof is then completed in the last section.

The first main step of the proof is certainly the replacement of V' (p,)
with S’(p.), this characteristic argument of hydrodynamic limits does
not appear in PDE theory. The second step is then to show that the
weak limit of S’(p.) equals S’(p), where p is the weak limit of p. . As
we have learned from [13], the replacement of V’ with S’ can be done
at a level of block averages. In case of a diffusive scaling the celebrated
two-block estimate allows us to work with macroscopic blocks, thus the
weak limit commutes with S’. This step is more difficult if we consider
a hyperbolic problem because the two-block lemma extends to blocks
of size | = o(y/0/¢) only, consequently there is no direct argument
to identify the weak limit of S’(p.). The concept of measure solution
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plays an important role at this point, see e.g. [3] on partial differential
equations, and [29] on a first application to a microscopic system.

Let © denote the set of measurable families § = 6, , : (t,z) € R?
of probability measures on R such that 6; ,(u?) is locally integrable on
R2 . 0 € © is a measure solution to (1.1) if

a9 [T [ [ batdo)ovt+ o) dudt =0

for all ¢ € C}(R?), the space of ¢ € C'(R?) such that supp ¢ is con-
tained in the interior of Rﬁ_ . Notice that the initial value has not been
included in this definition. A function v € L2 (R2) is represented by
a family 6 € © of Dirac measures such that 8; , is concentrated at the
actual value u(t,x) of w; this 0 is called the Young representation of
u. Moreover, any 6§ € © can be identified as a locally finite measure
mg , dmg = dt dz 6; ,(du) on Ri = Rﬁ_ X R; equip © with the associ-
ated weak topology. Therefore any weak solution is a measure solution,
and the existence of measure solutions follows by a direct compactness
argument. Compensated compactness is the tool for proving that any
measure solution is actually a weak solution. We say that 0 € © admits a
Tartar factorization for a couple (hq, J1), (he, J2) € H; of entropy pairs,
if for almost every (t,z) € R2 we have

(1.10) 0y z(h1J2) — 6t z(hod1) = 61 5(Rh1)0: 2 (J2) — Or 2 (h2)b: o (J1).

In the case of a single conservation law like 9;p + 8,5'(p) = O,
Tartar’s factorization implies that 6 is a family of Dirac measures, that
is a weak solution. To get uniqueness of weak solutions we need the
Kruzkov inequality (1.4). The entropy condition can also be stated at
the level of measure solutions,

/O /_ (010 (he)¥, + 010 (Je)r) da dt

oo
(1.11) +/ 00,(h)Y(0,z)dz >0

— 00
for all 0 < ¢ € C!(R?) and for the Kruzkov entropy pairs (he, J.),
c € R, see (1.4); the derivation of (1.11) is easier than that of (1.4).
Let us remark that DiPerna [3] proves the uniqueness of measure solu-
tions satisfying (1.11) without any reference to Tartar’s factorization,
but his initial condition is much stronger than that we do have here.
Compensated compactness requires large microscopic viscosity, but it
has an advantage from the point of view of uniqueness. Since we have
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weak solutions, (1.4) is sufficient, i.e. no continuity condition is needed
at time zero, see [22].

Entropy pairs constitute additional conservation laws at the macro-
scopic level, but the microscopic model must be ergodic, thus it can
not have any other conservation law than those we are a priori given.
Therefore the Lax entropies exhibit rapid oscillations, they should be
controlled by means of non-gradient tools as initiated by Varadhan [30].

§2. Compensated Compactness

The proof of Tartar’s factorization is based on some functional ana-
lytic properties of the Lax entropy production X := 8;h+ 9,J , we have
to estimate X in various spaces. Let |¢| denote the uniform norm,
ll¢llp, is the LP norm of ¢ : R? — R for p > 1. The Sobolev space
H,1(R?) is defined as the completion of C!(R?) with respect to || - || +1,
lol2: = I0l3 + 413 + Ieh 13, and H_; (R?) is the dual of H.; with
respect to L?(R%). Here and below we adopt a convention: if a func-
tion u is only defined on R2 , then we extend its definition by setting
u(t,x) =0 for t < 0.

A first version of Tartar’s theorem can be stated as follows. Let
(hi, J;) € Hy for ¢ = 1,2, and set X, o := 9th;(ue) + 0zJi(u:) . Suppose
that u. , h;(uc) and J;(u.) are all weakly convergent in L?(R?) as ¢ — 0,
while the Young representation 0. of u. tends to some 0 € © . If the set
{X;c : 1 =1,2;e > 0} is relative compact in H_;(R?), then (1.10)
holds true. The so called Murat lemma on the conditions of Tartar’s
theorem had certainly been motivated by (1.5). It states that if h;(uc)
and J;(u.) are bounded in LP(R?) for some p > 2, and X; . =Y; .+ Z; .
such that Z; . is bounded in the space of finite signed measures on R?,
while Y; . belongs to a compact set of H_l(]R2), then X;. also lies
in a compact subset of H_;(R?). Since the empirical process does not
vanish at infinity, we have to localize the problem by multiplying X with
a general ¢ € C2(R?); this step is also present in the original papers [26]
and [19]. ”Compensation” appears at two places. The factorization on
the right hand side of (1.10) holds true only for the difference on the left,
and O¢h , 0, J alone are only bounded in H_; , their sum does belong to
a compact set.

In view of our project, we formulate and prove Tartar’s factorization
and the entropy inequality at the microscopic level, this will be done in
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terms of block averages. For any sequence ¢ indexed by Z,

-1 !
_ 1 5 1 .
(2.1) Sk =7 > &; and &= B > il =1 &k -
=0

i=—1

For example, Vll, . refers to the sequence V| = V'(n;). The smooth av-

eraging él seems to be convenient in analytic calculations, while the
usual one, & is preferred in computing canonical expectations. The size
[ = l(e) of these blocks should be chosen in such a way that

: a(e) o) _
(2.2) hl’;lj(l)lp 5 (e) < 400 and gl_I}’%) o) 0,

thus €l2(0) — 400 as ¢ — 0. Since eo(¢) — 0 and g0?(e) — +oo0,
0?2 = o(1%). We see also that (c/¢)!/3 = O(l) = o(c), thus the integer
part of e~1/4,/0(¢) is an acceptable choice for I . Because of some tech-
nical reasons, we modify the empirical process as g¢(t,x) := M x(t/e) if
|z — ke| < £/2, P. denotes its distribution on L2 (R2); from now on
the block size I = I(e) is specified according to (2.2). In view of the
Young representation, the empirical process p. can be considered also
as a random element 95 of ©; the distribution, ]59,6 of HAE is defined on
this space. Of course, P., P. and }59,5 are not really different from each
other, just the notion of weak convergence varies.

The microscopic version of entropy production X = Oih + 9,J is

defined for ¢ € C}(R%) and (h, J) € H; by

@3 K== [ N / " (h(pedh + J(pe)l) ded.

remember that 9 is compactly supported in the interior of R3 . We have
(24)  Xc(h,h) = N.(4, k) + Mc(4, h)

1 oo o0 . ~ R
+- /O /_Oo P(t, z)(Eh(pe) +eVeJ(pe)) dz dt,

where N, is a numerical error due to the lattice approximation of the
space derivative, M. is a stochastic integral coming from the Ito lemma,
and £ = £9 + 0® is the generator of the microscopic process (1.1). On
smooth cylinder functions ¢(n), £o and & are acting as

Lopi=—Y (ViV)dkp, Bp:=) (V18 - ViVi)Vidip,
= kez
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where 8y 1= /0 , Vikk = 1" (et — &), Vi = (1/2)(Vi = V}),
V?fk = l_l(fk_l —fk) , Ay = —Vl*Vl for | € N. Note that V& = V.
The formalism is used also for functions as eV .p(z) := p(z +¢) — p(x),

Veo(x) := (1/2¢) (¢(z +¢) — p(z —¢)) , and so on.
Mimicking integration by parts, the numerical error becomes

(2.5) / / — 0,)u(t, z) dudt
The stochastic equations for 7) read as
ik = —V1V/ dt + oA V], dt + /20 Vi diy i,

thus scaling the noise as ((t, x) = Vew g(t/e) if |z — ke| < g/2,

(2.6)  M.(y,h) =V20¢ /_ N /0 " gt o) (5. Ve dt, ) da

Splitting £/ into its asymmetric and symmetric components, we obtain
a decomposition X, = N, + M, + X, . + X, , where

@D Xt =1 [ [ ple)(oh(p) +F.0() do

(2.8) Xs (9, h) / / ¥(t, z) Bh(pe(t, x)) dz dt.

The main term here is certainly the asymmetric X, (¢, h) .

Having in mind (1.5) and the Tartar - Murat theorems, we are look-
ing for a decomposition of entropy production X.(¥,h) = Y.(¥,h) +
Z(1, h) described as follows.

Proposition 2.1. Let (h1,J1), (ha,J2) € Hi, and suppose that
we are given some random functionals Y (1, h) , Zo (), hi) , Ac(P) , Be(9)
such that X, = Ye+Z. , Ac(¢) and Be(¢) do not depend on 1 , moreover

Ye (@9, hi)| < Ac(D)[Yll+1,  1Z:(89, hi)| < Be()|1¥|

for each i € CL(R3), ¢ € C2(R?), i = 1,2 and € > 0. If ||¢pc3 <
B:(#), EA.(¢) — 0 and limsup EB.(¢) < 400 as e — 0, then Py : € >
0 is tight on ©, and (1.10) holds true with probability one with respect
to any weak limit point 2 of ﬁg’s as € — 0.
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This is a microscopic (stochastic) synthesis of the fundamental re-
sults of L. Tartar and F. Murat on compensated compactness. We post-
pone its proof to the last section, the main problem is to verify the
conditions; that is the content of Sections 3 and 4. The first part of
Theorem 1.1 follows from Proposition 2.1 and Lemma 5.1.

For the Lax—Kruzkov inequality we do not need bounds that are
uniform in ¢, but the viscid term, cA; V"’ of the microscopic evolution
must be elliptic as a (nonlinear) operator on the configuration space.

Proposition 2.2. Suppose all conditions of Theorem 1.1 includ-
ing the strict convexity of V, then ]59,5 : & > 0 is a tight family with
respect to the weak topology of ©, and its weak limit distributions are
concentrated on a set of measure solutions satisfying (1.11).

The proof of this statement is based on the attractiveness of the
microscopic process due to monotonicity of V' . Following [21], it is pre-
sented in Section 5. The proof of Theorem 1.1 is then completed by weak
uniqueness of entropy solutions. The case of a general (non-convex) po-
tential is a formidable open problem.

§3. The a priori bounds

This section summarizes some estimates based on relative entropy
and its rate of production, the fundamental entropy inequality v(p) <
Sv|A] + log A(e®) will be used several times. The Donsker—Varadhan
rate function of a probability measure v < A with respect to a self-
adjoint generator, & of a Markov process in L2()) is a Dirichlet form
D[v|\, 6] = —4A(V/f S V/f) when f := dv/d)\; for technical details
see [13],[15] or [9] with further references. We consider (1.1) with an
arbitrary, but fixed value of o > 1/2, ¢ ,, is the restriction of the evolved
measure, p; to F, 2, , and f,,(t,n) denotes the A-density of p; , , if any.
Set Sp(t) := S[utn|A], while Dy (t) := D[pe n|A, &n,2n], Where

Brivi= Y. (V18; = V1V))Vidjp
j=k—1+1

for smooth ¢. If 0 < f, is differentiable then

)=4 Z /V13k fn)? Z /.fn (V18kfn)? dA.

k=1—n k=1—-n

First we derive an explicit bound for S,, and the time integral of D,, .
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Lemma 3.1. IfS,(0) < Cyn then

t)+0/tDn(s)ds < Cy (t+v/n? +ot)

for all n € N, where Cy is a constant depending only on Cy and U.

Proof. We follow the proof of Proposition 1 in [8], only the main
steps are presented. Remember that ) is preserved by the deterministic
process generated by £o, i.e. A(Lop) = 0, while & is symmetric in
L%()\), thus

/goéiwd)\ = Z/ (V18kp) V101 dA

keZ

for smooth cylinder functions ¢ and . If f,, > 0 is smooth enough, then
by a direct calculation

9: S = / (8 + £)1og fult, 1) () = / Frs1£10g f X

— Z/an(V Vi) ‘9’“f" dA —UZ/(vlakan) vl?’“f” dA

keZ keZ n
Ok fn
S —0D6n+z / fusn = (VD) 22 4
kez
V 8 n
— O’Z/ (V1Ok frt1 — V10k fn) VideJn d,
kez In

where

Dot /fn (On fn) d/\+/fn (B1=nfn)? dA

and f, = fn(t,n). Both sums on the right hand side above consist only
of boundary terms corresponding to k = +n, A(V/) = 0 Vk, and for
k=n+1or k= —n we have

/(pnakaH—I d\ = /(ankffn—i—l dA

whenever ¢,, is F,, 2, measurable. Denoting

B,(t) := %/(V;Hanfn ! O1-nfn) f’}zl dX,
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by an easy computation we arrive at
&S, +0D,=(14+20)B, —0Ds,
V10 fn
(3.1) —B.-0 Y / (Va0 fusr) L20kTn 5y

k=®n fn
S Bn + U\/Dn+1 - Dn\/Da,n )

at the final step V10,f, = —0unfn, Vi0_nfn = O1_nfn, the Schwarz
inequality and convexity of D were used.

First of all we have to estimate B,, . For any probability measure v,
and v € R we have an entropy bound

: 1
uv(Vy) < S[v|A] +log M(e""*) < S[v|A] + 5 V7l

see (3.4) for the second inequality, whence by setting u = +/25/||V”||
we obtain that v2(V/) < 2||V”|| S[v|\]. Let v = p;[-|Fn24), again by
Schwarz and convexity we get

Bn(t) < Kov/Sn+1(t) — Sa(t) 1/ Dan(t).

In view of (3.1) there is nothing to prove if (1 4+ 20)B,, < 0Dg . , but

UDa,n <4B, < 4KO\/(Sn+1 - Sn)Da,n

in the opposite case, whence a system

0¢Sp + 0Dy, < K1(5n+1 ~ Sn+ 0/ Snt1 — Sp v/ Dny1 — D,)

of differential inequalities follows immediately, where K; depends only
on ||[V”]|. This system admits an explicit solution, see Lemma 3 in [§],
the result is just the bound we have to prove. Since the final statement
does not depend on smoothness of f,, any more, this restriction can be
removed by a standard regularization. Q.E.D.

As a first consequence, from the entropy bound we get the moment
condition lim sup E||¢pe||3 < +oo of Proposition 2.1 for ¢ € C?(R?).

Lemma 3.2. We have a universal constant Cy such that

1 t t
— Z /0 /n,%d,usdsgCz(l-i-;-i-\/l—%-at/nz).

|k|<n
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Proof.  From the basic entropy inequality, v(¢) < S[v|A]+log A(e¥),
for any B > 0 we get

— Z pe(mp) < =—Sn(t) + %log )\(eﬂni) .

[k|<'n

To estimate /\(e”i) , let E; denote expectation with respect to an N (0, 23)
variable ¢, then efm = E et , thus A(e™) = eF(Q)  and F(¢) <
(1/2)||F"|| ¢% as F(0) = F'(0) = 0 by assumption. Since F"/(z) is just the
variance of m under A, , F”(2) < A\((nk — v)?) e.g. if z = V'(y). How-
ever, (nx —y)? < a+b(V]—2)? because V" (z) is strictly positive for large
|z| , while A\, ((V} — 2)%) = A,(V}'), we have |F"|| < a+b|V"| < +o0.
Finally,

(32)  logEge™’ = —log\/T— 47f < 4y8 whenever 875 < 1,

which completes the proof via Lemma 3.1. Q.E.D.

The following lemma summarizes some results of [17]. For any lin-
early bounded h € C(R), and a; € R: 0 < j < lset h(p) := A, (h(nk)),

b1k(h, @) = Zag (Mk—3)—h(Lk)) ,

and ®,(p,u) := log )\z(e“h("k)_“;‘(p)) , where z := 5’ (p).

Lemma 3.3. We have positive constants lg and C3 depending only
on U such that if l > lp, then any probability measure, v on Fi; satisfies

ﬂ/él,k(h,a) dv <Cjy (1 -+ ZZD[I/I)\,@k,l])

-1

log/exp(z Dy, (7, k,2ﬁaj)) dv.

Proof. Given 7, = p, denote I; , and 5\1,,3 the conditional distri-
butions of nx; under v and A, respectively. In view of LSI, which is
Theorem 2.2 in [17], we have S[D1,,| A1 5] < C412D[Dy 5| A1, p, B t] for all v
and p with the same C%, thus from the entropy bound

(3'3) 6171,p(¢l,k:) < Cé lzD[ﬂl,plj\l’p, st,l] + log Xl,p(eﬂﬁﬁl,k) )

Let XLm,p denote the restriction of 5\1,3 to Fi,m . If | is large enough,
z=28'(p)and 1 <m < 1+1/2, then d)\; ,,, ,/d), is uniformly bounded
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in view Corollary 5.5 of [17]. Splitting ¢; ,(h,a) into two pieces, by
means of the Schwarz inequality we obtain that

- 1
log A; ,(eP%%1) <log Cy + 5 log A, (e2P?ur) if z = §'(p).

Since &y 71k = 0, we can integrate (3.3) with respect to v ; notice that
Dv|A;, B 1] does not depend on z. Q.E.D.

From now on we are assuming that [ > [y in all statements. On the
rate of convergence to local equilibrium we have

Lemma 3.4. There exists a universal constant C4 such that

S [ [0~ 8000)° disds < CuCon(ond),
|k|<
where Ci (0,1) :=t/1?> + (I/o)(1 + tn~! + atn™2).

Proof. We apply Lemma 3.3 with h = V', o = 1/l and 8 = fol;
for brevity we let ¢ = ¢ ,(V’, @) and ®(p, u) = @y (p,u) . First we show
that \,(ef%") < C) if z = S'(M1x) and By is small. Since PP = E,el?
if ¢ is an N(0,23) variable, and \,(e??) = Egelq’("’C/l) , the statement
follows in the usual way by (3.2). Indeed, ®(p,u) < 7 ||[V"||u? for all
y € R because ®(z,0) = 0 and, integrating by parts, we obtain a bound

(3.4) ! (p,u) = u/V"(nk) exp(uVy — uz — ®(p,u)) dX,,

that is |®],(p,u)| < |u]||V"||, whence Cy = O(fy), thus

Bol /( Vie — S (k) dus < Cz + C3l®Dlps 1|, Bg] + Cy -

Doing summation for k and integrating with respect to time, the state-
ment follows from Lemma 3.1 by subadditivity of D. Q.E.D.

Differences of various block averages are estimated by means of

Lemma 3.5. Let a; € R for 0 < j < [ such that ) a; = 0,
> af <1/l, and set ¢ x(1,0) := ¢k (h, @) when h(y) =y. We have a

universal Cs such that

- Z / /¢lk(1 @) dps ds < Cs Cin(0,1).

Ikl<
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Proof. 1t is essentially the same as that of Lemma 3.4 with the only
difference that at the final step, in the exponent we have

-1 -1

1 1
S (Floy) — a5CF'(2) — F(2)) = 237 F'(3)e3¢* < LRI,
7=0 7=0
which completes the proof as |F”|| < +o0. Q.E.D.

The following lemma is essentially the two-block estimate of [13]. In
particular, choosing | = 2r we obtain a bound for (V. V/,)?.

Lemma 3.6. We have a universal Cg such that for 2r <,

1 b _
nl Z / /(Vrlk — V1) dusds < Cg Cynlo,l,7),
0

|k|<n

where Cy pn(0,1,7) :=t/rl+ (I/o)(1 + tn~! + otn™2).

Proof. This is a consequence of the previous lemma, but integrat-
ing by parts on the left hand side, it can directly be estimated by the
Dirichlet form via the Schwarz inequality without any reference to LSI,
see e.g. [8] for details. Q.E.D.

Now we are in a position to verify all conditions of Proposition 2.1.

§4. The Lax entropy production

We start with the explicit decomposition X, = N.+M.+X, . +X; .
of entropy production, see (2.3) and (2.5), (2.6), (2.7), (2.8). To get
X. =Y, + Z. as needed in Proposition 2.1, we split some terms into
new ones, and each of them will be casted into one of two categories
named by Y and Z according to the bound it satisfies. More precisely,
a random functional T (¢) is of type Y if for each ¢ € C?(R) we have a
random bound A.(¢) such that A.(¢$) does not depend on 7,

ITe(69)] < Ac(@)ll9ll41 and  lim EA() =0.

Similarly, T is of type Z if

Te(¢9)] < Ac(@)|l¥] and limsz)lpEA(cb) < +oo.

In case of terms of type Z we also indicate if the bound does, or
does not, vanish.
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Throughout this section we deal with an entropy pair (h,J) € H;
such that A’ and h” are bounded. All calculations are done at the
microscopic level, thus the integral mean

1 6/2
(4.1) Yr(t) := - Y(te, ke + x)p(te, ke + z) dz
—e/2

appears at several places; the notation Hy(t) := H (% x(t)) shall also be
used for functions H € C(R) like h,J, k', S” and so on. ¢ € C%(R?)

plays an explicit role only in
Lemma 4.1. The stochastic integral M. is of type Y.

Proof. This is the only case where we estimate the H_; norm in a
direct way by using Fourier transform; the underlying generalized func-
tion is just

me(t, ) := V20 K (pe(t,2))d(t, )8, V(. (¢, z) .

In view of |M, (¢, h)| < ||me||-1 ||¥]|+1, we have to show that

% Elme(r,w)[*
(4.2) hm Eljme|%; = hm / / T2 +w2 d dw =0,

where m. denotes the Fourier transform of m. . In microscopic variables

me(T,w) =

/ ’(/)k t T w)hk(t)(dwl k—1 — dwy; el 1)
keZ

where ¢, (t,7,w) is defined by (4.1) with ¢ = (2m) " exp(st7+12w) . The
sum of the integrands can be rewritten as a sum like > & x dwy , thus a
simple Ito calculus and (& x)? < (€2),x result in

Ejrie (r, )2 < 4"5 3 / e (8) B (0)]

kEZ

< 2wy [T nra.

keZ

Of course, ¥ (t) is bounded, and it is zero if one of |ek| or et exceeds
some threshold depending on the support of ¢. For large values of |w|
another bound of

errt—{—zwk /2
Yr(t, Ty w) = / e ¢(et, ek + ) dx
2me —e/2
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is needed. Integrating by parts we get

I¢k‘(t7 T, w)’ <

e/2
/ e ¢! (et, ek + ) dx
—e/2

2wew

1
2mew

3 /
< mll%” +

+

e 2 (et, ek +£/2) — e T/ 2 P(et, ek — 5/2)‘

| sin(we /2)]
2me|w|

ol

thus we have a constant, K; depending only on ¢ such that
[ (t, 7, w)[* < K19 (w), where ¥ (w):=min{l,(cw) ?}

and 0 < € < 1. Comparing the bounds above, we see that
o

Elne (r,0)|* < KallW|2 5 Welw),

thus integrating (4.2) with respect to 7,
Kso [ U (w)dw
P ) VI+w?

follows immediately, where K3 is a new constant depending only on ¢
and ||A/||. Integrating over the domain |w| < 1/e, the trivial bound
U.(w) < 1 is sufficient, while ¥.(w) < (ew)™2 is used in the opposite
case to conclude

EHmEH2—1 S

- o
E|e (T, w)|* < K4 7 (1 —loge).

In view of (2.2) and its consequences we have ¢ = o(I3/2?) and 1/e =
o(1?), thus the right hand side vanishes as ¢ — 0. Q.E.D.

From now on we may suppress the dependence of our functionals on
¢ . In practice this simply means that we put ¢ = 1 and suppose that
the support of 1 is contained in a rectangle (—1,T) x (—L, L), thus we
need the estimates of Section 3 for n < L/e and t < T'/e only. Introduce

e T/e
(4.3) @=5 % [ ey,
0
|k|<L/e
where Qx(t,1) := (IViflk1)* + (M k1 — Tk)? + (e — k) + (VIV/L)?,

and

€ T/e _ 2
@y z=7 3 [ ) - S aa0) @

|k|<L/e
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Moreover, set C.(o,l) := C; »(0,1) when t = T/e and n = L/e. In the
rest of the paper we assume (2.2), thus C, = O(l/o) goes to 0 as e — 0.
In view of the a priori bounds, EQ* and EZ} are of order C.(o,1).

It is a bit surprising that a two-block lemma is needed to treat N..

Lemma 4.2. The numerical error N¢ is of type Y.

Proof. Let ¢ (t) be as in (4.1) with ¢ = 1, then

N(p,h) =¢ Z/ 1¢k — S%E/QZZJ(tE, ke))Jk(t) dt

keZ

Since 61 =V;—(1/2)A;, the integrand turns into (1/2)(V1¥r)V1Jk +
wrVidJy, where g 1= 1, — Y(te, ke — £/2) is an integral of ¢ . By the
Schwarz inequality

e/2
o) =5 [ (em2pple kete) do = OWRN1La i, e,

where 1. x(z) is the indicator of the interval (ke —e/2, ke +¢/2) ; the L?
norm refers to space. Similarly,

Vivk(t) = é/s (e — |zl (te, ke + x + €/2) dx

—E&
thus Vv satisfies the same bound that ¢, does.

On the other hand, ViJy = J' (V&) V7, k+1—1 With some intermedi-
ate value v . Since J' = h'S” is bounded, separating ¢ and ViJy by
means of the Schwarz inequality, and doing the same with Vi, and
V1Ji , we obtain that N2 = O(e) ||[¢L]|3 QF, that is N, is of type Y, and

Vel/o is its order. Q.E.D.
The next step is the only one where LSI is really needed.

Lemma 4.3. The asymmetric functional, X, . reads as X, =
Yoe+ Zoe+ Qa,e, where Qg and Z, . are of type Z with a vanishing
bound, Y, . is of type Y.

Proof. Using earlier notation we have
Xac(8,h) Z/ (6 + 1) (Vi — b ViV ) dt
keZ

and ViJi = hi, SY Ve + 3 J"(v)(Vifi,k)? with some intermediate
value v . Moreover, Si/ Vi, = ViS' (k) + S () Tk — 7) Vifl e
where 7). is a convex combination of 7 x4; and 7, Le. | — 7| <
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|7,k — Tk + |7,k — T, k—1| - Summarizing the calculations above, we get
Xae = Xg e+ Qa,c, Wwhere

Xowrm 53 [ Gt B S k) — Vi

keZ

while the remainder, @), . is a bilinear form of differences of block aver-
ages of size at most 2l +1. Since J” = h”S" +h'S"", and S"’ is bounded
in view of Lemma 5.1 in [17], the coefficients of Q, . are all uniformly
bounded, consequently Q.. = O(||¢|) Q% . This means that @, is of
type Z with a vanishing order of C.(0,l) = O(l/0).

On the other hand, from V[ (£,€L) = (V&k)&, + Ex—1 V[ &), we get
Xoe=Yoe+ Zs, where

S / (Vi e+ ¥ns1) By (S (p) — Vi) dt

keZ

Zae = Z/ (Yt + Yrt1-1) (ViRg) (8" (k) = Vi) dt .

kez

From the estimate of Lemma 4.2 for Vv it follows by convexity that
(Vir(t))? = O(le)||lie.k ¥, (te,-)||3 . Separating the space gradients of
1 from k' (S’ — V/) by means of the Schwarz inequality, we obtain that
Vaol2 < 2B/ |19L]2 ZF , thus Y, is of type Y, and vie C2/%(q,1) is
the order of its bound. Finally, V;h} = b (7,)V ik , whence | Z, (|* <
|\R"|| |¢]| QE Z% , that is Z, . is of type Z with a vanishing bound of
order C¢(o,1). Q.E.D.

The symmetric form decomposes as X . = X1, + X2, Where

Xone(,h) : = —0e 3 / Vi (behh) (Vi) dt

keZ

ge
X0 (6, 1) Z/ Gkl (s — dibypsi1)?

keZ

20‘6
/ Yrhy d
keZ
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In case of X1 . we write Vi (¢phy,) = Y Vihy+hy Vi toget X o =
Y, — Zs, where

Zse = UEZ/ vr (V1h}) Vll—/l"k dt ,
kez 0

Ve = —052/ (Ve iy 1 ViViy dt .
kez”0

The symmetric part of entropy production is handled by means of

Lemma 4.4. Wehave X;. =Y, .+ Xs2c— Zs ., where Y, . is of
type Y, X2 is of type Z , and o /el® is the order of its bound. Z, . is
also of type Z , but its bound does never vanish.

Proof. Since h” is bounded, Xz . = ||%| O(c/el?) is of type Z.
From 2zy < 22 + y?, and V;h} = " (v} ) Vi, we get

1Zuel < 7 IW1REN(QE + 22),

see (4.3) and (4.4) for the definition of @} and Z? . Therefore Z, . is of
type Z, and the bound does not vanish. Finally, applying the Schwarz
inequality as we did many times before, we have

ole .
Yool < 25 I I3 Q2
consequently Y . is of type Y as ea?l™! Cc(0,1) = O(e0). Q.E.D.

§5. Completion of the proofs

Proposition 2.1, is a more or less direct consequence of the results
of Section 4. '

Proof of Proposition 2.1: Suppose first that (h;, J;) € H, , where
0 < a<1,andh, k" are bounded, then limsup E|¢p.||3 < +o0o implies
h,J € LP(R?) with some p > 2. More precisely, the distributions of
hi(p:) and J;(p.) are tight in the weak topology of LP (R?). Similarly,
the distributions of the functionals Y. and Z. are tight with respect to
the weak local topology of H_; and the space of measures, respectively.
In view of the Skorohod embedding theorem, see Theorem 1.8 in Chapter
3 of [5], we can realize the associated weak convergence of probability
measures as a.s. convergence on a suitably constructed probability space.
In this setting the theorems of Tartar and Murat apply directly, so we
have Tartar factorization for entropy pairs from H, . The final statement
follows by a direct approximation procedure. Q.E.D.

Tartar’s factorization property is the input of
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Lemma 5.1. Let hi(p) := p, J1(p) := S'(p), ha(p) := S’(p) and
define Jo by J2(0) = 0 and Jj(p) := S”z(p). If this couple of entropy
pairs satisfies (1.10), then 0; . is almost everywhere a Dirac measure.

Proof. The trivial case of a quadratic V can be excluded, thus
there is no such interval where S” is constant because S is analytic.
Rearranging (1.10) we get

/_oo /i Q(u,v) Oy o (du) 0, o(dv) =0 as. on RY
where Q(u,v) = (u — v)(J2(u) — J2(v)) — (S'(u) — S,(U))z' Since

Jo(w) = Jo(v) = (1 — v) /O " (tu + (1 — t)o) dt,

S'(u) — S (v) = (u— v)/o S"(tu+ (1 — t)v)dt,

Q(u,v) > 0 follows by the Schwarz inequality if u # v, which proves the
Dirac property of 6. Q.E.D.

As a consequence, we have (1.2) with probability one with respect
to any weak limit distribution of p.. In view of Lemma 3.5 the same
statement holds also true for the usual averages p. defined by p.(t, ) :=
Mk(t/e) if |zt —ke| < €/2, and even | = o(1/¢) is allowed; the lower bound
l > (0/€)'/3 is the relevant one.

To prove Proposition 2.2, we have to show that the contribution
of terms (V1h(fx))ViV/,, is not negative if h is convex. Despite of
Lemma 3.4, this is not quite obvious. Fortunately, the Lax-Kruzkov
inequality does not require uniform bounds as compensated compactness
does, weak limiting arguments are sufficient. Nevertheless, convexity of
V seems to be essential at this point.

Proof of Proposition 2.2: Since V is convex by assumption, fol-
lowing [21] we can exploit the attractiveness of the process, see also
[15] for some technical details. Let { denote the equilibrium process
with initial distribution A, such that F’(z) = c¢. The original process,
n is coupled to ¢ simply by identifying the Wiener processes in their
stochastic equations (1.1); the initial distribution is peo X A, . It is re-
markable that this coupled process admits a comparison principle: the
set

{(m,¢) s (k1 — k) (Cer — k) 2 0 Vk € Z}
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is preserved by time. Introduce

Weln8): = [ vt eRlmlt/e) = Gule/e) dot,

ke€Z

Wi G0 i= 3 [ RV /) — VGt dadt

keZ

He(n, ) .—/ / Wi(t,2)|pe(t, @) — | do dt,
HE(n,9) : = / / ¥(t,2)IS' (< (t, 7)) — S'(c)| dw dt

we have to show that for all ¢ € R and 0 < ¢ € C(R3) we have

(5.1) hm( c(n, ¢, %) — He(n ¢)) =0,
(5.3) timinf (We(n,C, %) + W2 (n,6,9)) > 0

in the sense of stochastic convergence, see Section 3 of [21]; the crucial
point is (5.3). To prove it, observe first that n; — (i is differentiable,
and V/_, —V/ ,=2V)_ -2V -V | - V.., +2V], thus

Oelme — Ce| = sign(me — Ce) (V' (Me—1) = V' (Ce—1) = V' (mi) + V' (C))
+ (0 —1/2)sign(ne — C) (V' (e—1) = V' (Ch—1) = V' (me) + V' (Cr))
+ (o — 1/2) sign(ne — ) (V' (mrt1) — V' (Corr) = V() + V' (Cr)) -

Let xx(n, ¢) = sign(nk — (k) sign(nk+1 — Ck+1) , by an elementary com-
putation

Al — Gl < xr—1|V' (Me—1) = V' (Co—1)] = xiel V' (1) — V()
+ (0 = 1/2) xi—1 (V' (—1) = V' (Ce=1)| = [V'(mk) — V' (Ck))
— (0= 1/2)xx (IV' () = V(€| = [V (1) = V' (Ch41) 1)
— (0= 1/2)(2 = xk—1 = xe)IV' (&) — V' (Ck)] -

Hence by rearranging the sums we get

W. + W* > R.(n,¢,v) +€Z/ Wi(t/e)d

kezZ
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where R, is a numerical error term, ¢ is the macroscopic time, and

Wi(t) : = (et ek)(xe — 1)V (me) — V' (¢
+ (0 = 1/2)4(t, ek) xx V1|V (ni) — V' (Ck)]
+ (1/e)(o — 1/2)d(et, k) (1 — xx) IV (n) = V' (Ck)] -

Since ¢ € C?(R?) may be assumed, R, goes to zero as ¢ — 0, and xxV
on the second lime above can be replaced with (xx — 1)V, we see that
the last nonnegative terms dominate the rest. Indeed, e|¢)| = o(¢) is
certainly true if ¥ > 0 vanishes in a suitable way as |z| — oo, whence
the general case follows by a direct approximation procedure.

The proofs of (5.1) and (5.2) also follow [21]; but they turn out to be
much simpler in our case. The formal generator of the coupled process
reads as £, ¢ := Lo, + Lo, + 0, ¢, where £y, and £y ¢ are identical
copies of £o acting on the n and ¢ components, respectively, while &,, ¢
is the generator of the coupled process (7, () defined by

dne = AV (ni) dt + V2V dwy,,  dCk = AV (C) dt + V2V dwy

with identical Wiener processes for both systems. In view of the Kol-
mogorov equation, for smooth cylinder functions

Eo(n(t),¢(t)) = E¢(n(0),¢(0)) + E/O Ln.cd(n(s),C(s)) ds.

Let U, denote the time average of the joint distribution of 1 and ¢ from
t =0tot = 1/e. In view of the L? moment condition coming from
Lemma 3.2, this family is tight, thus dividing the Kolmogorov equation
by o /e, we see that its weak limit points are all stationary measures for
the coupled process generated by &, . Performing a simultaneous av-
eraging also in space, we obtain translation invariant limit distributions
v that are stationary with respect to &, , and also satisfy the moment
conditions 7(nz 4+ (Z) = K < 400 . These statements follow immediately
also from Theorem 1 of [8] without any averaging in space. The evalu-
ation of W and W* should be based on such a joint distribution 7, see
[13] and [22].

To prove that xx = 1 v-a.s. for all k € Z, consider now the coupled
process defined by &, -, with ¥ as its initial distribution. By elementary
calculation we get

Aelne — Gl = —Visign(me — C) - Vi (V' () — V' (Ck))
+ sign(Met1 — Cer1) Vi (V (k) — V()
— sign(me — k) Vi (V' (mk=1) = V' (Ck—1)) ,
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where both sides are of mean zero with respect to ¥ because of its sta-
tionarity. Summing for k € (—n,n) we see that the last two terms cancel
each other, only two of them survives at the boundary. Therefore the
translation invariance of 7 implies

/ Vysign(m, — G) - V1 (V! () — V(o)) do = 0

for all k € Z, that is sign(n, — (k) is a constant 7-a.s. This means
that o[xx = 1] = 1 for all £k € Z, thus we can get rid of the absolute
values under the sums in the expressions of W and W* . First we replace
n and ¢ in W, and W} with their large microscopic block averages 7,
and (, . Letting ¢ — O first, and r — 400 at the second step, we get ¢
as the limit of ¢, . Finally, Lemma 3.6 allows us to replace 7, with #;,
where | = [(¢) is the intermediate block size of (2.2). The replacement
of V'(ng) with S’(7, k) is the same, thus we can pass to (1.11) along
subsequences. Q.E.D.

Proof of Theorem 1.1: In view of Skorohod’s embedding, Lemma 5.1
and the a priori bounds, the empirical processes, p. and p. converge
almost surely, and also in Li _(R?) to the same p € L?(R?) along sub-
sequences. At the same time, V'(p.) has the same weak limits as S’(pc)
does, thus we have convergence to the set of weak solutions.

The uniqueness part is now a direct consequence of Proposition 2.2
and weak uniqueness of entropy solutions, see Kruzkov’s result, The-
orem 2.3.5 in [25]. Although the proof there is written for bounded
solutions only, the essential condition is bounded propagation, that is
|S”|| < +o00. By means of the local L? bound we have, the argument
extends to our case without any essential change. On the other hand,
we have already derived from Proposition 2.1 and Lemma 5.1 that the
measure solutions involved in (1.11) are all weak solutions, thus we have
(1.4), too. Therefore any limit distribution of the empirical process p.
is concentrated on the unique entropy solution specified by its initial
value. In this way we have shown that if £ — 0 then

Re(w) = [ i o:o (t,2)pe(t, ) de dt

converges in probability for each 1 € C.(R?) to R(t) defined in Theorem
1.1. However, R, () has the same limit. Q.E.D.

Concluding remarks: We are trying to present a brief and heuris-
tic description of situations of hyperbolic scaling in which the method
proposed here might apply, several principal open problems are also
mentioned. We consider a microscopic Markov evolution generated by
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£ = L£o+0(e)® such that both £y and & are Markov generators, and the
conservative observables and the associated (equilibrium) Gibbs states
of & are all conserved also by £y. The main component, £ is asym-
metric (but not necessarily antisymmetric), while & is symmetric with
respect to the equilibrium states. The scaling parameter € > 0 denotes
the macroscopic unit of distance in space, o(g) > 0 is interpreted as the
coefficient of microscopic viscosity, o(g) — +oo and eo(e) — 0 ase — 0.

First of all we are assuming that £y admits Euler scaling with a
resulting hyperbolic system of macroscopic conservation laws, that is we
speed up time by a factor of 1 /e, see e.g. [27] for a class of such models.
In the absence of the symmetric stabilization o0® , these equations can
be derived in a smooth regime only. In general, there is a good reason to
expect that the effect of (1/¢)o(¢)® diminishes as ¢ — 0 because ¢ 2®
is the proper scaling of the symmetric & . In other words,

e 1L =¢e"1L0+ (e0(e)) e %&

resembles the scheme of small viscosity limit as € — 0; eo(e) is the
coefficient of macroscopic viscosity.

Independently of the number of conservation laws, once we have LSI
for &, there is a good chance to derive Tartar’s factorization property
for the limiting Young measures; c0?(e) — +0o as ¢ — 0 seems to be a
general condition at this point, see [9,10,11]. It is not clear this time if
this condition could be relaxed, or not. In the case of a single conser-
vation law Tartar factorization is usually sufficient for the identification
of measure solutions as weak solutions by using an argument like that
of Lemma 5.1. The problem of two conservation laws is more delicate,
a very nice model is discussed in [11]. In other cases we have to do
something more for proving that measure solutions are weak solutions.
Although there is a general theory of hyperbolic and genuinely nonlin-
ear systems of two conservation laws in one space dimension initiated by
DiPerna, additional difficulties emerge when we are working on stochas-
tic models. Indeed, this theory requires at the very beginning that the
limiting Young measure is compactly supported. Moreover, most phys-
ically motivated models have some singularities in the phase space of
the macroscopic equations, general methods fail at such points. In PDE
theory these difficulties are ruled out by restricting the initial values to
singularity-free compact invariant regions, if any. However, it is not easy
to establish the existence of such invariant regions in the case of micro-
scopic systems. Coupling is an effective tool, but attractive evolutions
do not allow two conservation laws.

Anyway, compensated compactness yields convergence of the em-
pirical process to a set of weak solutions in several cases, so the next
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question is the uniqueness of the limit. If we have a single conservation
law, the Lax—Kruzkov entropy condition is sufficient for uniqueness, and
coupling based on attractiveness is not the only way of proving it. For
example, if & is acting on the conservative observables like a discrete
Laplacian, that is a linear elliptic operator, then the derivation of the
Lax inequality (1.3) is only a question of direct computations. This is
the case when £y describes interacting exclusions because then & can
be chosen as the generator of stirring, see [10,11]. There is a conflict of
£o and & if the cardinality of the individual phase space is bigger than
three. For instance, the easy way mentioned above is only available for
the trivial, linear Ginzburg—Landau model. It is not clear if attractive-
ness of & were sufficient for the Lax—Kruzkov inequality. Uniqueness for
two conservation laws is certainly very hard, even in the simplest cases
Oleinik type entropy conditions were needed for the Riemann invariants.
The derivation of such one-sided uniform bounds on space gradients is
really problematic for stochastic models.

Acknowledgement: I am indebted to Claudio Landim for useful
discussions on LSI and uniform large deviation estimates.
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Large Deviations for V¢ Interface Model
and Derivation of Free Boundary Problems

Tadahisa Funaki and Hironobu Sakagawa

Abstract.

We consider the Vg interface model with weak self potential
(one-body potential) under general Dirichlet boundary conditions on
a large bounded domain and establish the large deviation principle
for the macroscopically scaled interface height variables. As its ap-
plication the law of large numbers is proved and the limit profile is
characterized by a variational problem which was studied by Alt-
Caffarelli [1], Alt-Caffarelli-Friedman [2] and others. The minimizers
generate free boundaries inside the domain. We also discuss the Vo
interface model with é-pinning potential in one dimension.

§1. Introduction

Interfaces and variational problems.

It is one of the quite general and fundamental principles in physics
that physically realizable phenomena may be characterized by varia-
tional problems. Such principle is expected to hold in the problem
related to the phase coexistence and separation as well. Indeed, un-
der the situation that two distinct pure phases like crystal/vapor co-
exist in space, hypersurfaces called interfaces are formed and separate
these distinct phases at macroscopic level. The shape of the interface in
equilibrium is assumed to minimize the anisotropic total surface energy.
The corresponding solutions may be obtained by the so-called Wulff con-
struction (see [5], [8] and references therein). The underlying variational
problems change depending on the physical situations of interest.

In statistical mechanics, to derive the shape of the macroscopic inter-
face, one need to determine its total surface energy based on statistical
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ensembles at microscopic level, which are formulated as Gibbs measures.
This procedure can be accomplished by analyzing a proper scaling limit
in the ensembles, which connects microscopic and macroscopic levels.

V¢ interface model.

The basic microscopic model we study in this article is the V¢ in-
terface model, which is a continuous analogue of SOS type model. In
this model, the interface is already considered as a microscopic object
and described by height variables ¢ = {¢(x)}, the vertical distance of
the surface measured from the points z on a fixed reference hyperplane
located in the space (see [18], [19] for example). Assuming interfaces
are formed in d + 1 dimensional space, the variables ¢ are defined on a
large bounded domain Dy in the d-dimensional square lattice Z¢. Here
Dy corresponds to the reference hyperplane which is discretized and
N € Z, is the scaling parameter representing the ratio of the macro-
scopically typical length to the microscopic one.

Given strictly convex symmetric nearest neighbor interactions V :
R — R and boundary conditions © = {¢¥(x) € R;z € 87Dy}, an
interface energy H}\/}(cﬁ) at microscopic level called Hamiltonian is as-
signed to each interface height variable ¢ = {¢(z) € R;z € Dy} on Dy
as a sum of V(¢(z) — ¢(y)) taken over all pairs of neighboring sites z
and y in the domain Dy. Here Dy = Dy U 81Dy is the closure of
Dy, "Dy = {z ¢ Dy;|r — y| = 1 for some y € Dy} is the outer
boundary of Dy and ¢(z) = ¢ (zx) for z € 87Dy in the sum; note
that © ¢ Dy means z € Z4\ Dy. We shall take Dy = ND NZ? for
a fixed bounded domain D in R? having piecewise Lipschitz boundary
0D, where ND = {N6 € R% 0 € D}; D is the macroscopic reference
hyperplane while Dy is its microscopic correspondence.

Weak self potentials.

We further assume the space is filled by a media changing in the
distances from Djp. Such situation can be realized by adding self po-
tentials (one-body potentials) U : D x R — R to the Hamiltonian which
has therefore the following form:

L) HYY@ = Y. V@ -ew)+ Y Uls, )

fB,yEDN:‘iE—m:l IGDN

The first sum here is over all pairs of neighboring sites. Then the statis-
tical ensemble for the height variables ¢ is defined by the finite volume
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Gibbs measure on Dy

(1.2) 4V (dg) = — exp{—HLY ()} [] delo)
N

reDpN

where ZY is a normalization factor; note that p% U e P(RP), the
family of all probability measures on RPN, We shall sometimes regard
uN € ’P(RDN) by considering ¢(z) = ¢(z) for x € 8% Dy under M%’U.
We consider the case that U is represented as U(8,r) = Q(0)W (r), where
the function @ : D — [0, 00) is bounded and the basic assumption on W :
R — R is that the limits o = lim, 1o W(r) and 8 = lim,_,_, W(r)
exist, and the values of W are always between « and (3; see the conditions
(Q1), (W1) and (W2) in Section 2. The self potential U is called weak
since it is bounded. A typical example of W we have in mind throughout
this paper is a function of the form

(1.3) W(r)=pBly<oy +alyzo, reR

This potential describes the situation that the space is filled by two dif-
ferent media above and below the hyperplane Dy. If 8 < «, the negative
values are more favorable than the positive ones for the interface height
variables ¢ under the Gibbs measures. In other words the interface is
weakly attracted to the negative side, namely by the media below the
hyperplane D y.

Scaling limit and large deviations.

The aim of the present paper is to study the macroscopic behav-
ior of the microscopic height variables ¢ under the Gibbs measures
M%U as N — oo. The scaling connecting microscopic and macro-
scopic levels is introduced by associating the macroscopic height vari-
ables Y = {h™V(0);68 € D} with ¢ as step functions (or their polilinear

approximations (2.1)) on D, which satisfy
WN(z/N) = N"'¢(z), =€ Dn.

Note that both z- and ¢-axis are rescaled by the same factor 1/N, since
the interface is located in the d + 1 dimensional space. The boundary
conditions 1 should be simultaneously scaled to have macroscopic limits
g(0),8 € 8D, see the conditions (1), (¥2) in Section 2. We shall
prove that the law of large numbers holds for AV distributed under u%’
as N — oo and the limit h = {h(0);0 € D} is characterized as the
minimizer of the macroscopic total surface energy

(1.4) /D o(Vh(0))do — A /D Q(6)1(h(6) < 0)df
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in the class of h having boundary condition ¢ if the minimizer is unique,
see Corollary 2.1. Here 0 = o(u) € R is the so-called surface tension
of the (macroscopic) surface with tilt u € R? (see (2.3) or [18]) and we
assume A = a — 3 > 0. When A < 0, the formula (1.4) should be
slightly modified.

We shall actually establish the large deviation principle (LDP) for

™ under ;L}{’,’U, see Theorem 2.1. As its application, one can prove
the law of large numbers. The variational problem characterizing the
limit generates free boundaries inside D. Such variational problem was
thoroughly studied by Alt and Caffarelli [1] for non-negative macroscopic
boundary data g with A > 0 and by Alt, Caffarelli and Friedman [2] for
general g especially when o is quadratic: o(u) = |u|?, and by Weiss [26]
for more general o.

Bibliographical notes.

Our results are related to those obtained by Pfister and Velenik [24].
They considered the two dimensional Ising model at low temperature on
a large box with attractive wall set at the bottom line. This line segment
corresponds to our hyperplane Dy, although it has an effect of hard wall
at the same time, since the interfaces separating +-phases can not go
down beyond the bottom line in their setting. One of the motivations
of [24] was to understand the so-called wetting or pinning/depinning
transition.

The problem of the wetting transition is recently discussed for the
Vi interface model as well by several authors. We shortly summarize
the known results. The potential

(1.5) U(O,’r) = U(’I‘) = _b]‘{lrlﬁa}’ relR

with a,b > 0 is called of square well type and yields a weak pinning
effect to the interface near Dy, i.e. the level ¢(x) = 0. The limit as
a | 0 keeping s = 2a(e® — 1) constant is called §-pinning. Dunlop et
al. [16] first proved the localization of the ¢-field, namely the uniform
boundedness in N of the expected height variables E“?\?Uﬂqb(x)” under
the Gibbs measures ,u?\}U with 0-boundary conditions or the existence
of infinite volume limit of u?\}U as N — oo, if the Hamiltonian contains
arbitrarily weak pinning potentials U when d = 2 for quadratic V. This
should be compared with the case without pinning (i.e. U = 0) in which
the localization occurs only when d > 3 and also compared with the case
of strong pinning (or massive) potentials satisfying lim,|_,o, U(r) = 400
for which the localization occurs for all dimensions. The result of [16]
is extended for general convex potential V' by Deuschel and Velenik [15]



Large deviations for Vi interface model 177

later. In addition to the localization, the mass generation, namely the
exponential decay of the correlations of the ¢-field is shown by loffe
and Velenik [20] for d = 2 with é-pinning. Further precise estimates on
the asymptotic behaviors of the mass and the degree of localization by
means of the variances of the field as the pinning effect becomes smaller
were established by Bolthausen and Velenik [9]. The basic assumption
in our paper (W2) on the potential W (r) unfortunately excludes the
potential U of square well type given in (1.5).

When U(r) = +oo for r < 0, we say that the hard wall is settled
at the level ¢(z) = 0 or at Dy. The ¢-field can take only non-negative
values. To discuss the wetting transition for the V¢ interface model,
the effects of the hard wall and the pinning near 0-level are introduced
at the same time. Fisher [17] proved the existence of the wetting tran-
sition, namely the qualitative change in the localization /delocalization
of the field depending on which of these two competitive effects dom-
inate the other, when d = 1 for the SOS type discrete model. This
result is extended by Caputo and Velenik [10] for d = 2. The precise
path level behavior is discussed by Isozaki and Yoshida [21] when d = 1.
Bolthausen et al. [7] showed that, contrarily when d > 3, no transition
occurs and the field is always localized, i.e. only the phase of partial
wetting appears. Note that the field on a hard wall is delocalized for all
dimensions d if there is no pinning effect, i.e. U =0 for r > 0. The lat-
ter property is called entropic repulsion. Bolthausen and Ioffe [8] proved
the law of large numbers in the partial wetting phase in 2-dimension
(i.e. d = 2) under the Gibbs measures with 0-boundary conditions, hard
wall, 6-pinning and quadratic V' conditioned that the macroscopic total
volume of the interfaces is kept constant. They derived the so-called
Winterbottom shape in the limit and the variational problem charac-
terizing it. The 1-dimensional case with general V was discussed by De
Coninck et al. [11].

Our model only takes a special class of self potentials, in particular
satisfying the condition (W2), into account and neglects the effect of the
hard wall. Since the field can take negative values and the potential U
has no strong singularity like hard wall, the situation becomes mild in
a sense. On the other hand, this makes us possible to discuss the corre-
sponding dynamics without making much effort, which will be discussed
elsewhere; see also [23] for dynamics with general boundary conditions
when U = 0.

Organization of the paper.

In Section 2, the model is introduced in more precise way and the
main results are stated. The proof of the large deviation principle is
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reduced to the case of U = 0 in Section 3, since the potential U can be
treated as a rather simple perturbation. The large deviation principle
for general boundary conditions without the self potential U is proved in
Sections 4 and 5. The case with 0-boundary conditions without U was
discussed by Deuschel et al. [13]. Our main effort is therefore made for
the treatment of the general boundary conditions. By a simple shift the
problem can be reduced to the 0-boundary case, however with bond-
depending interaction potentials. Finally, in Section 6, we prove the
large deviation principle for é-pinning case when d = 1 and Gaussian
potential.

§2. Model and Results

Model and basic assumptions.

Recall that a bounded domain D in R with piecewise Lipschitz
boundary is given and microscopic regions Dy, Dy and 0t Dy, N € Z,
in Z? are defined from D. For a configuration ¢ = {¢(z);z € Dy} €
RPN of the random interface on D and microscopic boundary condition
Y = {Y(z);x € 9T DN} € R?"DN_ ¢ 1) represents that on Dy which
coincides with ¢ on Dy and 9 on 8+ Dy . For every A C Z¢, A* denotes
the set of all directed bonds b = (z,y) in A, which are directed from
y to . We write 2z, = x, y, = y for b = (x,y). For each b € (Z¢)*
and ¢ = {¢(z);z € Z¢}, define Vé(b) = ¢(xp) — ¢(1p). We also define
Vp(z) = d(z +ej) — d(z), 1 < j < dfor x € Z? where e; € Z? is the
j-th unit vector. V() = {V;¢(x)}1<;<a denotes vector field of height
differences of ¢.

The Hamiltonian on Dy with boundary condition 1 is defined by

1
Hy@) =5 Y, V(V@V)D), ¢eRY.
beDn "
Note that this coincides with the first term of (1.1). For the interaction
potential V, we assume the following conditions:

(V1) V € C?(R),
(V2) V(n) = V(—n) for every n € R,
(V3) there exist c_,c4 > 0 such that e < V"(n) < ¢4 for every n € R.

Next, let U : D xR — R be a self potential which has an effect attracting
the interface ¢ to the negative or positive side. We consider the case
that U is decomposed as U(0,r) = Q(6)W (r), where Q : D — [0,00),
W : R — R and assume the following conditions:
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(Q1) @ is non-negative, bounded and piecewise continuous,

(W1) W is measurable,

(W2) there exist , 8 € R such that lim, o, W(r) = a, lim,_, _o, W (r)
=fand aAB < W(r) <aVpgfor every r € R (in particular, W
is bounded).

Then, HoY(¢) = HY (6) + > -wepy U(R>¢(x)) is the Hamiltonian (1.1)
on Dy with boundary condition 1 and self potential U. The corre-
sponding finite volume Gibbs measure ,u%’U on Dy is defined by (1.2).
We shall denote ,u}/(,’o by ,u}/\),. In the Gaussian case i.e. V(n) = %772 and
U = 0, we shall denote it by uj".

For g € C*°(R?), define H}(D) = {h € H*(D);h — g|,€ H3(D)}.
The function g | sp Will be the macroscopic boundary condition. We as-
sume the following conditions for the corresponding microscopic bound-
ary condition ¢ € RO D,

($1) max |p(z)| < CN,
N

z€d+D

(¥2) XY |(z) — Ng(&)[Pe < CN? for some C > 0 and pg > 2.
(l?EB"‘DN

Remark 2.1. Since 8D 1is piecewise Lipschitz and g |D€ C>(D),
by Theorem 8.7 and Theorem 8.9 of [27], there exists a continuous linear
trace operator Ty : HY(D) — HZ%(8D) such that Tou = u 'aD for every
u € C*°(D) and it holds that H}(D) = {h € H'(D); Toh = g|,,}.

Scaling and polilinear interpolation.

Our scaled random interface {h™ (6);0 € D} is defined by polilinear
interpolation of the macroscopically scaled height variables i.e. N (9) =
Y¢(x) for = £, x € Dy and

S 9

@1 Vo) = Y [[TOdNe)
A€{0,1}4 i=1
+ (1 =) - {NHZ-}))] Rt (%—A) ,

N

for general 6 € D, where [-] and {-} denote the integral and the fractional
parts, respectively, see (1.17) of [13]. We also define the scaled profile
{hN(8);0 € D} by step function i.e. AV(0) = %¢([N9]) for § € D.
Similarly, for each scalar lattice field {u(5);z € Dy}, we will define
{ul(0);0 € D} by uN(0) = u(§) for 6 = &, z € Dy and by (2.1) for
general § € D and {a" (0);0 € D} by @™V (0) = u([—%ﬂ) for 6 € D. Also,
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given a continuous function f(6) of § € D, we will define { fV(6);0 € D}
and {f7(0);0 € D} from scalar lattice field {f(&);x € Dy} as above.
Using Jensen’s inequality and elementary estimates, we can see that for
each p > 1, there exists a constant Cy = Cy(d, p) > 0 such that

(2.2) Colla™ ey < W ey < 18N Loy,
for every scalar lattice field {u(%);z € Dn}.

LDP in the case with weak self potentials.

Now we are in the position to state the main result of this paper.
The (normalized) surface tension with tilt v € R? is defined by

N U/ ¢
(2.3) o(u) =— ]\}Erlm Nd log 2.

where ZXN is a partition function for ,U,KN (= ,uf;\?) on Ay =[1,N—1]¢n
Z% and v, (z) =u-z,z € An represents the u-tilted boundary condition

(cf. [13], [18]). For h € H'(D), define surface free energy (integrated
surface tension)

(k) = /D o(Vh(8))db.

Theorem 2.1. The family of random surfaces {hN(6);0 € D}

distributed under u%’U satisfies the large deviation principle (LDP) on

L2(D) with speed N% and the rate functional IV (h), that is, for every
closed set C and open set O of L2(D) we have that

. 1 P, U/ N . U
= : <
(2.4) h}irnjllop T loguy (R €C) < ’11221 (h),
.. 1 DU/ N . U
(2.5) l}&l&f ~i log ™ (R € O) > _iilel(fol (h).

The functional IV (h) is given by

SV(h)— inf SV if he HL(D),
IY(h) = H}(D)

400 otherwise,
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: U _; U .
where ngrng) ¥V = inf{EY(h);h € H}(D)} and

2U(h) = B(h)+a / Q0)1(h(8) > 0)do + 8 / Q(0)1(h(6) < 0)d6
D D
+ (@A pB) /D Q(8)1(h(8) = 0)de.

Remark 2.2. By the proof of Theorem 2.1 (see (3.8) below), if U
is given by U(0,7) = QW (r) for some constant @ > 0 and W (r) satisfies
the condition (W2) with (o, 8) = (0, —A) or (—A,0) for some A >0 so
that —A < W (r) <0 for every r € R, then it holds that

o,U

Zy,
0 )

Zy

1

where the right hand side represents the difference of the free energies
of the interface in the case with self potential and in the case without
self potential. In this sense, XY (h) above represents macroscopic total
surface energy of the profile h; see also Remark 3.1 below.

As a corollary of the upper bound (2.4) in Theorem 2.1, we obtain
the following law of large numbers for {h" (0);0 € D} under u}l\’,’U.

Corollary 2.1. If SV has a unique minimizer h in H}(D), then

the law of large numbers holds under ,u}l\’,’U , namely,
. U 7
Jm pi” (1KY = hllL2 ) > 6) =0,

for every 6 > 0.

Remark 2.3. (Free boundary problems) Ifo = o(u) is smooth
enough (i.e. 0 € C?>Y(R%),y > 0) and if the free boundary O{h >
0} of the minimizer h of LV is locally C?, then h satisfies the Eu-
ler equation div{Vo(Vh)} = 0 in D\ 0{h > 0} and the condition
U(Vht) — U(Vh™) = AQ on the free boundary D N 0{h > 0}, where
U(u) =u-Vo(u) —o(u) and A= (aV B) — (aAB). The Lipschitz con-
tinuity of the minimizer h and the regularity of its free boundary were
studied by [1], [2], [26] and others. In our case, for the regularity of the
surface tension, o € CH1(R?) is only known in general, see [18].

LDP for §-pinning in one dimension.

The Gibbs measure with §-pinning corresponds to the weak limit

of the square-well pinning measure ,u}{’,’w with W(r) = —blyjj<a} as
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a | 0,b — oo by keeping 2a(e® — 1) = e’ for J € R and has the following
representation:

ik (@9) = — (= (@)} ] (e/50(do(@) + o).

N zeDpN

We regard u}z\’,"] € P(RP~) by considering ¢(z) = o (z) for z € 8t Dy
as before.

We study the large deviation principle for {h"(6);6 € D} under
ulﬁ,’J when d = 1 and with Gaussian potential i.e. V(n) = %—772. Let D =
(0,1), Dy = [1, N — 1]NZ and take the boundary condition ¥(0) = aN
and ¥(N) = bN, a b e R. We shall denote /ﬂ’J Zw o /ﬁﬁ, and Z}f, as

u?\}b"], zZy 0T N > and 7% N’ , respectively. Define

Was(D) = {h € C([0,1];R); h(0) = a, h(1) = b},
H;,b(D) = {h € W, (D); h is absolutely continuous and k' € L.?(D)}.

The space W, (D) is endowed with the topology determined by the
sup-norm || - ||oo. Then, we have the following LDP.

Theorem 2.2. Assume that d = 1 and V(n) = ;'r]2 Then the

family of random surfaces {h™ (6);0 € D} distributed under u%;” 07 sqt-
isfies the large deviation principle on W, y(D) (i.e. the upper and lower
bounds for closed and open subsets of W, (D), respectively) with speed
N and the rate functional given by

$/(h) — inf %7 if he Hy (D),

I’(h) = H; (D)
400 otherwise,
where
2= [ PO+ ()0 € D:no) =0},

and

0,0,J
(2.7) T(J) = — Nll_r_)noo % log —Z—é\’?,
note that | - | stands for the Lebesgue measure.

Remark 2.4. The function 7(J) is the so-called pinning free en-
ergy. By the proof of Theorem 2.2 and Remark 6.1 below, one can see
that the limit exists and 7(J) < 0 for every J € R.
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§3. Proof of Theorem 2.1: LDP with Self Potentials

LDP without self potentials.

This section reduces the proof of Theorem 2.1 to the LDP for u%(:

,u}/\}’o), i.e. the Gibbs measure without self potential. The case where the

boundary condition ¢ = 0 was studied in [13].

Proposition 3.1. The family of random surfaces {h™ (0);6 € D}
distributed under /f]/(, satisfies the large deviation principle on L?(D) with
speed N¢ and the rate functional given by

Y(h)— inf ¥ if he HY(D),
o =[50 -, }(D)
+00 otherwise.

Treatment of boundary conditions.

One of the key observations for the proof of Proposition 3.1 is the
following trivial identity:

(3.1) VgV ¥)(b) = V(¢ =€) VO0)(b) +VI(EVP)(b),

for every £ = {€(x);z € Dy} and b € Dy . Now take £ as £(z) =
Ng(%£) for z € Dy (and for z € Dy; recall g € C°(R?)) and define

Bi@)=5 3 V(V(@V0)b)+V(EVH)b).

beDn "

Consider the finite volume Gibbs measure with Hamiltonian H }f,(qb) and
0-boundary condition:

ih(d9) = 27 (=A@} [] do@).

N z€EDN

Then the following LDP holds for ,il}{’,

Proposition 3.2. The family of random surfaces {h™ (0);0 € D}
distributed under ﬁ}/\’, satisfies the large deviation principle on L?(D) with
speed N¢ and the rate functional given by

N Y(h)— inf ¥ if h e HYD),
r =[50 = jnt 3(D)
+00 otherwise,
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where
S(h) = /D o(Vh(0) + Vg(6))db.

We shall prove this proposition in Sections 4 and 5.

Proof of Proposition 3.1. Consider the continuous map ®, : L?(D)
— L%(D) given by ®,4(h) = h + g. It is easy to see that

I(h) = inf{I(h); h € L*(D), ®,4(h) = h}.

Then by definitions of u}f,, ;TK, and (3.1), Proposition 3.1 follows from
the contraction principle (cf. [25], [14] and [12, Theorem 4.2.1]) and
Proposition 3.2. Q.E.D.

Deduction of Theorem 2.1 from Proposition 3.1.

We shall prove Theorem 2.1 assuming that Proposition 3.2 and
therefore Proposition 3.1 are shown. We only consider the case where
a > (3. The case where a < (3 can be proved completely in an analogous
manner or by turning the interfaces upside down by the map ¢ — —¢
and t +— —. The pinning potential U(6,r) = Q(6)W (r) which sat-
isfies the conditions (W1) and (W2) with a > 3 can be rewritten as

Uu,r) =Q0)a+ Q(Q)W(r) and W(r) satisfies conditions (W1) and
(W2)’ there exists A > 0 such that lim,_, 1o W(r) =0, lim,_,_, W(r)
= —A and —A < W(r) <0 for every r € R,

with A = o — . Since the contribution of the first term Q(6)a in
exp{——H}{’,’U(qﬁ)} of /L%’U cancels with the normalization factor, we only
have to consider the case that W satisfies the conditions (W1) and (W2)'.

The following lemma allows us to replace the self potential part
of the Hamiltonian by the integration of —A() on the domain where
g € L%(D) is non-positive when the macroscopically scaled profile h™V
is close enough to g. Note that g here represents a general function in
L2(D) and not the macroscopic boundary condition.

Lemma 3.1. Assume the conditions (Q1), (W1) and (W2)' on
U(9,r) = QO)W(r). Let g € L3(D) and 0 < § < 1 be fizred. If KV €
Bs(g,6) = {h € L*(D); ||h—gllL2(p) < 6} for N large enough, then there
ezists some constant C > 0 such that

> U(%,(p(x)) + NdA/ Q(0)1(g(h) < —62)df < CNYs,
z€D N D

for every N large enough.
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Proof. There exists an approximating sequence {gx }x>1 C C(D) of
g € L?(D) such that ||gx — gl|L2(py — 0 as k — oo. Recall that one can
define g (polilinear functions) and gi' (step functions) for gx € C(D).

Now, by (2.2), it holds that
IBY = glluz(py < CIRY = gllLz (o) + ank,

for every k > 1, where

ank = (C+1)|lg — grllLzpy + Cllgr — 98 lL2(py + llgx — G lL2(D)

which goes to 0 as NV — oo and k — oo. Hence,
(3.2) IBY = gllL2(p) < C8 + ank,

if AN € By(g,6). The positive constants C in the estimates may change
from line to line in the paper.
Now, for v > 0, we rewrite

> Ul 0(e) + N4 [ Q)1(9(6) < —)ab

r€DN

— N /D (W(NRN (6)) + AL(g(6) < —))Q(6)d6

HT QWWEN () - N [ wNRY 6)Q(e)de)

z€EDpN
= Sl -+ Sz.

For S;, we divide the integration on D into the sum of those on three
domains {g > —v}(= {6 € D;g(0) > —v}), {g < =7} N C}, and
{9 < —7}NCn,, where Cn o = {|BY —g| <~/2} and Cf,, = D\ Cn,.
The integration on {g > —<} is non-positive, because @ > 0, W < 0
and Al(g( ) < —v) = 0 on this domain. Next, since (3.2) implies
ICR A1 < (C’6—|— an k)%, we obtain

/{< - |W(NRY(6)) + A1(g(6) < 0)| df < =(C6+an)?,

QIN

where K = 4(||W||eo + 4). On {g < 7} N Cy ., we have AN () <
——7/2 By this fact and the assumption (W2)’ | W(NRN(6))+A1(g(0) <
- ]g 6 holds for N large enough and we see that

/; ! IW(NEN(O)) + Al(g(0) < —v) | do < §|D).
g<—v}INCn,~
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Therefore, we obtain
d K 2
S1<N ||Q|!oo(;(05 +an)® +6|DJ),

for N large enough, every kK > 1 and v > 0. For S5, we have
N6 -
5: < VWl [ 1@ - @) a0+ o,

where O(N91) is the boundary term. Finally, taking v = 6 2 and N K
large enough, we complete the proof. Q.E.D.

Under the condition (W2)', the rate functional XU (h) has the form

(3.3) SU(h) = 5(h) — A / Q(0)1(h(6) < 0)db,
D

which coincides with (1.4), and enjoys the following properties.

Lemma 3.2. (1) The functional Y (h) is lower semi-continuous
on L2(D).
(2) Let ZY(h) be the functional defined by (3.3) with 1(h(6) < 0) replaced
by 1(h(6) < 0). Then, for every open set O of L?(D), we have that
- Uipy — = U
Ah = = Jah ==

Proof. (1) Decomposing D into two domains C, = {|h — g| < v}
and C7, in a similar way to the proof of Lemma 3.1, one can prove that

[ e@nne <ow< [ QO)1(9(6) < 1)d8 + Qe
D D Y

for every v > 0 if h € By(g,6). By this inequality and the property
(strict convexity) of the surface tension (cf. [13, Lemma 3.6]):

(34) gelo—ul <o(v) ~o(w) ~ (v~ u) (Vo)) < gerlv—uf?

for every u,v € R%, it is easy to see the lower semi-continuity of XY (h)
on L2(D).

(2) Since XV (h) < LY(h) is obvious for every h € LL2(D), the conclusion
follows once we can show that

. i Y(h) > i Yh).
(33) jof 206) 2 juf =2
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To this end, for every € > 0, take h € O such that XY (h) < infpo TV +e.
We approximate such h by a sequence {h"},>1 defined by h"(0) =
h(0) — f™(0), where f™ € Cg°(D) are functions such that f*(0) = 1
on D, = {0 € D;dist (§,0D) > 2} and |[Vf™(9)] < C with C > 0.
Note that h™ satisfy the same boundary condition as h. Then, since
limp 00 L(h") = X(h) (recall h € H, (D)) and

- A/ Q(6)1(h™(6) < 0)d6 < —A/ Q(O)1(h(6) < ~)d8
D D, n
<A /D Q(B)1(h(6) < 0)d0 + AJ|Qlloo|D \ Do,

we obtain limsup,, . XY (k") < LY (h). However, O is an open set of
L2(D), so that ™ € O for n large enough and thus (3.5) is shown.
Q.E.D.

Proof of Theorem 2.1. Stepl (lower bound). Let g € I.2(D) and

6 > 0. Then, by Lemma 3.1 and the LDP lower bound for ,uf, (Propo-
sition 3.1), we have

zov N
ZN¢ “N (h EBQ(gv ))

— 00

lim inf N log

> inf +A/Q §2)df — C6
hEBZ(g6

> —{I(g) — A/D Q(0)1(g(8) < —55)d9} — Co.
Take now an arbitrary open set O of L2(D). Then,

Z}(’,U

lim inf N log uwl (hN € 0)

N—oo
> —{I(h) — A/ Q(0)1(h(6) < —6%)d0} — Cé
D
for every h € O and § > 0 such that By(h,8) C O. Letting 6 | 0, since
h € O is arbitrary, we have
z{v

z%

1
(3.6) hm inf —; log u%’U(hN €0)

N—oo N@

> — inf {I(h) - 4 /D Q(0)1(h(9) < 0)df}.
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However, by Lemma 3.2-(2), one can replace 1(h(6) < 0) with 1(h(0) <
0) in the right hand side of (3.6).
Step2 (upper bound). Let g € L2(D) and § > 0 be fixed. We define

L = N{6 € D;g(0) > 62} N Z¢,
Ly =N{6 € D;g(d) < -6} nZ°,
Iy = N{6 € D;|g(6)| < 62} nZ°.
By the assumption (W2)' on W, for every e > 0 there exists K = K, > 0

such that W(r) > —(A — €)1,<k} — € for every r € R. Therefore, we
have

ol Y U%,qs(x»}

z€Dn
Sexp{( —€) ZQ 1(¢(z) < K) +€ZQ—)}
a:EDN rz€EDN
= exp{e Z Q(— } Z H (A=£)Q(F) _ 1)1(¢>($) < K).
xEDN ACDyn zeA

Now, if ¢(z) < K for z € LF;, then %¢(z) — g(£) < —%6% for N large
enough. Thus, if #(z) < K for every z € A C L}; on {RY € By(g,6)},
since |AY — gV ||lLz(py < 613(6 + llg — g™ llL2(p)), we have for N large
enough

A6
~ Nd wEZD:N N)) 7 4Nd’

namely, |A| < 8Cy5 '6N?, where Cy > 0 is the constant appeared in (2.2).
Combining these facts

U
exp{-c Y Q()}Z-uk" (h" € Ba(g,6))
zeDN
< Z H (e(A—E)Q(%) —1) Z H (e(A—E)Q(%) -1)
ACLY, zEA A'CINULy, ®€A’
|A|<8Cy 16N?

X L /1(hN € Bz(g,6))1(¢(x) < K for every x € AUA')

z5

xexp{-H{($)} [] do(=)

z€Dpn
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< (eA-MQlle _ 1)8%7ONT | 1A LE0 | < 8C7 6N}

x
xexp{(A—¢) D Q) }uk(h" € Ba(g,6)).
ceInULy
By using Stirling’s formula, we see that
( Nd)SC'()"léNd
(8C; 16 N4)!
C C
< <NU=)N (1 +0(1))
6 6
as N — oo, for some constant C > 0 independent of N and 6. Hence, by
the LDP upper bound for the measure ,u,}/{, (Proposition 3.1), we obtain

|[{A C LE;|A] < 8Cy T6N9}| <

ZW

1
lim sup — A log N wU(hN € Ba(g,6))
N—oo

—E/Q §%)df

— inf I(h)+C(8) +e / Q(6)do

h€B2 (916)

where C(§) is a constant independent of N and goes to 0 as 6 — 0. Then,
by using the lower semi-continuity of I(h) and the right-continuity of
Jp Q(8)1(g(8) < §2)d0 in §, we see that for every g € L2(D) and € > 0,
there exists 6 > 0 small enough such that

L ied
og
d Z]'l/\}]

<—{16)~ 4 [ Q0)1(6(0) < 0)ab} +-=

limsup —

m sup uy” (K € Ba(g,06))

Therefore, the standard argument in the theory of LDP yields

1 zZvv

(3.7) h]I\?_ilopmlog Z}{J, }/f,U(hNGC)
-t {1 - 4 [ Q(O)1(h(0) < 0)as),

for every compact set C of L?(D). Since U is bounded, exponential
tightness for pr,’U can be proved in a similar way to those for /fﬁ, which
will be proved in Section 4 (see Remark 4.1 below). Thus, (3.7) holds
for every closed set C of L2(D).
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Finally, taking O = C = L?(D) in (3.6) (recall the remark subse-
quent to the estimate) and (3.7), we see that

1. zpY v,
(3.8) 1\;1_1}1’100 ~d log Z“’ = — HlﬁfD) z Hlll%fD) %,
and this concludes the proof. Q.E.D.

Remark 3.1. As we mentioned in Remark 2.2, if U is given by
U(f,r) = QW(r) for some constant Q > 0 and W(r) (or W(—r)) satis-
fying the condition (W2)', then (8.8) with Dy = Ay yields the difference
of the free energies of the interface in the case with and without self po-
tentials, see (2.6). This can also be proved in the following way under
the condition (W2)': for every e € (0, A) there exists K = K. > 0 such
that W(r) < —(A — e)lr<_ky for every r € R. Therefore, we have

Bt oo ¥ wisen)
ZAN ' TEAN
> By [exp{(A - 2)Q Y 1(¢(a) < —K)}]
TEAN e
— EFay [ Z (e4=9)Q _ DIM1(¢(2) < —K for every z € )]

FCAN,s
> (A=A 8 (§(z) < —K for every x € Ay ),

where Ay = {z € Ay;dist(z,AS) > eN}. However, [6, Proposition
2.1] shows that the probability in the last line is bounded below by

exp{—C’Nd_2 log N(1+o(1))},

as N — oo for some constant C > 0 independent of N. This implies

OU

lim inf — log —5*

N—oo N ZO >AQ

The opposite inequality is obvious, since W(r) > —A.

§4. Proof of Proposition 3.2: LDP without Self Potentials

Convergence of average profiles.

In this section, the proof of Proposition 3.2 will be given assuming
the convergence of average profiles (Lemma 4.1). We shall follow the
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strategy of [13]. The only difference is that the Dirichlet boundary data
g|,p is given from g € C*(R%) in our case, while [13] treated the case
of g=0. For f € C§°(D), set

H}f,’f(qﬁ):H}f’,(qﬁ)——]l\—r > f(-]:f—,)d)(:v),

Bl (0) = AR ~ = 3 F(5)8(),

k)

and consider the following two Gibbs probability measures:

i ¢ (de) = exp{—HY (¢)} [] do(z)
N»f r€DN
iy s(dg) = Z¢ exp{—HY ;(#)} [] do(=
.f zE€Dy

having the different boundary conditions ¢(z) = ¥(z) and ¢(z) = 0 for
x € 01 Dy, respectively; recall that ¢ and g satisfy the conditions (1),
(2). We write the averages of the profile AN defined by (2 1) under

ul  and 5% as hY ;(6) = E*%s[hN ()] and BY -(6) = EFvs RN (9)],

respectively. For f € L2(D), hs denotes the unique weak solution h =
h(0) in H}(D) of the following elliptic partial differential equation:

div{(Va)(Vh(8) + Vg(0))} = —f(6), 6¢€ D.

The crucial step in the proof of Proposition 3.2 is the following lemma.

Lemma 4.1.
E%,f — hy in Hy(D) as N — oo,
We shall prove this lemma in Section 5. Next, define

) va11<)7f - 1 T
ENg = g = B [eXP{N >, f(ﬁ)ﬁﬁ(ﬂf)}]-

P
ZN z€DN

Then, in a similar way to the proof of Theorem 1.1 of [13] , by calculating
the functional derivative of i(h) and using the differentiation-integration
trick (i.e. computing £ log Z .5 and integrating it in t € [0,1]), Lemma
4.1 yields the followmg lemma. The proof is omitted.
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Lemma 4.2. The limit A(f) = A}im ﬁlogE}/f,,f exists and it
holds that

M) = [ mst)sraras,
= sup {(h, f) — (h)}+ inf ¥,

heH} (D) Hg§(D)
= (h f E
(hyo f) = S(hy) + Hgm
where (h, f) = [, h(0) f(0)d6.

Exponential tightness.

For the proof of the LDP upper bound in Proposition 3.2, we prepare
the following lemma.

Lemma 4.3. There exists € > 0 such that

Is\;[u>pl N—logE“Nf [exp{a Z (IhN( )12+ IVNhN(N)I )}] < 00,

:EGDN
where for a scalar lattice field {u(F);z € Dy}, VNu(—J”\%) =
{V¥u(%)}<j<a denotes a discrete gradient of u defined by Viu(E) =

N{(Hﬁ)*u()}1<J<d

Proof. Since D is bounded, by discrete Poincaré’s inequality and
the definition of A", we only have to prove that there exists € > 0 such
that

1 % 2
(4.1) Jsvu>p1 N - log E¥'N.s [exp{sbgD;* |[Vo(b)]| }] < 0.

However, this is shown by a simple direct computation. Indeed, by the
strict convexity of V, it is easy to see that
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where HY*(¢) = T Y (Viev 0)(6))2. Therefore, the expectation in
beDN™
(4.1) is bounded above by

e {(5+5) O IVEVOBF)

beDyn"™
.hw«%—%ﬁf<>+Ng:ﬂN<m}g(w@
T exp{—2c, HY (9) + & > fGe) T1 o)

A simple Gaussian calculation yields

/exp{—aHg,* +— Z f( —)¢ } H do(z

:L‘EDN z€Dn
2. 10N 1
= (3) 7 VA Apy)exp{gm Vit

for every @ > 0, where Ap, is a discrete Laplacian on Dy with 0-
boundary condition,

Vi = (F(5)s (C80) " (5)) py = Veryg (3 55

€D N
and ( -, - )py denotes [?(Dy)-scalar product. Therefore, for every
O<e< %c_, we obtain
log EFN.5 [exp{a Y |v¢(b)|2}]
bem*
< C|Dn|+ CN2 Vns+C > IVEVY)D)P,

beDpn "

for some C = C. > 0 independent of N. However, Vy ; = O(N%+?)
(cf. [13, Lemma 2.8]) and

S IVEV BB
beDpn"

<2 ) [VEOP+2 Y léx) —v(=@) = oY),

bGDN* $€3+DN

as N — oo by recalling the assumption on 9 and that {(z) = Ng(5;) for
x € Dy with g IDE C*°(D). This concludes the proof of (4.1). Q.E.D.
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Proof of Proposition 3.2.

Proof of Proposition 3.2; upper bound. For every f € C§°(D) and
measurable set £ of IL2(D), Chebyshev’s inequality shows

(42) (Y € &) < exp{~N inf (b, )} E*¥ [exp{NURY, 1)}].
Noting that

N <% 3 8@ + 15l e 3 19(@))

a:GDN z€DN

and using Holder’s inequality, the expectation in the right hand side of
(4.2) is bounded above by

1

B ep{ L Y A2} B o 351971 X 10@)}]’

LI:EDN JJEDN
— 7N N

for p,q > 1 satisfying % + % = 1. However, Lemmas 4.2 and 4.3 imply

: 1 1
lim WIOgI{VZEA(Pf),
and

1
lim sup N log IV <0,

N—o0

respectively. Hence, we have

: 1 _ , 1
h]frnj;lop ~a o8 in(hN e €) < - inf (h, f) + Z;A(pf)-
Now, by (3.4), we can prove the continuity of h¢ in H}(D) with respect
to f € L?(D) (cf. [13, Section 3.5]). Therefore, by taking the limit p | 1
and infimum with respect to f € C5°(D), we obtain

hmsup——logu RN &)< - su inf {(h, f) — A(f)}.
N—oo Nd N( ) f€C°°p(D)h€£{ ( )}

Then by using Lemma 4.2, mini-max theorem (cf. [22, Appendix 2
Lemma 3.2]) and duality lemma (cf. [12, Lemma 4.5.8]), the standard
argument yields the LDP upper bound for every compact set of L2(D).
This can be generalized for every closed set, since the exponential tight-
ness of /1}1\’, s follows from Lemma 4.3. Q.E.D.
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Remark 4.1. Since the potential U is bounded, by recalling (3.1)
and the assumption on Y, we see that the estimate in Lemma 4.3 holds
for /fﬁ,’U wn place of ﬁ% f for some g9 > 0, which might be smaller than
that in Lemma 4.3. In particular, the erponential tightness holds for

U
N

Proof of Proposition 3.2; lower bound. By Lemmas 4.1 and 4.2, it

is easy to see that

. 1 . "
A}Enoo WH(N%,f|/‘LN) = I(hy),

dip%
dip%
with respect to /1}[\’,; see (5.4) in [13]. On the other hand, by Lemma
4.1, Brascamp-Lieb inequality (cf. [13, Lemma 2.8]) and the definition

of B%’f, one can prove that A}im Eﬂlf/‘)”f[lth — hf“iz(p)] =0 (cf. (1.39)

S
where H (/l}z\’, flﬂ}/(,) = FEHN.s [ log } is the relative entropy of [L}/\’,’ f

in [13]), and this implies A}Enoo [ﬁﬁ/’ f(hN € O) = 1 for every open set

O C L3(D) satisfying hy € O. Combining these two facts with the
entropy inequality (cf. [14, Lemma 5.4.21]), we obtain

e 1 LN :

—_— > — .

l}ﬁloréf N log iy (A" € O) > fe(i’?“*‘f(D) I(hy)
s.t. thO

However, we can prove by (3.4) that if hy, — h in Hj(D) as n — oo

for {fn} C C$°(D) then I(hy,) — I(h) as n — oo. This fact and
the continuity of hy in Hg(D) with respect to f € L2?(D) yield that
inf I(hy) = }in(fo I(h) for every open set O C L2?(D), which com-

€

feCg®(D)
s.t. hf cO

pletes the proof of the LDP lower bound. Q.E.D.

§5. Proof of Lemma 4.1: Convergence of Average Profiles

Reduction to two lemmas (Lemmas 5.2 and 5.3).

In this section we shall prove Lemma 4.1. The following lemma
follows from (3.4) (cf. [13, Lemma 3.7}).

Lemma 5.1. Let {hn},>1 be a sequence of H}(D) and define
Ly (h)

~

= B(h) — (b, f). If lim Bs(h,) = ilr%f )if, then h, — hy in HX(D)
n—00 HY(D
as n — oQ. °
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Also by (3.4), we have
Ef(q) - if(i:l’}/\}lf)

> | (Va(8) = Vhy ;(6)) - (Vo) (VY +(6) + Vg(6))do
D

- / (a(8) — B (8)) £(6)do,
D

)

for every ¢ € C§°(D). Once we can prove that the right hand side

goes to 0 as N — oo for every ¢ € C§°(D), we have A}Enoo flf(iz}f,f) =

Hiérzg : Y. This combined with Lemma 5.1 completes the proof of Lemma

4.1. Hence, all we have to prove are the following two lemmas.
Lemma 5.2. For every g € C3°(D),

Jim_ [ 94(6) - (Vo) (V% ,(6) + Va(6)d6 = [ a(6)f(6)as.

Lemma 5.3.

lim { /D Vhd, (0) - (Vo) (ThY, (6) + Vg(6))d8

N—o0

—/Dhﬁf(a)f(e)de} ~0.

)

For the proof of Lemmas 5.2 and 5.3, we prepare several lemmas.

A priori bounds.
Lemma 5.4. There exists some p € (2,po) such that
sup I|v;b1]!\)[,f”Lp(D) <oo and sup ||Vi_7,}/<,,f|le(D) < 00,
N>1 N>1

where pg > 2 is the constant appearing in the condition (¢2).

Proof. We first prove the uniform LL? estimate for Vﬁ}’f] £ It is easy
to see that

(5.1)
V! (Vid(x) + V;(EV 9)(x))
— V/(V;¢(x) — E*N1 [V;6(x)] + V(€ V 9)(2))
= E"%5 [V, ()]

< [ VI(T50() (1 = DR T50()) + V56 v ) @),
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for every 1 < j < d and ¢z € Dy. For ¢ € Dy, define Ay(z) =
{An,i,;(7) }1<ij<a and an(z) = {an,j(z) }1<j<a by

Anyala) = B | [ V7(9,0(0) = (1= B[V, (0)
+V5(6V ) (@))dt],

Anij(z) =0 if i#j,

an (@) = BPor [V!(V36(2) — EP50[V,0(@)] + V(6 V 9)(@))]

respectively. Then, taking div N{Eﬁ%,f[ -1} of the both sides of (5.1),
we have

divy {An (z)VVRY, e~ Z )
= —divy {an (z)} + divy {E*Ns [V (Vo(z) + V(E V) (2))]},
where divya is defined by divya(z) = N Z;i=1(aj (x) —aj(x—e;)) for a

b
vector lattice field a(z) = {a;(z)}1<j<d, T € Z%. By calculating %—Z’%

and taking its expectation under ,u}pv, 7 as in the proof of (1.55) of [13],
we obtain

(5.2) divy {E*¥.¢ [V (V(2))]} = — (=
for every z € Dy. By (3.1), the change of variable yields

divy {E*vs [V (Vé(z) + V(EV 9)(2))]} = —

Therefore, {iz}/)\,, (%)} satisfies the following discrete elliptic equation:

T

N7 . x

dlvN{AN )V hy f(N)} = —dIVN{aN(l’)} - f("N")
for every x € Dy. However, by the assumption on V, Ay(z) satisfies
the uniform ellipticity condition c_I < An(z) < c4.1 for every x € Dy .

Hence, by the proof of Lemma 3.4 of [13], we know that there exist some
p > 2 and C < oo such that

1955 fllurpy < Cllanllus) + 1flr).

uniformly in N. Note that ﬁ% s is endowed with 0-boundary condition.
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Now, since V' is linearly growing, using the change of variable again,
we have that

lan; ()| < C(E*%.5 [|V,¢(z) — E**1[V;(2)]] + IV;(E V $)()]),

for some C' > 0. Then, . . |an(z)[P* = O(N?%) as N — oo follows
from the Brascamp-Lieb inequality and the assumptions on v as in the
proof of Lemma 4.3. This proves the uniform IL? estimate for Vhf, -

The uniform LP estimate for Vﬁ}{’,’ s follows from that for Vizqﬁ, £
the change of variable and the assumptions on . Q.E.D.

Lemma 5.5. For every e € Z¢ with |e| = 1, we have

. 1 = r+e ~ T
(53)  Jim — lth%,f(T)_th%,f("ﬁ)fz 0,
z€Dpn
) 1 = r+e 7 Ty |2
xeDp

Proof. We first prove (5.4) by following the argument for the proof
of Lemma 3.1 of [13]. Define Iy = {x € Dy;dist(z,Z¢\ Dy) > 2}, then
the sum }° p . in (5.4) can be divided into 3, ;. and >0  p \sy-
The boundary term _, 5\, is o(N?) as N — oo by Lemma 5.4 and
Holder’s inequality. For the interior term } 1> the entropy argument
(cf. [13, Proposition 2.10 and Lemma 3.2]) yields the desired result. Note
that the variance of the field ¢(z) does not depend on the boundary
condition ¥ under the Gaussian measure /ff\’,’*.

Next, we shall prove (5.3). The boundary term }_,cp \r, is o(V d)
as before. For the interior term, by (3.1), the change of variable yields

(5.5) VIR () = VIR () + Vi€ V) (@),

for every 1 < j < d and € Dy. The contribution from the first term
is o(N?) by (5.4), while that coming from the second term: > el
| VE(x +e) — VE(z) |2 is also o(N%). This is because £(z) = Ng(%) and
we have V;&(z +e) — V;é(z) = VIV g(£) for every 1 < j < d and
z € Dy. Q.E.D.



Large deviations for Vo interface model 199

Local equilibria.

Next, let
X = {ne R(Zd)*;n = V¢ for some ¢ € de},
X = {nex; > |n®)Pe ™l <o}, r>0,

be(z4)*

and define Qy € M, (D x X) and Vy € M, (R? x X) by

1 _
Qn(dbdn) = w5 > 85 (d0)ulyy o 75 (dn),

k
z€DN

1 \A—
VN(d’UdT]) = W E 6vNﬁ%,f(%)(dv)“11/<l’,f © Ty 1(d77)a
z€Dyn

where M () stands for the class of all non-negative measures on &,
,u}f,’j (dn) is the distribution of n = V¢ on X" under ,u}{’,’ sand 7t X — X
denotes the shift on Z¢ defined by (7.1)(b) = n(b — z) for b € (Z4)*.
We regard u}’f,, ;€ ’P(de) by considering ¢(x) = ¥(z)(= g(5)) for
x € Z4\ Dy. We denote by uY (dn), v = (vi)1<i<a € R? the unique V¢-
Gibbs measure on X which is translation invariant, ergodic and satisfies
E* [n(b)?] < oo for every b € (Z%)* and E* [n(e;)] = v; for every
1 <1 < d (cf. [18, Section 3}).

In a similar way to the proof of Lemma 4.3 of [13], we can prove the
following lemma. Note again that the variance does not depend on the

boundary condition 1 under the Gaussian measure p,}l\’,’*. The proof is
omitted.

Lemma 5.6. For each r > 0 both the families of measures {Qn}
on Dx X, and {Vn} on REx X, are tight. Moreover, for every limit point
Q of {QnN?}, there exists vg € M (D x R%) such that Q is represented
as

Qo) = [ vo(dsav)u (dn).

Similarly, for each limit point V of {Vn}, there exists vy € M, (RExR?)
such that V is represented as

V(dvdn) = /Rd vy (dvdu)py (dn).
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Now by Lemma 5.4, along some subsequence, {Vﬁq’f\’, f(ﬁ)} N gener-
ates the family of Young measures 7(6, dv) € P(R?) i.e. it holds that

(5.6)  lim_ Dq(G)G(Vﬁ%,f(G))dez /D . q()G(v)i(6, dv)de.

for every q € L°(D) and G € Cp(R?) (cf. [13, Section 4.3], [3]). Then,
the following lemma holds.

Lemma 5.7. If the subsequence {N} is commonly taken, the lim-
its vg and vy which appear in Lemma 5.6 can be represented as

(5.7) vo(dbdv) = (8, dv — Vg(8))d6,

and

(5.8) vy (dvdu) = 6, (du) / 50, dv — Vg(8))db.
D

Proof. By following the argument in the proof of Lemma 4.4 of
[13], we shall only prove (5.7). The second equality (5.8) can be proved
in a similar manner. For (5.7), it is enough to show that

(5.9) / 2(0)G (v)vio (d0dv) = / 2(0)G (v + Vg(8))(8, dv)do
DxR4 D xR4

for every ¢ € C§°(D) and G € C}(R?). In fact, since the ergodicity of
py implies

G(v) = lim E* [G(Avin)],

l—o0

where Av;n = @j_T)d > een, N(T) € Re, B, = [-1, ]* N Z%, we have by
Lemma 5.6,

| a@Gwo(sd)
DxRd

1 v 1
= lim lim — 3~ q(%)Eﬂ‘z’éJ% [G(Avin)].

l—o0o N—oo
rzeDpN

-1

If one can replace EHN.T TS [G(Avn)] with G(VNB}/QJ(%) +VNg(£)),
then the right hand side is equal to
Jm g ; Q(N)G(V hN,f(_ﬁ) +V 9(7\7))
z€DN

- / a(O)G(v + Vg(0))5(6, dv)do,
J N xR4
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which implies (5.9). The last equality follows from Proposition 4.2 of
[13], Lemma 5.5 and the fact that the equation (5.6) holds for G =
G(v + Vg(0)) instead of G = G(v) by p.213 remark 3 of [3].

For the replacement above, we have

=S o(Z) BT [G(Av))

Nd N
z€DN
1 x ~ x x
~ ; a(5)C (V¥R (5) + VVe(F)) |
z€DN
< S1 4+ S22+ S5,

1 Y or L ot
S| g 3 al) BT (GlAvin)] - GBS [Avin))} |,

N
xeDpN
1 V- _
So=| 5z 3 a(GH{GERT"" (Avin)) = G(VVRY £ (50))} |
z€DyN
1 z - x
s =| wa GED: a(GHG(VVRR 4())
zeDN

GG (5) + T2}

In a similar way to the proof of Lemma 4.4 of [13], we can prove that
S1,82 = 0as N — oo, Il — 0o. Also by (5.5),

Ss=1| 32 O aC{G(VVS 4 () + V(EV ()

z€D N

— (VNS (5) + VE@)} |

<qi 2 el VEIIV(EV$)(@) - VE@,

€0~ DN
where 8Dy = {x € Dy;dist(z,Z% \ Dy) = 1}. This goes to 0 as
N — oo by the assumptions on . Q.E.D.

Proof of Lemmas 5.2 and 5.3.

We are now in the position to prove Lemmas 5.2 and 5.3.
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Proof of Lemma 5.2. For every q € C3°(D), by (5.2) and summa-
tion by parts, we have

[ @0 = Jim 5z > ol

x€EDN

_ N

- Jim 5 ZD? V() - BN [V (Vo()).
T N

Now by the definition of @y, Lemmas 5.6, 5.7 and the property of the
surface tension %‘:(v) = EW [V!(Vi4(0))] for every 1 < i < d (cf. [18,
Theorem 3.4 (iii)]), we obtain

fD 4(6)1(6)d6 = / Vq(8) - X [V/(V(0)) v (dodv)

DxX

_ / Vq(6) - (Vo) (v + Vg(8))5(6, dv)do
D xRd

= lim / Vq(9) - (Vo) (VRS ;(6) + Vg(8))dd,

N-—o0

Note that we can apply (5.6) for G = G(v,0) = (Vo)(v+ Vg(0)) instead
of G = G(v) by p.213 remark 3 of [3] and the property of the surface
tension |(Vo)(u)| < ¢(1+ |u]) (cf. [18, Theorem 3.4 (v)]).

Q.E.D.

Proof of Lemma 5.3. By (5.2), summation by parts and (5.5), we
have

Jim | Ry ¢ (6)f(6)d8

= Jim o 3 VARG (2) - B V(V ()]
= Jim — 37 UNRY () - BV (V)

- Jm XD: V(EV ) (@) - E¥¥s [V/(V ()

ESl —SQ.

Now, by the assumptions on V and %, it is easy to see that

Sy = lim Nd S INg(%) - B V(V(a))],

N—oco
rxeDpn
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since {(z) = Ng(4). Hence, by the proof of Lemma 5.2, we obtain

So = lim /Vg (Vo) Vh’f(,f(O)-f—Vg(O))dG.

N—oo

Also, by Lemmas 5.6, 5.7 and the property of the surface tension o, in
a similar way to the proof of Lemma 5.2 we can prove that

= lim /(Vh () + Vg(0)) - (Vo) (VRY (6) + Vg(6))do

N—oo

Therefore, the proof is completed. Q.E.D.

§6. Proof of Theorem 2.2: LDP for 6-Pinning

Schilder’s theorem.

Throughout this section, we assume that d = 1 and V(n) = %nz. We
first notice that the large deviation principle holds for {h™ (8);0 € D}
under p,?\}b on W, (D). Recall that the space W, (D) is endowed with
the topology determined by the sup-norm.

Lemma 6.1. For the family of distributions on the space W, p(D)
under ,u}l\}b of {hN (0);0 € D}, the large deviation principle holds with a
rate functional I*°(h) := £(h) — 5 (b—a)?® where L(h) = % fol (h')2(6)d6.

Proof. Let w = {w(z);z € [0, N]} be the one-dimensional standard
Brownian motion starting at 0 and set A" (8) := w(N8)/N,0 < [0,1].
Then, by Schilder’s theorem (see, e.g., Theorem 5.1 of [25]), the large
deviation principle holds for {h"} 5 on W, = {h € C([0, 1]; R); h(0) = 0}
with the rate function X (k). Define ¢ = {¢(z);z € [0, N]} from w as
¢(z) = w(x) —zw(N)/N + (N — x)a+zb. Then, {¢(x);z € Dy} is ,u‘}\;b—
distributed. Set AN(9) = ¢(N6)/N,0 € [0,1], and consider a mapping
®:he Wy heW,u(D) defined by

®(R)(0) = h(8) — OR(1) + (1 — O)a -+ 6b.

Then, ® is continuous and A¥ = ®(hY) holds. Therefore, by the con-
traction pr1nc1ple the large deviation principle holds for {hN } v with the

rate functional %(h) = inf  X(h), which coincides with 1%°(h).
heWo:®(h)=h
The proof of lemma is completed by showing a super exponential esti-

mate for the difference between h"Y and hY as in p.17 of [25]: For every
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o> 0,

_ 22
P (HhN — hNHoo > (5) = exp [—N; + oA(NQ)} ,

as N — oo. Q.E.D.
Proof of Theorem 2.2.

Proof of Theorem 2.2. Stepl (lower bound). Let 6 > 0 and g €
Wa p(D) which satisfies the condition:

[{6 € D; g(6) = 0}| > 0 and there exist disjoint intervals
: K
(6.1) {I'}1<j<x, K < oo such that [{6 € D;g(6) =0} =) g
J:

K
and g(6) =0if 0 €| J. e
J:

be fixed. Then, one can decompose D \ Ule I = U]K:—}il L’ with dis-
joint intervals {L7}1<j<kx+1. We define I}, = NI/ NZ,[% = NI/ n
Z, Iy = U]Iil I, and Ly = UJK:il L’;. By expanding the product
[l.cn, (e760(dg(z)) + do(z)), we have

a,b,J
'Z a,b,J
Zab :U'N

(A" € Boo(g,9))

_ JIAC]Zab N
= > 2° (R € Bso(g,6))

ACDnN
e Z“
Z Z JlA l a,b (h‘N € B ( 6))
LNCACDyN ZN
= ¥ Al ngf 3y a(RN € Boo(g,6)),
AClIy N

where Bo.(9,68) = {h € Wop(D);||h — glloo < 6} and ui’b is defined by

V(dg) = abexp{—— > V(Yo Vi) b))}
A

beA+

Xqub(a:) H 51[,($)(d¢(33)),

z€A :L‘EDN\A
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and ¢(z) = ¢(z) if z € 8T Dy = {0, N} (i e. (0) = aN,$(N) = bN),
P(x) = 0if z € Dy \ A. The constant Z% ® is for normalization.

Now, write Iy \ A = {x1,z2, - xk}, 1<z <29 < -+ < T
N—landdeﬁnel1:[l,xl—l]ﬂZ,lgz[:cl—l-l xo—1NZ, -, I
[h-1+ 1,2 —1NZ, lpy1 = [zx +1, N = 1]NZ. Then, [Ji1] |; = LNUA
and by the Markov property of the ¢-field, we have

A

T 1
ML UA(h'N € Bo(g,0)) > :“LNUA( max 1— (z )—Q(N)l < 55)
€ U l;

Rt l 1 T 1
= Hu maXIN (2) — g(FH)I < 56),

for N large enough, where a; = a if j = 1, a; = 0 otherwise, b; = b
if j =k+1, b; =0 otherwise. WedefineI' = {1 < j <k+1;l; D
L forsome 1 <i< K+1}and I ={1<j<k+1}\T. Ifj e e,
since g(%) = 0 for each z € I, we have

" (I;l&fl%qﬁ(w) —g9(3)l < %5) = (gleagclj—i,-sﬁ(x)l < %5)
> 1- 3" W (I6()] > 36N).
z€l;
However, it is easy to see that
(2 6N

W20 (19(@)] > 58N) < exp{ - ) < exp(-C8N),

Var o,0
u?J

for some C > 0 and we obtain

H ,ua” max|— (z) — ( )[ < %6) >1— Nexp{—Cé6°N}.
jere

Next, for every closed interval F' = [z, yr] C [0, 1], define
Boo(g,6; F) = {h € C(F;R);sup |h(0) — g(0)] < 6},
ocF

Wap(F) = {h € C(F;R); h(zF) = a, h(yr) = b},
H;,b(F) = {h € W, 4(F);h is absolutely continuous, h’ € L*(F)}.
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We also define [; C [0,1] for j € T'. Then, by the LDP lower bound
for p% ® (Lemma, 6.1), we know that

[T (max [ 6(2) = ()] < 59)

jer
Zexp{—N(Z inf lgj’bj(h)—i—a)}

jer h€Boo(9:36il;)

a? b?
> exp{ - (S(g) - %(—@ F) +oh,

for every € > 0 and N large enough, where

_ (b—a)® . 1
ﬁﬁw):{zpm) b if he H ,(F),

+00 otherwise,

and p(h) = 3 [(h/)?(0)df for closed interval F' C [0, 1]. Recall that
¥i0,1)(h) coincides with ¥:(h). Therefore, we obtain

LNUA(hN € Bo(g,9))

1 a? b?
> exp{ ~N((g) — = (2= + —
B exp{ (E(g) 2(|11| " Ilkt1]

) e }1 - NN,

Note that this estimate holds for every choice of A C In and for every
N large enough, since [I'| < K + 1 is independent of N. Also, simple
calculation yields that

b b
A% —(—= ,
LyUA = LNUA p{ (|l1| |lk+1|)}

Zub = R,Oexp{—— —a)’}.

Hence we obtain

a,b,J

(6.2) psP7 (BN € Boo(g,6))

_N_
a,b
ZN

70,0 :
> Z eJlIN\AI%ieXp{_N(Ia,b(g)+28)},
ACIn N

for every € > 0 and N large enough.
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_ (WemN-t

Now, we can exactly calculate that Z3° = N " and this shows
70,0
(6.3 1< Joi' 0 S
Zp Zy
N

for every A C Iy, where ay = o(NN). Note that Ly consists of finite
number of disjoint intervals of size O(N). By using (6.3), it is easy to
see that

OOJ ZOO ZOOJ
_ JIIn\A|l “LnyUA I
(6.4) g 3D elimaITlagd < S o,
IN ACIN N In

The sub-additivity argument (cf. [8, Section 4.3], [18, Appendix II]) and

the fact that % — |{6 € D;g(0) = 0}| as N — oo yield that the limit
7(J) in (2.7) exists and it holds that

0,0,J
1

2
(6.5) I&Enoo N log Zg;\? = —7(J)|{0 € D; g(0) = 0}|.

Combining (6.4), (6.5) with (6.2), we obtain

(6.6 lim inf — I Zfavw psb7 (BN € Boo(g,6))
6) im inf — log P oo (9,
> —I**(g) — 7(J)|{0 € D; g(8) = 0}|
= _Ia,b;J(g)’

for every g € W, (D) satisfying the condition (6.1) and é > 0. In the
case that [{6# € D; g(f) = 0}| = 0, we have only to take the sum A = Iy
in (6.2) and the same inequality as above is obtained.

However, for every open set O of W, (D), we have that

: a,b;J — a,b;J

(6.7) sedif 1y 177 (0) = Jnf, I (R),

where (6.1)" means the condition (6.1) or |{6 € D;g(f) = 0}| =
Indeed, since the left hand side of (6.7) is larger than or equal to the
right hand side, we may prove the reverse inequality only. To this end,
for every € > 0, take h € O such that I*%7(h) < infp I*%7 + ¢; note
that h € H! (D). Since O is open, one can find § > 0 such that
Boo(h,6) C (9 Taking n > 1 such that |6; — 62| < 1/n implies |h(6;) —
h(02)| < 8, divide the interval [0,1] = U}_, Tk, Tk = [(k—1)/n, k/n] and
set J = UrJg, the union of J;’s on which h(f) # 0. We now define
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a function g = g(0), first on J, by g(0) = h(f). On J°¢, starting at
points in 87, g(8) = h(6) up to #’s such that h(f) = 0, and set g =0
otherwise. Then, g € Buo(h,8) C O, I*%7(g) < I*%7(h) and g satisfies
the condition (6.1)’. This proves (6.7). Therefore, from (6.6) and (6.7),
we have

o] Z3"7 g N . b;J
i Uy > a,o;
(6.8) liminf — log —_—Xf’b pn (Y € 0) érelf I1%%(h),

for every open set O of W, (D).
Step2 (upper bound). Let § > 0 and g € W, (D) which satisfies the
condition:

for every v > 0 small enough, there exist disjoint

(6.9) intervals {I’(y)}1<;j<x, K < oo such that
6 D;|g(8)] < “p
{0eDilg@) < =J._ (),

be fixed. Then, one can write {0 € D;l|g(60)| > v} = UK+11 Li(v) for
disjoint intervals {L’ (7)}1<3<K+1 We define I, = NI/ (§) N Z, LY, =
NLI(§) N Z, Iy = Uj—, I}y and Ly = USH LY. Since pu3* (RN €
Bo(g,6)) =0 for A C Dy such that A 2 LN, we have

Za,b,J b N
P un " (WY € Beo(g,6))
ZN

c ZCLb b
= ) IZ‘”’ V(N € Bo(g,6))
LNCACDN

a,b

Zy a
-y i o e g g8
ACIN ZN

Now, let IN\ A = {z1,22, -, 21}, 1 <1 <22 < - <z < N-1
and define l1,ls, - ,lg,lx+1 and I' in the same way as in the proof of
lower bound. Then, by the Markov property of the ¢-field and the LDP

upper bound for ,u?\}b (Lemma 6.1), we have

K oA(hY € Buc(9,6)) < i a( max | 6(2) — (50| <)

N
:cEUl

J=1

< [T wi™ (max | 6(@) ~ 9( )1 < 5)

el
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{ —N( Z inf Zj’bj(h)—s)}

T h€Boo(9,26:l;)

. 1 a? b?
Sexp{—N( _inf X(h) — —(—+ )—6)},
he€B(g,26) 2 \ | |lk+1|
h(0)=a,h(1)=b

for every € > 0 and N large enough. Then, in a similar way to the proof
of lower bound, we can prove that

a,b,J

1 Z
(6.10) lim sup — log —2— 'y b J(hN € Buo(g,9))
< - inf Ia’b(g) — 7(J){0 € D;|g(0)| < 6},
h€ Boo (9,26)

for every g € Wy (D) satistying the condition (6.9) and 6 > 0. Note
that Iy is defined by N{6 € D;|g(0)| < 6} NZ in this case.

By using (6.10), the right-continuity of [{§ € D;|g(8)| < é}| in §
and the fact that the set of g € W, (D) satisfying the condition (6.9) is
dense in W, (D), the similar argument to the proof of the upper bound
of Theorem 2.1 yields that for every g € W, (D) and € > 0, there exists
some § > 0 such that

1 Za,b,J )
lim sup — log =& - u‘;vb J(hN € B(9,0)) < “Ia’b’J(g) te.
N—oo N ZXT
b,J

Since py” can be written as the superposition of ,uf\’b, A C Dy, expo-

av’

nential tightness for py; 7 follows from the similar argument as before
and the standard argument yields

(6.11) h]{rn_?llop N log ZN a ,b, J(hN c C) fILIéE Ia,b,J(h),

for every closed set C of W, (D). The lower and upper bounds (6.8)
and (6.11) conclude the proof. Q.E.D.

Remark 6.1. By the proof above and [8, Lemma 2.3.1 (a)] (note
that the argument given there can be extended to all d > 1), we know
that

Z0,0,J Z0,0
_NO_O_ — E : eJIA |_1(}_0 > 1A% =CIA°| _ (1+6J_c)|DN)
z% 7002 2

N ACDy N ACDnN

for some constant C > 0. Therefore, 7(J) < 0 for every J € R.
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A PDE Approach for Motion of Phase-Boundaries
by a Singular Interfacial Energy

Mi-Ho Giga and Yoshikazu Giga

§1. Introduction

This is a review paper on geometric motions of phase boundaries
like crystal surfaces when the interfacial energy is very singular. Such
motions arise in nonequilibrium problem at low temperature. Our pur-
pose is to review a macroscopic approach describing the phenomena by
a partial differential equation (PDE) with singular diffusivity. Because
of nonlocal effect of singular diffusivity the notion of solution itself is
unclear. In this paper we focus the problem whether a solution of ap-
proximate parabolic problem converges to a ‘solution’ of PDE with the
singular diffusivity. We do not intend to exhaust the references.

The equilibrium of a crystal shape is often explained as a solution
of an anisotropic isoperimetric problem. The problem is described as
follows. Let v be a continuous function on R™ which is positively ho-
mogeneous of degree one, i.e., v(Ap) = Ay(p) for all p € R™, A > 0.
Assume that y(p) > 0 for p # 0. For an oriented hypersurface S with
the orientation n (a unit normal vector field) in R™ let I(.S) be defined
by

(1.1) 1(S) = /S +(n)dS,

where dS denotes the surface element. The quantity I(.S) is called the
interfacial energy and ~ is called the interfacial energy density (depend-
ing upon the temperature 7 through the structure of the crystal surface

S).
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Anisotropic isoperimetric problem. Minimize I(8D) among all
open sets D(C R™) with a fixed volume.

The answer is by now well-known. The interfacial energy I(9D) is
minimized if and only if D is a dilation of the Wulff shape W., defined
by

(1.2) W, = | r|7 l{x €eR", z-m < y(m)}.

m|=
The reader is referred to [5], [34], [30] and references cited there for the
development of the theory. This Wulff shape is considered as a shape of
a crystal in an equilibrium state. The Wulff shape is always convex and
closed, and its support function

A(p) =sup{p-z; z€W,} for peR"

is the convex hull of v. At low temperature the Wulff shape has a
flat portion called a facet. In this case 4 is not C! at the direction
corresponding to the normal of the facet. We rather consider 4 instead
of v, so we assume that vy is always convex, since W, = Wj;.

The first variation of 1(0D) with respect to a variation of the volume
of D is

(1.3) H, = ~divs((V,7)(n)) with S =D.

This is called the weighted mean curvature of S in the direction of n,
which is the unit outer normal vector field of 9D. Here divg denotes the
surface divergence. If v(p) = |p|, then H., is the usual mean curvature
H. (We use the convention that H is the sum of all principal curvatures
instead of its average.) The weighted mean curvature of OW,, always
equals —(n — 1) so W, substitutes the role of a unit sphere for usual
mean curvature. If H, = —(n — 1), we expect that D is the Wulff shape
but we do not know in general whether such a conjecture is settled except
the case y(p) = |p| which is proposed by H. Hopf and solved affirmatively
by [1]. If v is not C! so that W, has a facet, we observe that H., should
be a nonlocal quantity since otherwise H, = 0 on such a facet, since the
second fundamental form equals zero on a facet.

In nonequilibrium state a phase-boundary such as a crystal surface
moves. Its motion is often considered as a result of thermodynamical
driving forces—variation of the free energy. A typical example is the
mean curvature flow equation

(1.4) V=H on S
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proposed by Mullins [40] to describe the motion of the antiphase bound-
aries of grains in material sciences. Here, V' denotes the normal velocity
of evolving (embedded) (hyper) surface {S;} in the direction of n ; the
parameter t denotes the time variable. The mean curvature is consid-
ered as the first variation of the area. To study a crystal growth problem
anisotropic effect must be taken into account. For example one consider

(1.5) V=M(n)(H,+C) on S

as proposed by [39]. Here C is a constant and M (n) is a positive continu-
ous function on the unit sphere S™~1; H., is the weighted mean curvature
defined in (1.3), which is considered as the first variation of I of (1.1).
An axiomatic derivation of equations like (1.4) and (1.5) is found, for
example, in [34]. Mathematical theory is well-developed for (1.4) and its
generalization (1.5) if 7y is smooth and convex. For example one is able to
extend a solution beyond singularities (e.g. pinching) to a global-in-time
solution by a level set method [43] (see also [46] and [42]) whose analytic
foundation is established by [10], [13]; see [27], [30] and references cited
there.
At low temperature 7 the Frank diagram of v = ~7

Franky = {p € R"; v(p) < 1}

may have a corner whose position vector directs to the normal of W,.
(Frank v is a convex conjugate (or polar) of W,.) There is a critical
temperature 7r(n) (depending on n) called roughening temperature such
that there is a facet of W, with the normal n if and only if 7 < 7g(n).
The evolution law also depends on temperature explicitly. When the
latent heat is negligible, its general form [34] is

(1.6) V=f(n H,+C) on S5

for a given smooth function f = f™ on S®~! x R, which is nondecreasing
in the second variable. The theory of crystal growth [11] says that if
7 < 7r(n), then

gﬁ((n,X)zo at X=0
while 7 > Tr(n),

afT(nX)aéO at X =0

oxX -

So if 7 > 7Rr(n), the equation (1.6) can be approximated by (1.5) at
least for small H, + C. However, if 7 < 7r(n), we have to study (1.6)
directly. Evolutions with facets are also discussed in surface sciences;
see [9], [47] and papers cited there.
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If Frank -« has a corner, the definition of solution is not clear even for
(1.5). If Frank ~ is a convex polyhedra, v is called a crystalline energy
(density). If n = 2 and S; is a planar curve, a notion of solution is
proposed by [2] and [48] by restricting S; as a spcecial polygonal curve.
This evolution is called a crystalline motion. Based on variational and
order-preserving structure the notion of solution is extended by [16],
[19], [21] for (1.5) and (1.6), when S; is a general graph-like curve (§2.2
and Appendix). It applies for general graph-like curves with general ~y
not necessarily crystalline. Even the level set approach handling non
graph-like curves is extended to this situation in [23], [24] ; see also [28]
for a review. By now it is known that the problem for n = 2 is well-
posed although the diffusion effect included in /., is not local. To see the
difficulty of the problem we assume that n = 2, S; = {(z,y);y = u(z,t)}
and v(p1,p2) = |p1| + |p2| and observe that (1.5) with M = 1,C =0
equals

w1+ u2) V2 = (g /),

where subscripts ¢ and x of u denote the partial derivatives. It formally
equals (2.3) since (1 4 p?)/26(p) = 6(p), where § denotes the Dirac
delta function; the notion of solution to (2.3) is unclear at all. Similar
equation

Ut = (um/lum‘)x + Ugs

has been proposed by H. Spohn [47], where he proposed a notion of
solution based on free boundary value problems.

In this paper we focus the problem whether our solution of (1.6) with
singular v can approximated by a solution of approximate equation (1.6)
with regular v, when S; is given as the graph of a function. We discuss
this problem in Section 2. Except the last convergence (2.11) the results
are known (cf. [16], [21], [23], [24] and papers cited there). For evolving
curves the notions (§2.2 and Appendix) of a solution are consistent with
an ansatz that the flat portion called facet (whose normal corresponds
to the corner of the Frank diagram) stays as flat during the evolution.
We call this ansatz facet-stay-as-facet hypothesis. This hypothesis is
invoked to define crystalline motion. Our convergence results in Section
2 assert that the facet-stay-as-facet hypothesis is fulfilled for a limit of
solutions of approximate problems. This has a strong contrast to the
problem for evolving surfaces where a facet may break (Remark 2.3
(i)). So far for three-dimensional problem even local-in-time solvability
is unknown even when < is crystalline. In Section 3 we claim that a
solution proposed by H. Spohn [47] is a solution in our sense so it is
obtained as a limit of approximate problems. For more examples of
solutions see [36], [26]. There are several other applications of equations
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with singular diffusivity. The reader is referred to [45], [29], [25], [49] as
well as [36], [26].

In the thermal grooving problem it is often more important to study
evolution by surface diffusion [41]. This corresponds to the fourth order
problem V = —AH, [8]. Although there are several analytic results
when H., = H, for singular ~ there are no analytic results; except [47]
where several special solutions are proposed; however several numeri-
cal results are available as in [44]. This type of problem seems to be
important to study thermal smoothing of surface [9].

Before we conclude this introduction we would like to point out sev-
eral relations between microscopic approach and macroscopic approach.
For equilibrium problems macroscopic model is justified as a limit of
several microscopic models [5]. There is roughening transition in mi-
croscopic model [15]. At the low temperature macroscopic interfacial
energy obtained from microscopic models may have singularities so that
the Wulff shape has a facet for n > 3 (while it has no facet when n = 2).
However, for nonequilibrium problem, the convergence from microscopic
to macroscopic is only known above the roughening temperature [18],
[35] mainly because of lack of estimates; see also a nice review by T.
Funaki [17]. The authors are grateful to Professor Tadahisa Funaki and
Professor Herbert Spohn for valuable informative remarks.

§2. General convergence results

We are interested in studying the convergence of a solution when
singular interfacial energy is approximated by a smooth energy. So far
there are two systematic ways to study this kind of problems. One is
based on comparison priciples and is considered as an extension [19],
[21] of the theory of viscosity solutions [12]. The other one is based on
the theory of nonlinear semigroups initiated by [37] (see also [3]). It
reflects the variational structure. The first method is so far restricted
to one space dimensional problem but it applies to equations without
divergence structure. The second method applies to general space di-
mension but it is restricted to a gradient system, which has a divergence
structure. We first discuss the first method.

2.1. Viscosity approach

We consider a fully nonlinear evolution equation in one space dimension
of the form

(2.1) ug + F(ug,Aw(u)) =0, zeR, t>0
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with Ay (u) formally written as (W'(u,)),. Here W is a given convex
function on R and C? outside a discrete set P. Thus the derivative of
W may have jumps. The function F': R x R — R is a given continuous
function satisfying a monotonicity condition:

(2.2) F(p,X) < F(p,Y) for X >Y,

so that the equation (2.2) is (degenerate) parabolic. (The value Aw is
actually unchanged by adding an affine function to W but we denote it
by Aw rather than by Aw.:) If F(p,X) = —X, then (2.1) is the heat
equation when W (p) = p?/2. If W(p) = |p|, the equation (2.1) formally
becomes

(2.3) Uy = 26(“1:)“9::1:’

and the quantity 6(u)uy, is not well-defined even in the distribution
sense for smooth u. So we need to introduce a new notion of solution.
(For this particular example both the first and the second methods pro-
vide a suitable notion of a solution.) In [19] (see also [21]) a notion of
solution called a wviscosity solution for initial value problem of (2.1) is
proposed and its unique existence is proved under periodic boundary
condition to avoid extra technicality; see [19] for other boundary con-
ditions. We shall recall its definition as well as that of Ay briefly in
the Appendix. Fortunately, in various settings we have the convergence
principle.
CVP. Assume that F, — F and W, — W locally uniformly as ¢ — 0.
For € > 0 let u®* € C([0,T) x T) be a solution of
(2.4)

us + Fo(ug, Aw.(u)) =0 in (0,7) xR with wul;—g=u; in R

with u§ € C(T),T = R/wZ, w > 0. If u§f — wug in C(T), then u®
convergences to some function u locally uniformly in [0,7") x T (without
taking a subsequence) and u is a unique solution of (2.1) with the initial
data ug € C(T). (The constant T' may be taken as +00.) (We should not
assume uniform convergence of derivatives of W, so that W is allowed
to be non -C'.)

To state the convergence result rigorously we need to introduce a
class of W and F'

E = {W;W is convex in R and W is C? except some
discrete set P. Moreover, supy\p W" = Cx < oo for
every compact set K in R}.
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Any piecewise linear, convex function W belongs to £. Also W(p) =
alp|/2+bp?/2 for a,b > 0 belongs to £. Let F be the set of all continuous
function F' satisfying the monotonicity condition (2.2). We shall state
a special version of the convergence result in [21] where F is allowed to
depend on the time explicitly.

Theorem 2.1 (Convergence). Assume that F.,F € F and that W,
W € . Then (CVP) holds for viscosity solutions.

Of course, if W, and F. are smooth and the problem (2.4) is strictly
parabolic with smooth initial data u§, then the classical theory [38] of
parabolic equations provides a unique smooth solution u¢ for (2.4). So
Theorem 2.1 justifies the notion of solution when W’ may have jumps
in the sense that the solution is the limit of classical solutions of the
strictly parabolic problems. On the other hand, if W, is piecewise linear,
and W is smooth, Theorem 2.1 also provides the convergence of the
crystalline algorithm (proposed by [2] and [48]). Theorem 2.1 extends
some aspects of earliear convergnece results [16], [33] of the algorithm
for a general equation. The reader is referred to [21], [22] for details and
generalizations. As in [22] we also have the convergence of derivatives.

Theorem 2.2  (Convergence of derivaties). Assume that F.,F € F
and that W_,W € £. Under the situation of (CVP) assume furthermore
that u§,,(¢ > 0) is a finite Radon measure with limsup,_,q ||u§ |1 <
co. Then

lim sup |juf — uz||z~(T)() =0

e—0 o<t<T’
for every r € [1,00) and 0 < T' < T. Here || - || denotes the total
variation of the measure and ug,, represents the distributional second
derivative of ug.

Remark 2.3. (i) So far this method does not apply to a spatially in-
homogeneous equation or higher dimensional problems because of com-
plexity of nonlocal curvatures. Despite proposal of several notions of
solutions [31], [4], [32], the local existence of a solution approximated by
smoother problem is not yet known.

(i) Theorem 2.1 applies to the interface equation (1.6) when S; is
the graph of a spatially periodic function of one variable. In fact, if
Sy = {y = u(t,z)}, then (1.6) can be written in the form of (2.1) with

W(p) = v(-p, 1),
F(p,X)=—(1+p)"2f((-p(1 +p°) %, (1+p*) "), X +C)
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when n is taken upward, i.e., n = (—ug,1)/(1 + u2)/2. The weighted
curvature H.,, of S; in the direction of n at (zo, u(xo)) equals Aw (u)(zo).
Thus CVP implies that the solution {S¢} of

V=fn H,) on Sf={y=u(tz)}

converges to the solution of {S;} of (1.6) in the Hausdorff distance sense
in [0,T) x T x R, provided that fo — f, 7. — 7 locally uniformly as
e — 0 and that S§ — Sp in T x R in the Hausdorff distance sense. Such
a convergence result has been proved for closed curves in more general
setting [24].

2.2. Variational approach

We consider a gradient system in a multi-dimensional space R™ under
periodic boundary condition, i.e. in T" = II7_, (R/w;Z),w; > 0(j =
1,..,n):

(2.5) u, — div(DW)(Va)) =0 in T™ x (0, 00).

Here W : R™ — R be a convex function and DW denotes the gradient
of W. If initial data wg is Lipschitz continuous, the maximum principle
yields a priori bound

(2.6) IVulloo(t) < ||Vuglleo for all ¢t >0,
where || - ||oo denotes the L>°- norm in L°°(T"). For example,
| Vul|oo (t) = ess.supgepn |Vu(z, t)].

Let K be a number such that ||Vug|leo < K. We may modify W (p) for
|p| > K + 1 so that W (p) is coercive in the sense that

(2.7) Ipllgnw W(p)/lp| = oo

without changing the notion of a solution with initial data ug since
(2.6) holds. This modification simplifies the formulation. As in [16] we
formulate the problem by using subdifferentials. If we define the energy
for v e H = L?(T™) by

(2.8)

W (Vv)dz if Vv e L}(T") and W(Vv) € L}(T"),

p(v) = Tn
00 otherwise,

then ¢ is convex and lower semicontinuous in H as in [6]. (The coerciv-
ity assumption (2.7) is important to conclude the lower semicontinuity.)
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In {16] only one dimensional problem is treated but we follow their ap-
proach. Then the initial value problem for (2.5) with ||Vuglleo < K is
formulated as an abstract ordinary differential equation for u(t) = u(-,t)
in the Hilbert space L?(T™) with the standard inner product < f,g >=

Jpn fode :

du
(2.9) E(t) € —9p(u(t)) for t>0, wul|i= = uo,
where 0y denotes the subdifferential of ¢, i.e.,

dp(v) ={we H; ¢(v+h)—¢p{w)><w,h> holdsforall heH}.

A general theory guarantees that for ug € H satisfy ||Vuglleo < K
there is a unique solution u € C([0,T); H) of (2.9) (with (2.8)) which
is absolutely continuous with values in H on [6, T] as a function of ¢ for
every 6 > 0,7 > 0 ; see [3]. We refer this u as the solution of (2.5) (in
the variational sense) with initial data ug. As in [16] a general stability
theorem due to J. Watanabe [50] (see also [26]) based on a result of H.
Brezis and A. Pazy [7] implies the following convergence result.

Theorem 2.4.  Assume that W€ and W are convex in R"™. Assume
that We(p) = W(p) for |p| > K + 1 and satisfies (2.7). Assume that
We¢ — W (locally uniformly) as € — 0. Let u® be the solution of

ug — div((DW*®)(Vu)) =0 in T" x (0,00), u|i=0 = u§

with ||Vu§|leo < K. Assume that u§ — ug in L?(T™) as e — 0. Then
u® converges to a solution u of (2.5) with the initial data ug in the sense
that for any T > 0

(2.10) lim sup [[u® — ul|z2¢Tn)(t) = 0.
e=0p<¢<T

Remark 2.5.(i) Since |Vu®||oo(t) < K for all t > 0 (cf (2.6)), by
Arzela-Ascoli’s theorem we also get the uniform convergence

(2.11) lim sup |ju® —u|l(t) = 0.
EﬁOOStST

The proof of (2.11) admitting (2.10) and (2.6) is elementery; see (25,
Lemma 4.3].

(ii) This convergence result also asserts that the solution with singular
energy is approximated by that of smoother problem.
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(iii) This approach applies to spatially inhomogeneous equation of the

form
1

- b(z)

as described in [26] and [20].

(iv) By Theorem 2.1 and 2.4 if both variational and viscosity notion of
solution is available it must agree each other, since both solutions are
obtained as the same limiting procedure [20].

{div(a(z)(DW)(Vu)) + C(z)} =0

Ut

§3. Examples

Example 1. We consider (2.3) with w-periodic boundary condition,
i.e., in T x (0,00) with T = R/(wZ) and w > 0. Assume that the initial
data

A(z), 0 <z < ay,
(3.1) ug(z) = ¢ ho, ap <z < Py,
B($)7 ﬁOS-:USw/2

with ag < Gy, A’ > O,B, < O,A(O) = B(LU/Z) = O,A(Olo) = B(,Bo) = hg.
Here A and B are C! and hy > 0 is a constant. We also assume that
A’ < K,—B' < K with some K > 0 so that ug is Lipschitz continuous.
We extend up to [-w/2,0] as an odd function, and further extend ug as
an w-periodic function in R, i.e., a function on T. The problem (2.3)
with (3.1) is formulated as in (2.9) if we take ¢ in (2.8) with W(p) = |p|
for p, |p| < K + 1 where ||uoz||loo < K. The solution is explicitly written
as follows; see [19],(26]. Let h(t) be a function defined by

ho
B(t) = 571(21), S(k) = / (B~ (n) — A~ (n))dn,

where -1 represents the inverse of a function. This h(t) satisfies h(0) = hg
and is decreasing in time. Moreover, A(T) = 0 for T' = S5(0)/2. We set

_f min(h(t),uo(z)), t<T, =z€][0,w/2),
“(w’t)_{ 0, t>T

and extend u(-,t) to [—~w/2,0] as an odd function, and further extend
u(+,t) as an w-periodic function in R. It turns out that wu(z,t) is the
unique solution of (2.3) with (3.1) (in the variational sense). Indeed, if
we set

at) = A7 (h(t), B(t) =B7'(h(t)) with a(0)=ao, B(0) = fo,
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then
2
ROET0)
The right hand side can be interpreted as —(W'(4+0)—W’'(—0))/ {length

of flat portion} where W(p) = |p|. See Definition A.3 in the Appendix.
Since

(32) he(t) = —

A(z), 0<z<a(t),
(3.3) u(z,t) = { h(t), alt) <z < B(),
B(z), B(t) <z <w/2

for t < T, it is not difficult to derive
us(-,t) € —0p(u(-,t)) forall t>0
from (3.2) [36], [26]. Indeed, we fix ¢t € [0,T) and set

1, 0<z<a,
Ea(m—a)—l, OZSCCSIB7
, B<z<Lw/2

¢(z) =

=

here we suppress t-dependence of «, § and . We extend ¢ to [~w/2,0]
as an even function, and further extend ( as an w-periodic function in
R. We then observe that ui(z,t) = —(;(z) for z € (0,w). To show
us € —0p(u) it suffices to prove

Cr € Op(v) with v(z) = u(z,t).
We observe that
—({(z) € OW (vz(z)), 0<z<w,

where OW is the subdifferential of a convex function W on R. In other
words, W(vz(z) + q) — W(vz(z)) > —((z)q for all ¢ € R, z € [0,w].
Thus by definition of OW

pwih) — o) = /Ow{mvm(x)w(x))—W(vm@:))}dw
> /Ow —((z)hy(z)dz

for all h € L*(T) with h, € L?(T), W(hy) € L(T). Integrating by
parts yields

0w+ h) — p(v) > / " Cohda
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so we conclude that (, € 9p(v). Thus, we conclude that u;(-,t) €
—9p(u(-,t)) for each t € (0,T). It is clear that this relation holds for all
t > T since 0 € —0p(0).

Note that u; is a constant on each flat portion of u and its quantity
depends on the length of the flat portion so is determined nonlocally. We
also note that the flat portion (facet) instantaneously (spontaneously)
formed when oy = By. The speed of «a(t),3(t) at ¢ = 0 is infinite in
this case. By the way we note that the speed (3.2) at the facet can be
formally obtained by integrating (2.3) on interval («(t) — 0, 3(¢) + 0) if
one assumes the facet-stay-as-facet hypothesis (see [2],[48]).

Our convergence theorems (Theorems 2.1, 2.4 and Remark 2.5 (i))
in partiular imply that such a solution u is obtained as a local uniform
limit of the solution u® of

(A) Ut = as(um)umx, u|t:0 = Up

with a smooth positive function a. such that a. — 26 as a weak conver-
gence of measures in (—K —1,K + 1) as ¢ — 0. (We may assume that
as(p) = 1 for p with |p| > K + 2.) Moreover, u is the viscosity solution
as shown in [19].

Example 2. We give another example of an equation that a facet is
spontaneously formed. We consider

(3.4) U = 2¢06(Ug Ugy + Ugy

instead of (2.3) with ¢y > 0. For initial value uq we again consider w-
periodic function in R defined in Example 1. Our equation (3.4) is
formulated as (2.9) by taking ¢ of (2.8) by setting

W(p) = colp| + [pI*/2 for p with |p| <K +1.

In [47] H. Spohn solves the initial value problem for (3.4) with (3.1)
by reducing it to the Stefan problem studied by [14] under a symmetry
assumption

(3.5) uo(z — w/4) = ug(—z — w/4).

Since his proposed solution is expressed by a different dependent vari-
able, it is a priori not clear that it is the solution in our sense. We shall
recall his solution. Assume that u is of the form

u(z,t) =h(t), ot)<z<w), w =w/4,

u(0,t) =0,
| Ug(z,t) >0, 0<z<oft)
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with some free boundary «(t) at least for small ¢ > 0. By our symmetry
assumption (3.5) it is natural to assume that u(z—w1,t) = u(—z—ws,t).
Differentiate u; = (W'(ug)), with W(p) = colp| + |p|?/2 in = formally
and set w = u, to get

(3.6) wr = g(W) gg
with g defined by

(w) = Cco+ w for w >0,
g\w) = —co+w for w<O.

We set v = g(w) and observe that v(z,t) > ¢o for z € [0, a(t)). Asin [47]
we postulate v and v, is continuous accross z = «(t) and v(a(t),t) = co
for (small) ¢ > 0. Since u, = 0 on (a(t),2w; — «(t)), it is natural to
postulate 0 < v(z,t) < ¢o for (a(t),w;) by symmetry. Here the case
ap = [ is also allowed. By (3.6) v satisfies

(3.7) vy = vgp  for z € (0,a(t)),

(3.8) 0=y, for z€ (aft),w).
Since v(wi,t) = 0 by symmetry, the equation (3.8) yields
0(2,) = colwr — 3)/ (w1 — alt), € (alt),w).
By continuity assumption of v, we have
(3.9) vg(a(t) —0,t) = —co /(w1 — a(t)) for (small) ¢>0.

Thus we obtain the Stefan type problem (3.7), (3.9) with v(a(t),t) =
¢p. The boundary condition v,(0,t) = 0 is provided by the symmetry
assumption of ug. If (v, ) satisfies these equations, u(z,t) for 0 < z <
a(t) must satisfiy the heat equation. According to [14] this problem is
solvable until a(t) becomes zero provided that A in ug is C* in [0, ag].
The free boundary a = «a(t) is C* for t > 0 and continuous up to t = 0.
Thus our u has the property that u € C([0,T),L?(T)) and that u is
absolutely continuous on [6, T — 6] for § > 0. To see that u is a solution
of (3.4) in our variational sense it suffices to show that

u(z, ) = _ 20
TTYTB) - alt)
= —(W'(+0) — W'(-0))/{the length of flat portion},
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for z € (a(t),B(t)) and for t € (0,T) with
T =sup{t; a(r)>0 for 7 €]0,t)},

where 3(t) = 2w; — a(t). In fact, as in Example 1 this speed relation
together with u; = ug, for 0 < z < at) yields uy € —9p(u) for a.e.
t € (0,T) by observing that for each t € (0,7T)

—Ug, OS-TUSQ’,
¢(z) = —g;c_%(:c—a)—co, a<z<p,
—Uyg, f<z<Lw/2

fulfills uy = —(, and {, € Op(v) with v(z) = u(zx,t), where we suppress
t-dependence of o, 3 and (. (As in Example 1, we extend ( as an w-
periodic function in R.)

Since for t > T we have u = 0 so (2.9) is clearly fulfilled for t > T.
In other words it suffices to prove that

(3.10) ug(z,t) = —co /(w1 —a(t)), a(t) <z < B(t).

We integrate (3.7) with respect to x € (0, a(s)) and then the time vari-
able s € (0,t). We observe that

a(s)
/ Vgz(z,8)dr = vz(a(s) —0,s)—0
0

= —co/(w1 —afs))
by (3.9) and that

/Ot (/OQ(S) ve(z, S)dm) ds = /: (/00(5)(v — ¢o)e(, S)d:c) ds

= /Oa(t)(v(a:,t) — ¢p)dzr — /OQ(O)(U(J:, 0) — co)dz,

by changing the order of integration and v(a(s),s) = ¢p. Thus from
(3.7) it follows that

/Oa(o)(v(x,o) — co)dz = /Oa(t)(v(3’7t) — co)dz + co /Ot(w1 — a(s)) " lds.

a(t)

Since u(a(t),t) = [, (v(z,t) — co)dx, we have

d d re®
o (ula(t), 1) = 5/0 (v(z,t) — co)dz = —

Co
wi —a(t)
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Since v(a(t),t) = ¢ so that u,(a(t),t) = 0, this implies (3.10).

We thus conclude that Spohn’s solution is the solution in our vari-
ational sense. Thus, again our convergence theorems (Theorem, 2.1,
2.4 and Remark 2.5(i)) in paticular implies that such a solution u can
be obtained as a local uniform limit of the solution of the approximate
equation (A) if a. — 2¢gé + 1 as € — 0. Moreover, it is the viscosity
solution. Thus as noted in [21], [22] it can be approximated numerically
by a crystalline algorithm. A similar remark also applies to Example 1.

If ug is concave in [0,w/2], u(z,t) is also concave in [0,w/2] for
t € [0,T]. This can be proved by above approximation and the standard
maximum principle. In this case our solution u of (3.4) is a subsolution of
(2.3) on (0,w/2). Thus by a comparison theorem [19] u = 0 for ¢t > Tj
with some Ty > 0 since the solution of (2.3) vanishes in finite time.
In [47] this phenomena has been proved by a different method under
the assmption that A” < 0 in [0,w/2]. In his situation « is monotone
decreasing as shown in [47].

Appendix. Definition of viscosity solution and its exis-
tence

We recall the definition of viscosity solution for (2.1) and the exis-
tence theorem for the reader’s convenience [19], [21]. In the appendix
we assume W € £ and F € F. Let €2 be an open interval.

Definition A.1 (P-faceted). A function f € C(Q) is called faceted
at xg € 2 with slope p in Q if f fulfills the following properties : there
is a closed nontrivial finite interval I (C ) (called a faceted region)
containing xo such that f agrees with an affine function

lp(z) = p(z — T0) + (o)

in I and f(x) # lp(z) for all z € J\ I with some neighborhood J(C )
of I. The length of I is denoted by L(f,zq). For a discrete set P in R a
function f is called P-faceted at xo in €2 if f is faceted at x¢ in 2 with
some slope p € P.

Definition A.2 (Space of test functions). Let P be the set of jump
discontinuities of W’. Let C%(2) be the set of all f € C?(Q) such that
f is P-faceted at xg in Q whenever f'(zo) € P. For Q := (0,T) x Q with
T > 0let Ap(Q) be the set of all function on @Q of the form

flx)+g(), feChQ), geC'(0,T).
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Definition A.3 (Weighted curvature). Let P be the set of jump
discontinuities of W’. Let 2o be a point in .
For f € C?(Q2) we set the value

Aw (f)(zo) = W (f'(20))f"(z0)
if f'(zo) & P, and

X(f, :UO)
L(fa 330)

if f'(zo) € P and f is P-faceted at zo in Q. Here A(p) = W'(p +0) —
W'(p — 0) for p € P, and x(f, zo) is the transition number defined by

Aw (f)(z0) = A(f' (o))

x = +1 if f>1, in J,
x =-—1 if f<l, in J,
x=0 otherwise

for some neighborhood J of the faceted region I.

Definition A.4 (Viscosity solution). A real valued continuous func-
tion u on Q = (0,T) x Q is a viscosity subsolution of

(1) ur + F(ug, Aw(u)) =0 in @Q
if
(2) be(t, 2) + F (Yo (8, 2), Aw (9(, ), £)) <0

whenever (v, (£,2)) € Ap(Q) x Q fullfills
max(u — o) = (u—$)(%, 2).

A wiscosity supersolution is defined by replacing max by min, and the
inequality in (2) by the reverse one. If u is a sub- and supersolution, u
is called a wviscosity solution.

Theorem A.5 (Existence [19]).  Suppose that ug € C(R) is periodic
with period w > 0. Then there exists a unique function u € C([0,T]xR)
(for any T' > 0) that satisfies

(i) u is a viscosity solution of (1) in (0,T) x R;

(i)u(0,z) = uo(xz) for z€R;

(iii) u(t,z + w) = u(t,z) for (t,z)€[0,T)xR.
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The Dobrushin-Hryniv Theory for the
Two-Dimensional
Lattice Widom-Rowlinson Model

Yasunari Higuchi, Joshin Murai and Jun Wang

Abstract.

We consider the fluctuation of the phase boundary separating
two phases of the Widom-Rowlinson model in the plane square lat-
tice. The phase boundary is conditioned to have specified values of
the area underneath and the height difference of two end points. Do-
brushin and Hryniv studied the phase boundary of the Solid-on-Solid
model [DH1| and of the Ising model [DH2], and obtained the central
limit theorem for the fluctuation of the phase boundary from the
Wulff profile. The phase boundary of the Ising model is well approxi-
mated by that of the Solid-on-Solid model with the aid of the cluster
expansion. Their argument seems to be applicable to the general
models which have polymer representation. We apply their theory to
the Widom-Rowlinson model.

§1. Introduction

Let Z2 be the square lattice and let Ap v be the rectangle [1,L —
1] x [-M, M] in Z?. We consider a system of particles in Ay pr. These
particles are of two types, either A or B. There is strong repulsive inter-
action between particles of different types. Namely, a B particle can not
occupy a site within distance v/2 from a site where an A particle sits,
and vice versa.

A configuration w is a function from Ap pr to {—1,0,+1}. w(z) =
+1 denotes that the site x is occupied by an A particle, w(z) = —1
denotes that x is occupied by a B particle and w(z) = 0 denotes that
there is no particle at x. We say that a configuration w is feasible if
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w(z)w(y) > 0 for all pairs x,y with |z — y| < /2, where |- | denotes the
Euclidean distance.

Let €, pr denote the set of all feasible configurations in Ap ps. The
Hamiltonian of our system is a function on €21, »s given by

(L1) Hw) = 3 u(l-w@)?)

ZEEAL,M

for every w € 1, . Here, 1 denotes the chemical potential.
Let h > 0 be fixed and assume that M > Lh. Then we can put the
following boundary condition:

+1, if 22 > [hxl],
@) =1 0, ifz?=[ha'],
—1, otherwise,

for every z = (z',2%) € OALpm = [0, L] x [-M — 1, M + 1]\ AL p. Let
Q’L‘ s denote the set of all configurations w in Qf, ps such that won? is
feasible, where w o 7 is given by

| w(=z), ifxe A
won(z) = { n(z), ifx € OAL M.

The conditional Gibbs distribution on Q%, u With the boundary condi-
tion n™ is given by

(1.2) Pl as(w) = (28 3) " exp{—plS°(w)[},

where S%(w) is the set of points in Ay ps such that w takes 0 value, |S|
denotes the cardinality of a set .S, and Z f u is the normalizing constant,
which we call the partition function.

For a feasible configuration w, we call a connected component of
S%(w) a contour. Among contours we can find a unique contour which
connects (0,0) with (L, [hL]). We call this the separating contour with
the starting point (0,0) and the end point (L, [hL]), and denote it by
I'(w). Let S}, denote the collection

{T(w);w e Q’}J,M is feasible}.
The aim of this paper is to investigate the fluctuation of the separating

contour via Dobrushin-Hryniv theory.

the backbone
We say that a set C C Z2 is xconnected if for every z,y € C, there
exist a sequence zo = T, 21, . .. , Zm = y in C such that |z;—2z;_1| < /2 for
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every 1 < i < n. A hole of a connected set C C Z? is a finite xconnected
component of C¢ = Z?\ C. Let C;,Cs,...,C, be connected subsets of
Ap p. We say that contours {C;} are compatible if they are connected
components of the set Uj<;j<,C;. We also say that {C;} are compatible
with a connected set D if {D, C;} are compatible for every j. Then the
partition function Z 2 A can be rewritten as

Zim= Y > 2V exp{—pnT} [T exp{—ulC;l}),

rest ,, {Ci} J

where the second summation is taken over compatible families {C}},
which are compatible with ', |T'| is the number of points in I" and N(C)
is the number of holes in C. Therefore, we can find pq sufficiently large
so that we have a cluster expansion (see [KP])

(1.3) Zi =Y exp{-pl|+ND)m2+ Y oA}

h
for u > pg, where A cI' denotes that A is compatible with I'. Moreover,
the function ®(A) satisfies the estimate

(1.4) > @A) etk < 1,
A0

and ®(A) = 0 unless A is connected. Let

Zfw =ep{ 3 ().

ACAL, M

Dividing both sides of (1.3) by Z; v We have

Zh
(15) 2= 3 ep{-ul[+ND)m2- > @A)},
LM FESE,M ACAAq,'Lf‘M

where A+ I" denotes that A is incompatible with I'. We use the summand
in the right hand side of (1.5) as a statistical weight of the separating
contour I'. Let I' € SZ’ M- We extract a self-avoiding path from I' in the
following way.

First we define an order of preference among four directions;

up > down> right > left.

This order naturally defines an order among self-avoiding paths con-
necting (0, 0) with (L, [hL]). To be more precise, let 7 = {z1,z3,... ,Zp}
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and ' = {y1,y2,... ,Yx} be two self-avoiding paths connecting (0,0)
with (L, [hL]). Let jo be the first number j such that z; # y;. We
define that 7 > 7’ if the direction of the ordered edge {zj,—1,z;,} is
preferred to the direction of the ordered edge {y;,—1,yj, }- Now, let

IIp := {7 : self-avoiding path in I connecting (0,0) with (L, [RL])}.

Let m(I') be the unique maximal element of Il with respect to this
order. We call n(T") the backbone of I'. This backbone will play the role
of the phase separation line of the 2D Ising model.

For I' € S} 5, n(T) separates [0,L] x [-M — 1,M + 1] into two
xconnected components. One is above 7 (I") and the other is below 7 (T).
Let a~(7(I')) and a*(7(I')) be the number of points in Z2" N [0, L] x
[-M — 1, M + 1], which are below 7(I") and above 7(I"), respectively.
Here, Z** = Z? + (1, 1). The area a(n(T')) is defined by

(1.6) a((D)) = a~ (x(T)) - a* (x(T)).

This value is independent of M if M is sufficiently large.

free energy
If u is sufficiently large, (1.5) has a limit as M — oo:

Zh
(1.7)  lim =2 = Z exp —pll'|+ N(T)In2 — Z ®(A) ;,
LM resh ACAL o
Ail
where S := UM>052,M7 AL oo = [1,L — 1] x (—00,00) N Z2.
Let W(I') be the weight in the right hand side of (1.7);

W(T) :=exp{ —ul|+ N()In2— > &(A)
ACAL o
Ail
for T € UperSy = Sp. For T € Sy, we denote by A(T') = (0,0) and
B(I') = (L, k(T")) the starting point and endpoint of I', respectively.
For ¢ € C, we define

1
(1.8) #(¢) = lim —1n > e O (I,
resg

if the limit exists. This is the free energy of the height of the last point
of I For T" € Sp, we define {X(¢); t € [0,1]} = {X(;T); t € [0,1]}
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by

{ XL (%) max{k € Z; (4,
Xp(t)

Let Pr, be the probability measure on Sy, defined by

k)en(D)},
= (G +1-LOXy (3) + (Lt - )Xg (52) G<Lt<i+1)

(1.9) Py (T) = [ > W(F’)] w(T).

I'"eSy,

Theorem There exists g3 > po such that for p > p1, (1.9) is well
defined on &y, and the followings hold.
Assume that for h > 0 and a > % there exist a § > 0 and a pair

(o, C1) € R? with max{|Co + (1, [C[} < 1 — 3 such that

l/1V (Co(I =)+ ¢1)dx = (a, h)
w o (¢0,¢1) P50 1 — \% %)

Then the process

Yi(t) == 1L {XL(t) - i‘/ot ¢'(Co(1—2) + Cl)dfﬂ}

under Pr(- | a(n(T))

[aL?],k(T) = [hL]) converges

1 ' " —x x
-3 / V& (Co(1 =) + (1)dB(=)

conditioned that )
/ Y(t)dt=0, Y(1)=0.
0

Here, {B(t)},>, is the one dimensional standard Brownian motion.

Remark Although X (t) is defined by the backbone 7 (T"), the width
(in the x? direction) of the separating contour I' is negligible and, hence,
the limiting process Y (¢) depends only on I'. So, the choice of the
backbone is for technical reasons only.

The proof of the theorem goes along the line of [DH1,2|, and we
regard our model as a perturbation of Solid-on-Solid(SOS) model. This
SOS model corresponds to the ensemble of (site) self avoiding paths in
[0, L] x Z starting from (0,0) and ending at a site in {z' = L}, which
do not go back in the horizontal direction. Let us call such a path an

SOS path. There are no {A,}’s for the SOS model.
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An SOS path will be cut into simple polymers. A simple poly-
mer is obtained from intersection of an SOS path with a vertical line
{z! = j} for some 1 < j < L, shifted so that its starting point is at
height zero. So, it has a form {(4,0),(j,1),...,(j,k)} for some k > 0 or
{(.77 O)’ (.7, _1), e (.7> k)} for some k < 0.

Let
Q) = Z eHCk(©)—plg]

&:simple polymer
starting from (0,0)

where k(&) and |£| are the height of the endopoint of £ and number of
sites in &, respectively. Then

> e*Ck(T)W(T) = Q({)™.

I':SOS path in [0,L]xZ

We would like to show that

QU Y e MOw(T)

I'esSg,

has a form;

(1.10) > IIxa)

Iy, IrClO,L];  j=1

disjoint interwvals

which admits a cluster expansion, and is equal to el?1(9) for some func-
tion ¢y, analytic in (. Further, we need that the second derivative in  of
@, is sufficiently small in absolute value compared to the second deriva-
tive (in () of In Q in order to show the non-degeneracy of the covariance
of the limit process Y (t).

These two points, i.e., a) existence and analyticity of the free energy
and b) non-degeneracy of the limiting covariance are to be checked de-
pending on our model. Remaining arguments are the same as in [DH1,2],
and we present them for the sake of completeness.

Finally, recent progress of understanding the fluctuation of interfaces
provides us a beautiful and systematic approach using the renewal theory
([ Ioffe ], [KH] ). For our problem, it seems also possible to follow this
new line. However, what we have to check are the same, and at this
stage we are not able to present our result in a compact form following
this general approach.

Acknowledgement. The authors thank D.loffe for many valuable com-
ments and stimulating discussions. He pointed out that this approach
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is possible for the continuum Widom-Rowlinson model, which should be
true, but we have not completed the whole story, yet.

§2. Local limit theorem

We will first show the existence of the limit (1.8) and its analyticity.
Let T € St, A(T") = (0,0), B(T') = (L, k(T')) be its starting and ending
points. Let 7(I") be the backbone of I' connecting A(I") with B(I"). We
decompose I' \ 7(I') into connected components {C’j};zl. As in [DH2]
we expand

exp { — Z ®(A) :i Z ﬁ(e_‘P(A")—l).

ACAL o n=0 A1, AnCAL o0 v=1
ALl Ay il
Then
(21) ) e FOw(I)
resS,
o0
k=—o00 m;(0,0)—(L.,k) Ci,...,Cs;compatible Ay, Ay
self—avoiding Cpim, Cunm=0 Agisconnected
WCAL,oo w;backbone of wUC1U...UCs AgimUCjU...UCg
t
eu(ke—u|7r|+N(7r,Cl,... Cs)In2—p >0 |Cy| H (e—Q(Aa) _ 1)’
a=1
where N(m,C4,...,Cs) denotes the number of holes of T UU]_,C,,.
polymers

Defining polymers is to cut the separating contour I' into elementary
pieces according to the additional information of {A,}. A simplest way
to do it would be to cut v at lines {z! = ¢+ %} of dual lattice such that
they intersect only one edge of I' and intersection with edges of A,’s
is empty. But the resulting pieces, say polymers, do interact. Even a
“simple polymer” can interact with some polymers.

For example, a part of I like Fig 1 will be separated into two parts:
one having _ shape and one point to the right of it. If instead of one
point, there comes a simple polymer of height three to the right of [,
then they are put together and there is no natural way to cut them (Fig.
2). '

Thus, in a natural way of cutting procedure, I' will be cut into
interacting polymers. This causes us to introduce a polymer chain below,
working with which we can use usual cluster expansion. The idea is to
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000~
Q |
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Fig. 1

00O
O O
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Fig. 2

treat a cluster of polymers interacting each other possibly through simple
polymers which are at neiboring sites of such ‘active’ polymers.

Let [ < # be positive integers. A polymer ¢ with base [i, 7] is a
collection & = (v,C1,... ,Cs, A1,... ,Ay) such that

(a) v is a self-avoiding path in {I < z! < #} starting from (/,0) and
ending at a point (7,k) in {z! = #}. Here, we understand v as
an edge set.

(b) {C,};_, is a compatible family of connected subsets of {z €
AL co; [<zl< 7} such that
(b-1) C, NV (v) =0, where V() is the set of vertices in ~.
(b-2) C, UV(vy) is connected.
(b-3) + is the backbone of yU C; U...U C, with starting point
(1,0) and endpoint (7, k).

(c) {Aa}ta:1 is a collection of connected subsets of {z € AL,OO;ZA <
z! <7} such that
AuiV(y)uui_,C,.

Besides these conditions, we need a technical condition for a polymer.
This condition is to subtract ‘simple polymers’ from the phase separating
contour I' as much as possible.

An edge e is called an edge of € if

e €yUEUS_1C,UUL_ AL)UE(y,Us_,C, UUL_ AL,

where £(US_;C, U UL_;A,) is the set of nearest neighbor edges in
us_,C, UUE _ Ay, and E(y,Us_;C, UUL_ A,) is the set of edges that
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connect v with U3_,C, UUL_;A,. An edge e = {z,y} of £ is not ad-
missible if it is a horizontal edge in (v, Us_,C, UU,_;A,), such that
(1) The left vertex z is in a connected component D of US_,C, U
Ut _;A, and the right vertex y is in V(v),
(2) further, there exists a horizontal edge ¢’ = {z’,y'} of £ such that
x' € V(v) and y’ € D, where z’ is the left vertex of €.

Other edges of £ are admissible. Also, we identify an edge {z,y} of
Z? with the line segment connecting z and y. Now we introduce the
remaining condition (d) for a polymer &.
(d) If [ < #, then for [ < j < #, j € N, the line ¢; = {z' = j + 1}
intersects at least two admissible edges of £.

We call v the backbone of £. For two disjoint self-avoiding paths vi, 2
such that the starting point of v, is nearest neighbor of the endpoint
of v1, we can define the concatenation ; o v, of these paths by simply
connecting them.

Let ¢ = (v,C1,... ,Cuy Ar,... ,Ay)and & = (v, C1, ... ,CL, A, ...
,A’) be two polymers with bases [i, 7] and [i’ 7] (i <7 ), respectively.
We say that £ and £’ are compatible if either of the following conditions
holds;

1) r+1<?, |
(2) I' = # + 1, the backbone of

I' == qUC1U. . UCLU(Y' +(0, k(7)))U(C1+(0, k())U. . .U(Cy,+(0, k(7))
is the concatenation v o (v + (0,k(v))), and connected compo-
nents of the set I' \ v o (' + (0,k(v))) are {C4,...,C,,C] +
(0,k(%)),...,C., +(0,k(v))}. Here, k() is the hight of the end-
point of ~.

The family {fp};:é is compatible if £, and &, (p # p’) are compatible.

Let 7 be a self-avoiding path in A, o, connecting (0, 0) with (L, k()),

{C,}°_, be a compatible family of connected subsets of Ay, o such that

(1) Cyimand C,Nm =0,

(2) 7 is the backbone of V(mr) UUs_,C,.
Let also {Aa};:1 be a collection of connected subsets of Ay, o, such that
AgimUU_C, for each a. We say that the line ¢; = {z! = j + 1}
(0 < j < L—1)is a cutting line of (7, {C,}°_,,{Aa}’_,) if £; intersects
only one admissible edge of (7, {C,}’_,, {Aa}'_,)-
Let &g < 4, < ... < ¥;, <¥;.., = £r_1 be all the cutting lines

of (m,{C,}>_,, {Aa},_,). For each m € {0,1,...,n + 1}, there is a
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unique edge €., = {By,, Amy1} of m which intersects £, . Let 7, be the

portion of 7 starting from A,, and ending at B,,. Also let {C,Sm)}j(:;)
t

and {A&m)}a(;nl) be the set of elements of {C,}°_, and {A,}’_, such

that they are subsets of [j,,_1 + 1,jm] X (—00,00) N Z2. Then A,, =

(jm-1 + 1,p) for some p € Z. Thus we obtain the m-th polymer &, by

setting

s(m) t(m)

Em = ('Ym - (0>p)7 {ngm) - (07p)}u=1 7{A£xm) - (07p)}a=1)'
By definition, {&,&1, ... ,&n+1} are compatible.
For a polymer &, = (ym, {C,E’")}, {A&m)}), let k= k(&m) = k(vm)
be the hight of the endpoint of the self-avoiding path ~,,. Then the
hight k() of the endpoint of the original path 7 is given by

n+1

k(r) =) k(m)-
m=0
For a polymer € = (v, {Cy}"_y, {Aa}iey), set

)

(2.2) W(E) = e HITHN OCrre CMI-U T 10 5 T] (e-2(0e) 1)

a=1

Where

N*(’Y,Cl,... ,Cs) = N(’)’,Cl,... ,CS)
+ Nl(’}/’cl7"' ’CS)+NT(’Y’C]."" ’CS)

and Ni(v,C1,...,Cs) is the number of new holes created by V(y) U
Us_,C, and the line {z' = [ — 1}, where base(¢) = [I,#]. Similarly,
N, (v,C1,...,Cs) is the number of new holes created by V(y)UuUs_,C,
and the line {z! =7 + 1}.

A polymer £ is called simple if base(£) is one point and & = (v, 0, 0).
Thus, the weight U(¢) is given by ¥(¢) = e~#I7l. A polymer ¢ is called
decorated if it is not simple.

A decorated polymer & = (7, {C,}, {As}) with base(¢) = [I, 7] is said
r-active if there exists a simple polymer & = (y1,0,0) with base(&1) =
{7 + 1} such that &; is incompatible with £ or the concatenation of ~
and v; together with U,C, produces a new hole. £ is said l-active if
there exists a simple polymer & = (vo,0,0) with base(&,) = {I — 1}
such that &; is incompatible with £ or the concatenation of 72 and ~
together with U, C, produces a new hole. If £ is both r-active and 1-
active, we call it bi-active. A polymer chain is a family of decorated
polymers C = {&;,...,&n} such that



The Dobrushin-Hryniv theory for the Widom-Rowlinson model 243

(1) {&,...,&,} are compatible.

(2) If base(&y) = [ly,u], 1 <u < n,thenlyyy =7y+1 or 7, +2 for
every u.

(3) If Zu+1 = 7, +2 for some u, then £, is r-active and £, 11 is l-active.

Let C; and C, be two polymer chains. We say that C; and C, are compat-
able if C; UCsq is a compatible family of polymers, but it is not a polymer
chain.

For a polymer chain C = {&1,...,&m}, let

base(C) = base(&1) U ... Ubase(&nm)-

For a polymer £, we define

B(g;¢) = erFOP(£)Q(¢) 7 Ibase@,

where |base(¢)| = # — [ + 1 when base(¢) = [I, 7], and Q(C) is the gener-
ating function of the hight of the endpoint of a simple polymer ;

o0

Q) = e ¥ Z etk o—Iklp

k=—o0
Also, for a polymer chain C = {&1,... ,&m}, we put

-1

Fg(C;¢) =[] ¥(u; Q) x Ti(6)Tr(€m) [ T(&ur €urr),

u=1 u

where for base(¢) = [I,7] and base(&1) = [c, d] with ¢ > 7, J;, Ty, J are
defined in the following way.

3

Il
—

-1
(¢ ¢)2NEE)=Ni(,Crr5Ca) - if € g l-active
aie) = 1 2769

§'cg
1, otherwise,
i-1
where Z means over simple polymers & = (v/,0,0) with base {I — 1}
§'cé

compatible with £, and N(¢',€) is the number of new holes created by
the concatenation of 4/ and ~ together with U,C,, which is not larger
than Ni(v,C4,...,Cs). Similarly,

7+1
Z®(£l§C)2N(§’§/)_N"(’Y’Cl"" ’Cs), if £ is r-active
j’r(g) = it

1, otherwise,
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and J(&,&;) is defined in two cases.
(i) If c =7+ 2, £ is r-active and & is l-active, then

1
J(f’ 51) — Z \i](gl; C)2N(£¢£,)+N(£’a£1)_N‘r‘(’YvCla 703)_Nl (Vlaélv"' aésl)

§'c€,6

b}

(ii)) If c=7+ 1, and £ and £ are compatible, then
‘-7(€7 51) — 2N(£’€1)_NT(’Y’CL“' ,Cs)— Ny (’Yl,él,-.. ’631)_

Let K1, be the set of all decorated polymers with base in [0, L], and CPr,
be the set of polymer chains with base in [0, L]. Then we have

S et Owmy = N HF (€5 ¢)-

res; C1,ee ,CrECPL;

compatzble

1
@3) Qe

Lemma 2.1 Let 6 > 0 be given. Then there exists p4 > g such that

for u > pg4, the free energy (¢) in (1.8) exists and is analytic in ( if
Re( <1 — %.

Proof. It is sufficient to show that

-2—1n Z HF

C1,...,Cr€CPL;
compatible

converges as L — oo and its limit ¢(¢) is analytic for Re( < 1 — %.
Then we have

©(¢) = ¢(¢) +InQ(J),

which is analytic in this region.

In order to verify the convergence and analyticity, we have to check
that there exist functions ¢*,d* : CP = {C; polymer chain} — [0, c0)
such that

(2.4) Z ec*(c)+d*(c)|F¢,(C;C)| < c*(Co)

CeCP;CiCy

for any polymer chain Cy and for any ( € C with Re( < 1 — % (see

e.g. [KP]). For a decorated polymer & = (v,{C.,},{Aa}), we put c¢(§) =
3|base(§)| and

d(e) = {(M — pa)lbase(€)] + | = (w—pa — 1), if [base()] >
(1 — pa)lbase(€)] + gl if [base(£)] =
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Then we set

(€)=Y c®), d*(C)=>_d)

gec £ec

The constant u, is specified later. We will first show that

(2.5) o O£ Q)] < elbo)

e éo
for every polymer £;. Note first that

(2.6) 17l = No(7v) + Nr(y) + 1,

where N, () is the number of vertical edges in v, and Np(7) is the num-
ber of horizontal edges in 7. Also, by definition of decorated polymers,
if base(£) is one point, then

s t
(272)  Na(M+ D IC[+ ) Aal 21,
v=1 a=1

since either {C,} or {A,} is non-empty if base(§) is one point. If
|base(§)| > 2, then we have

270)  Na)+ S 1C I+ 3 [Aal > 2(Jbase(€)] - 1).

Let v be a self-avoiding path such that it is the backbone of some deco-
rated polymer with base I = [[,7]. We estimate the following sum.

G(v) = > [T (€)erk0NC],

&;yisthebackboneof &

From (1.4), |®(A)| < e~ (#=#)IAl < 1 and therefore we have

le=®M) — 1] < e~ (h—pmo—1)|A|
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Using this, if [ =7, ie., |I| = 1, then we have N*(v,C4,...,Cs) =0
and

(2.8) G(7) < e#hlerkMRec N gmn . 1G]
{C.}Cu iy

X Z e~ (B—ro=1) T, |Aal
{Aa};Aa tyUC1U---UC,
< e HlrlHpk(v)ReC—(p—p2—1)

X E e—l"2 Zu |CV|

{C.}C iy

X E e_(/‘I‘Q_I‘LO) Za |Aal
{Aa}Aa 1yUC1U---UC

The summation over {A,} is estimated as follows.

E e—(ﬂz_uo) Ea IAQI
{Aa }A0 i yUC1U---UC,

< i ' > 3 e~ (H2—10) T, Al

t=0 Ay iqyUCLU---UC, Ay iyUCLU---UC,

H|,_;

<expl 4yUC,U---UC,] Z e~ (w2=Ho)lA|
A>0;connected

= exp {(I'rl + ) ICDai(pa, Mo)} :

Since there exist constants Ky, > 0 such that the number N,, of con-
nected sets of n points in Z? which contain the origin is bounded as

Nn S Klﬁn ('I’L 2 1),

we know that g1(pe,po) = 42A50;Cmneetede_(“"‘_“O)'A’ goes to zero
exponentially fast as us — co. Thus, summing up the RHS of (2.8) over
{A4}’s we obtain

G(v) < e~ (W=91(n2.m0) 71+ 1uk(7)ReC
x e~ (p—p2—1) Z e~ (B2=91(k2,10)) T, [Cv|

{Cu}Cy iy
<e~(B=g1(n2:p0) —g2(12:000)) IvI+ 1k () ReC—(n—p2—1)
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where go(u2, o) = 4ECBO;connectede_(ﬂz_gl(uz’m)))ld' If + > i’ ie.,
[I| > 2, then since N*(v,C4,...,Cs) < Np(y)+ >, |Cy|, we have from
(2.7b) as in (2.8),

(2.9) G(y) <e HIHuk(y) Re¢ Z e H 2, 1C9N"(7,C1;..,Cs)
{CL}:C i
x Z e (B—ro—1) 32, |Aal
{Aa}An iyUC,U...C
<e HTI+uk(v)Re¢~(n—p2—1) (21| =Nr(7)=2) 9 Nn(7)

X Z e~ (#2—1n2) 37 |G, |
{C.}iCuiy
X Z o—(H2—p0) X, 1Aa]
{Aa};A0 ivUC;U...UCS
<e~ (B=91(n2,p0)) YI+uk(7) ReC— (p—p2—1)(21I|=Ni (1) -2)

x Z e~ (B2—g1(k2,p0)—1n2) 32, [Co[ Ni(y)In2
{C.}
ge‘(“_gl (n2,p0)—g3(p2,10)) |v|+uk(v)ReC

x e~ (W=#2=1)QRI[=Na(7)=2)+Nn(7)In2

where gs(u2, o) = 4 Y _c50.connected e~ (r2=91(k2:00)—In2) We take uy suf-
ficiently large so that gy (u2, o), g2(u2, o) and gs(u2, o) are all smaller
than g.

Assume that Re( < 1 — ﬁ. Then since N, (y) > |k(v)|, from (2.6)
we have

(2.10) G(y) < e"%NV("/)"(FQ—%)(Nh(’)’)+1)—(/,l.-—u2—-1)(2|I|—1)’
if [I| > 2, and
(2.11) G('y) < e_%Nv(’Y)—(M2—%)—2(u—u2—1)

if |I| = 1. Since ¢(€) and d(£) depend only on the backbone ~, we write
them ¢(y) and d(y). Then

(2.12) Z |\I;(§)euk(7)c lec(£)+d(§)
&;yisthe backboneof €

= G(v) ec(M+d(7)

< e SNo ()= (= 3) (Na (1)+1) o= (n+na —2uz—5) base()]
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where base(y) = base(£) for any £ such that v is the backbone of €.
Therefore we have for a fixed interval I,

(2.13) Z G(v)ec(7)+d(7)
base(y)=1 v
<e~(Wtna=2pz=5)|| Z e~ §Nu (V) —(n2—F)(Nn(m)+1)
base(v)=1I

To estimate the RHS of (2.13) we separate « into fragments following
the idea of [DKS]. Let v = {xq, z1,... , Z,} be a self-avoiding path with
base(y) = I. Let jo =0, and for ¢ > 1, let

Ji ==min{j > j,_1; {z;_1,2,} is a horizontal edge}.
Each vertical part {z;,_,,zj,_,+1,...,%j,—1} of v with the direction of

the exit vector {z;,—1,z;,} is called a fragment. For a fragment f =
{Zo,Z1,...,Zp} with exit direction e(f), we define

)

W(f) = e 3N (f)— (#2——— :e_——(“ _2

Then the decomposition of 7 into fragments {f1,..., f-} leads to the
identity

o= ENL (M) = (2= Z)(Na(7)+1) _ HW f3)-

Therefore we have

Z e~ sNu(v)— (‘NZ——)(Nh(’Y)"Fl) i Z ﬁW(fg)

vibase(y)=I r=|I| fi,...,fr 3=1
<3 (25 ) oot
r=|I| k=—o0
_ R(N'Qaé)l['
1_R(P’276)’

if pgo is sufficiently large. Thus, if Re( <1 — g and p > u2, where usg is
sufficiently large, we have

I
Z G(v)e e(v)+d(v) < 6_(”+“4—2“2_5)|I|M

base(y)=I 1- R('UIZ’ 6)
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Since
(2.19) Q)] = e#|—Snh
' N cosh p — cosh u(
S e *tanh uq o H—h
— 1+4e¢

if Re( <1— % and p > po, we have

I - - - - R(l”'2’6)III
(2.15) B (g; () [ecO+dE) < g (ra—2ua—ns=5)|I| .
basei(ﬁz)ﬂ' | 1 — R(p2,6)

Let pg > 2us + p3 + 5. For p > py we will estimate the RHS of (2.5).
Fix & and write base(&) = [I,7]. Then we have

DGO d ) R_(Zﬁ(’uz

£iéo :I:El 1,741] 19“7
r—l+3 >
/41’21
)u’27 g
R(N/Zaé)

< 3|base(&o)] < (o).

(1- R(Mz,fS))B

if po is large. Thus, (2.5) is proved. From (2.5) to (2.4), we argue in the
following way. We call a family of intervals [; = [ll, o P [ ns Tl
linked intervals if for each 1 < u < n, 7, < Zu+1 < Tu+2 holds. The base
of a polymer chain forms linked intervals. For a fixed polymer chain Cy,
let [base(Co)] = [lo, 7o) be the smallest interval including base(Co). Then
noting that the distance of base(Cy) and base(C) is less than 2 if Cy and
C are incompatible, we have

D Fg(C; Q) O+

CiCop

<Y Y X >

[lo 2 7‘0—+—2] n=1 117 I CIO L] UI oz El,"' agne’CLv
linked intervals, base(§,)=1I,,1<u<n

n—1

H (6us Qe ) INAGINAD) H T (€us Eut1)

By definition and (2.14), there exists pu3 > 0 = p5(6) such that |7,
| 71|, |T| are all bounded by e*3 from above if Re(¢) < 1 — %. ‘Therefore
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from the estimate (2.15), we have

n n—1

So T Qe 6] gi(61) T (6n) [T T (Eus €urr)

611"'1€n€}CL; u=1 u=1
base(é‘u)—— I,,1<u<n

<H ~(pa—2p2—s—2p3—5) 1] Bz, )T
1- R(M%&)

Assuming that pg > 2p9 + p3 + 2p3 + 5, we have
> P (C;Q)le” O+ ©

CiCo
oo n n
R(H2a5)“”|
SCRUEED I DD DR | e
n=lwu=1 I,,...,I,C[0,L];I, >z, u=1 ’
linked intervals

u2,5) 2R(p2,6) "7
<o ~lo >3Z (L~ Rz, )%

< (7o — lo +4)

- 2
if pi is large. Since ) . |base(§)| > max {2[base(Co)], 1}, the RHS of
the above inequality is not larger than ¢*(Cp).

This allows us to apply general theory of cluster expansion so that
there exists a function

F{ : P;(CP)xC—C

such that Fg is analytic for Re( <1 — ;‘i— and it satisfies

(2.16) > I]Fs(Cs¢) =exp > FL(A50)
1 mpatibtes AEP;(CPL)

and

(2.17) D FT(A;)]e” @) < e*(Co),

AiCo

where P;(CPp) is the collection of all finite subsets of CPy, and d*(A) =
> cen @°(C). If A is decomposed into two disjoint subsets A; and Aj
such that {C;,Cy} are compatible for every pair C; € A, C5 € Ag, then
Fg(A;C) = 0. We call A € P¢(CPL) a cluster if there are no such
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decomposition A = A; U A,. Also, we note that F£ (A; ) is invariant
under horizontal translation of A. For A € P¢(CP), put base(A) =
Uceabase(C). Then (2.16) and (2.17) implies that the limit

$(¢) = lim %m S JIFeCuo)

L—oo
Cl,... ,CTECPL u=1

. T .
AE’Pf(C’P);[base(A)]=[O,k]
for some k>0

exists and analytic for { <1 — % if u > pg.

free energy for a joint distribution

Letg>1,andlet0 < t; <--- < tgr1 = 1. F01'£= (CO»CI,-“ va+1)
€ Ct1, let

1 7 (a
(2.18) SO(Q)(CIH,--- yter1) = lim —In Z eﬂg.xy(tl,...,tq“)w(r)
= L—oco

res.
if the limit exists. Here, the random vector X}lq)(tl, .+ ytgy1) is defined
by
(2.19)
XDy, tgr) = (“—(%(JF—)),XL(%),... ,XL(%Q),XL(l)).

With a slight change of the proof of Lemma 2.1, we can prove existence
and analyticity of the limit ¢(9 ({3 t1,- -+ ,tg+1). To be more precise, we
decompose a(7(T')) into terms corresponding to polymers appearing in
the decomposition of I'. Let £ = (v, {C, }, {Aa}) be a polymer with base
[a,b]. The area area(§) is then defined by

area(f) =#{z € [I,7] x [-M, M] N Z2"; z is below v}
— #{z € [I,7] x [-M, M]NZ*"; z is abovey}.

This is independent of large M. For aI’ € Sy, denote D(T") all polymers,
which obtained through any triple (w(T'),{C,},{A.}) with its cutting
lines, where {A,} is taken over all families of connected sets such that
Ayl for each a. We have

(2.20) a(m(D) = Y {area(&) + k(1)L —#(E)},

£eD(I)
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where base(¢) = [I(£),7(£)] for € € D(I"). Therefore,

S TRRII Y (RSl

L
£eD()
q+1
+ZQ Z Lipey<Leg k()
i=1 ¢eD(T)
g+1
+2Ci Z Licey<rt, <r(enF(r L),
i=1  ¢eD(T)

where k(~;t;L) is the maximal hight of the intersection of polygonal line
v and the vertical line {z! = ¢;L}.

Proposition 2.2. Let pu > p4. If { satisfies

max{|Re(Co + (g+1)|; |Re(g+1]} <1 — %,
(2.21) |Re(;| < 24— P19
YT g p? 14y 54,

then the limit (%) (¢5t1,. -+ ,tgt1) exists and is analytic in (.

Proof. Let ¢ be a polymer with base [[(€),#(¢)] C [0, L]. We decompose
€ into fragments {fp}le. The hight of a fragment f = {x1,...,z,} is
defined by

h(f) = @, — 2%
and the position of f is given by

pos(f) = a:% = xi

Then we have as in [DH2],

P

area(§) = Y h(f,)(#(€) — pos(f,))-

p=1

Since k() = Z£=1 h(fp), we have

) k(- T8 = S 0 - )

area(§) P
p=1
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Thus, we have

g+1

‘ [Co(area(f) + k(y)(1 — ({f) )+ ZCzl[r(g <Ltk (Y)

q+1
+ D Giliey<ne <aen 0 Lti)} l
=1

p

.
<IRe(Go -+ Cyun) U1 = P 4 Regyn Yo nis) )

p:l p:]_

=1

P os(f) 05( p)
<|Re(Co + Cue1)| S IR(f)I (1 — P22I20) 4 |Regy ] Zm ()

p=1

+ Z |R6Ci'Nv('7)

q
< |max{|Re(Co + Cqr1)l, [ReCor1l} + D |ReGil | Nou (7).

=1
Set
XOGe) =x L (6o
o g+1
= () k() - T 4 3 Gt nah()
=1
q+1

+ D Gy < b <icen O Lt
=1

As before, let

#(§)
(222) W& Gty tann) = U(©X TGO T @71 0),
£=I(€)

where (1, (¢) = (0(1——)+Z i CZI[KM 1- For simplicity we write (g, ¢)
for \il(!;';g;tl, ... ,tqy1) for the moment. Then for a polymer chain C =
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§m}, we define F, (C;¢) = F(C;(,t1,... ,tq41) analogously to

{&, .-
(C;¢). Namely,
C;¢) = H (€3 )T P (E) T (€m)

where jl(q) jr(q) and J@ are defined as Ji, Jr and J by replacing
(&;¢) with W(&;¢). If ¢ satisfies (2.21), then Q({L(¢)) is analytic in ¢

m—1
H j(q) (fua €u+1)a

u=1

U ; i
and satisfies the estimate
QCL(0)7H <ettis £=0,1,...,L

if 4 > py. Therefore as in the proof of Lemma 2 1, for p > py4 we have

convergent cluster expansion:
<rtqr1)

(2.23)
AE'Pf(C'PL)

—In
L C1,---,Cn€CPL; j=1
g+1) = 0 unless A is a cluster, and (2.17)

compatible

such that F?i;(A, ¢, ta,

- ot
holds uniformly in ¢ satisfying (2.21). So, if (2.23) converges uniformly
in ( satisfying (2.21), then the limit is analytic in this region

" For an interval I C [0, L], set
é’(I;Q’tla'-' ytgr1) i= Z HF (Ci; ¢ty -y tgq1)-
Cy1,---,Cm; compatible ;=1
base(C;)CI,1<i<m
Then by cluster expansion we have
mE(L; ¢ bty s tgr1) = > FL(A;C t, - tgr1)
AEPs(CP);base(A)CI
if ¢ satisfies (2.21), where base(A) = Uceabase(C). Writing

Z Fg(A;g,tl,... ,tq+1)

(2.24) ®(J;¢) ==
AEPs(CP);lbase(A)]=J

for an interval J C I, we obtain
IME(L by tgr) = Y 2(J50).
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From Mobius’ inversion formula, we also have

(2.25) @0 = (DM ET ¢ty )
IcJg

Let us also define

Bo(J;¢) = > FL(450),

AE€Ps(CP);[base(A)]=J

where Fg(A;( ) is given in (2.16) through cluster expansion. Then by
(2.17) and the definition of d*(A), ®(J;(¢) and ®o(J;() satisfy the fol-

lowing estimate.
(2.26) max{|®(J;¢)|, |®o(J;¢)|} < 3¢~ (B=2patnz+1)[ 1]

if p>2pg—po—1, |ReC| <1-— % and ( satisfies (2.21).
Lemma 2.3. Let pu > 2u4 — po — 1. If ( satisfies (2.21), then

@) Gm Y [R50 - B ()] =0,

L—oo R
J=[l,#]Cl[0,L]

where (1 (7) = (L (7€) := Co(1 — £) + S0 Giljo, pe (7).
Lemma 2.3 implies that

im ~ Y e =lm = Y (G

L—oo L . - L—oo .
J=[i,"]clo,L] J=[i,#]C[0,L]

Note that for ¢ satisfying |Re(| < 1 — %,

60 = D> @a(J;Q),

J=[—k,0]
for some k20

which implies that

(2.28)
1 1 q+1
Jm Y B = [ G- o)+ Y Gl (e))de
J=[I,7]c[o,L] 0 =1 .

uniformly in ( satisfying (2.21). As a result of Proposition 2.2 and

Lemma 2.3, we obtain
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Corollary 2.4 For p > pg4,

(2.29)
q+1

PGt tgrn) /<go+1ncz>(<o<1—w>+2<z 02(@))d

if ¢ satisfies (2.21). This function is analytic in ¢ in this region.

Proof of Lemma 2.3. We first introduce an intermediate weight W(¢; <)
by

U(&¢)
q+1
= U (£) exp {M{Co(g%@ +(1 - T(Tg)) 7)) + ZCil[f(§)<Lt,-]k(’Y)}
b(€) _
x [ @ ')
t=a(€)

It is easy to verify that @(5,9 also satisfies (2.5) if { satisfies (2.21),
and therefore we have corresponding ® by

In > HF CosO) = >, 2(J;Q)

C1,---,Cm;compatible p=1] JCI;interval
base(Cp)CI,1<p<m

for every interval I C [0,L]. ® also satisfies the estimate (2.26). By
the Mobius inversion formula ®(I;¢) = ®(I;¢) if I contains none of

{Lt; }q+1 This means by (2.26) that

(2.30) ngx;oz > @850 — @(J;¢)| = 0.
Jclo,L]

For s € [0,1], let us define
s(§Q) = sU(& Q) + (1 - )& Cu(P)),

and let ®, be the corresponding function defined through cluster expan-
sion. Then we have

(2.31) 12(J;¢) — <1>0<J- <L<f>)|
@, (J;()

< SN2
3\115(5 9)

'I‘ff(fsg) — W& ®)-

gex(J) C
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Like (2.25) we have
()= Y, (“)YImED),

I'CJ;interval

where

2(I') = > IIFs. Q).

Ci:- s Cm €CP
base(Cp)CI/, 1<p<m

For a polymer chain C with base(C) C I, we have

<en{ ¥ T80}

AiC;
base(A)CI'

< exp{c* (C)e—(“"2“4+“2+1) }

ol (1)
’ OF (C)

Therefore for a polymer ¢ with base(§) C I’, we have

'Bln =(I") |
OV, (&)
< Z l 8F~\i!s (C7 9 ‘ exp{c* (C)e—(u—2u4+,u2+1) }
cecP,coe, 8\115(.5; Q
base(C)CI’
<> ) >
n,m>0 {I1s- s In}s Tnt1Ingmls
TS basel@ Ing 1. Indom form

X exp{c(ﬁ)e'(“‘z“““? +1) }e(n+m+2)u§

n+m

% H ( Z ‘\j;s(gp;g)led(ﬁpHC(&p))

p=1 base(&p)=1I,

SRy, 6)e2s "™ -
< Z {(1 —(‘u;(,uz)’é))Q} eXp{C(E)e (u 2u4+“2+1)}

< 4exp{c(§)e—(u~2u4+uz+1) },

n,m>0

if uo is sufficiently large. This implies the uniform bound
8P,(J;¢)
OV, (£;¢)

for s € [0,1], £ € K(J) and ( satisfying (2.21). Let J = [[,#] be an
interval in [0, L] with |J| < (InL)? and Lt; ¢ J forany i =1,...,¢+ 1,

(2.32) < 4|J|? exp{3|base(£)|e~ (-2mathatD]
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and let £ € K(J) be such that N,(¢§) < (InL)2. Let K > 0 be an

arbitrary positive number and we fix it. We assume that { satisfies
(2.21) with |Im(,] < K. By analyticity, for | < ¢ < # we have

(In L)?

log Q(C. (7)) — log Q(¢1(£)) < Const.

uniformly in ¢ in this region. From this and the fact that

et 4 - My < £ D AN = pos6)
< u(mLL P N€) < L)1,

using the inequality |e* — 1| < |z|el*! we have

[T (& ¢) — B(&CL(P)]

(2.33) -
1T(&;0)]
Q¢ (7))Pase(®) area(£) P (E)
= Hf(gfj)( Q) exp [MCO 7t MCO(Z - T)’“(’Y)} - 1‘
e=Ie
(InL)*
SC’onst.——L—.

The constant does not depend on L or ( satisfying [Im(p| < K and
(2.23). Hence we have

|2(J; ) — ®o(J3¢L(7)]
(In L)4

< Const. Z |J|2e3|base(£)|e—(u—2u4+u2+1) |\i’(§,£)l“_[:—“

& base(g)CJ
N (€§)<(In L)?

+ Z IJ‘2631base(§)|e—(u—2u4+uz+1) (\@(g,g)l n |\i’(£, CL(f'))I)

&;base(€)CJ
Ny(£)>(nL)2

=I+11.
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Since |J| < (InL)? and ( satisfies (2.21), we can bound I and I in the
following way.

1< Const ]I Y |®(g;§)|ec<£>+d(s)}M

L
£; base(€)=[0,k]
for some k>0

(In L)1°

7 )

IT< [JPem 808 37 (& Q1+ B (& o (7)[] e
§; base(§)CJ

< 6(InL)be 500 L7,

:o(

Using this and (2.26), we have

1 = R
- }j |8(J;¢) — @o(J; (7))
J=[l,7]C[0,L]
S e~ Gr—2matuat O L 0§ e zaatuat T
— L
Jcl[o,L]; Jclo,L];
150022 R
1 = R
+7 > |®(J;¢) — Do(J; CL(7))]
J=[I,#]C[0,L];
|J1<(in L)2,
Lt;&J for any i=1,...,q+1
(In L)1°
=0
(2

uniformly in ¢ satisfying (2.21) with Im(y < K. Since we can take
K > 0 in an arbitrary way, we proved (2.27).

the limiting quadratic form
Let ¢ satisfy (2.21). We introduce a (g + 1) x (¢ + 1) matrix V7(()
by
1 ¢ (@)
¢ XD (b1, 0t
E—HGSS In Z ete X (h +DW ().

I'esSy,

VL(¢) =

This is analytic in ¢ satisfying (2.21).

Lemma 2.5. Assume that 4 > 24 — 2 — 1 and that ¢ € R9%? and
¢ satisfies (2.21). Then uniformly in ¢ and 7 = (no,... ,Mg4+1) € Rat?2
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such that || =1,

as L — oo, where

1 ! .
(2.34) VI(Q) = 5 Hess /0 (InQ + @) (¢ (x))de,
and
q+1
(2.35) (@) =Gl =)+ Gl ().

Further, there exists us > 24 — p2 — 1 such that V() is uniformly
positive definite for p > us.

Proof. Let pus > pug + 1 be fixed and let p > ps. It is easy to see that
In Q(¢(x)) is analytic in ¢ for every = € [0,1], and

g+1

n-V(Qn = Mi / (o1 =) + > nilppe(2)*(InQ + @) (¢(x))dz.

i=1
The uniform convergence of
%ln Z eug-X(LQ)(th---,tq+1)W(F)
resg

to
1
/0 (InQ + @) (C(x))dx

assures the convergence V() — V({) by Cauchy’s formula. What
remains to prove is the non-degeneracy of V(¢). First, note that for any
¢ € R with [{| < 1,

cosh pcosh u¢ — 1 _pcoshps —1
e ————————————————
(cosh pp — cosh u¢)? — cosh p5

1 " _
(2.36) F(ln Q)"(¢) =

holds if u > us.
We prove the lemma in two different cases depending on whether
|Co + Cg+1| and |{4+1] are both small or not.

Case 1) [Co+ (g1l < 1/5, |Cgua] < 1/5.
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In this case, we have

q
()| < (1= )|¢o + Sl + @Cqral + D 1]
=1
)

<
= 4y

_|_

O ==

for every = € [0, 1]. By Cauchy’s formula, we have

N/ _ i & <
=/ e

If |z—((z)| = L, then |Rez| < 2 < 1— —3. Therefore by (2.26) and (2.28)
we have

()] <9 Z e~ (h=2patpz+1)n

n=1
Therefore as p — oo
1. 18-5% _
(2.37) |20 (C(@)] < e (14 o(1)

uniformly in z € [0,1]. Taking ps sufficiently large, we have

1 e H

InQ +9)'(C) 2 - >0

for u > ps.
Case 2) |(gy1] > 3 or [Co + Cop1] > 3-

We assume that |(op + (g+1] > 2. The argument for the case where
|(q+1] > £ is the same. For z € [0, 1=] we have

q
C(@)] = (1 =)o + Capal — zllqia] = D 1Gl

1=1

o
— >

1
> [
- 4p 10

ool

for p > us, if ps is sufficiently large. This means that

9
e~ 10* cosh us — 1

Q)Y (¢(@) > &
n

cosh s
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for z € [0, 15| and p > ps. Therefore by (2.36)

i 1 q+1
(2.38) / ;5(111 Q)H(C(gj))(no(l —z)+ Znil[O,ti] (x))zda:
0 =1
Y 1
e~ 10* cosh us — 1 /1 at ,
> - ; .
— 16-4 coshus Jg (”70(1 )+ ;ml[o,til(w)) dx

Since ¢ € RI*? satisfies (2.21), |¢(z)] < 1 — %g for every z € [0,1]. By
Cauchy’s formula,

2 :i ¢(z)
P (C(a)) = — /lz_m:i e,

2p

Since the circle {|z—((z)| = %} lies entirely in the region { Rez < 1—%},
by (2.26) and (2.28) we have

(2.39) [ a#" @] < e 1+ o)

Thus, by (2.38) and (2.39) V() is uniformly positive definite.
Let PL(Q) be the distribution of Xéq) (t1,... ,tg+1) under Pr, and ]ADI(qu
be given by -

H(a) (ﬂ) —E; eug.X(LQ)(tl,._. ,tq+1)] -1 e“gﬂp[(,q) (ﬂ)

for p > ps, C€ R972 satisfying (2.21).

Lemma 2.6. Let § > 0 be small and y > ps. Assume that QL’Q €

RY7? satisfy (2.21) and ¢; — ¢ as L — oco. Then, under P}qu the
S > '

centralized random vector

N 1 . A A
Vi (ty, .o tgir) = _\/_Z(X](LQ)(tl,... yBg41) — E(L‘{)SLxéq)(tl,... v tgr1))
converges weakly to a centered Gaussian random vector ¥ (@) (t1,... ,tg41,

of which covariance matrix is given by V(¢).

Proof. Let
gL(ﬂ) = Eéq)gL I:eiﬂ.YIEq)(tl,..‘,tqu):' .

Then

Ings(n) = Lo (¢, + )~ Lon()——- B, (K00, .. tar)]
B b VIuT > VLM
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where o (() is given by

=2 3 e X et (r),
resS,p

Since ¢, satisfies (2.21), so does ¢, + —~=n, and we have

u\/f

o16, + m) —en(C))

q+1 2

EW [x@( to] - L a2l
LRI M5 Mk
,U»L\/‘ LC [ L (1 q+1)] 2/J'2L2 jJCZZI J acjack c=¢

+ Ry

Since

g+1 52 oL g+1
_ .V .
2L Z njnk8C36Ck jélﬁﬂ?k L(C; )ik

this term converges to ——n V(¢)n. So it remains to show that LR, — 0
as L — oo. Formally, R, has the following integral representation.

(2.40) Ry = (u\/f) > Rikm,

1<j<k<m<n
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where for j < k < m,

R; ;=

T]?’ / PL (QL + (& —CLj)e; + Zz=j+1(u\i/f)n”e”) d¢;
7
C

274 (& — €L, 0)%(& — Cuy — (H)ns)

Rk =G & G e,
y YL (QL + Za:j,k(fa —CL,j)ea + Zgzkﬂ(;i—ﬁ)nﬁeﬁ)
(& — CLe) (€ — Cop — (2 )m) ’

My dg;
Ho (2m3)? /cj (& —Cr,j)? /ck o
% PL <£L + Za:j’k(ga - CL,a)ea + Zﬂ:k.}q(:i_\/r)nﬁeﬂ)
(& — L)€k = Coe — (p)me) ’

1Mk m d§; d€x
Rjkm= . dém
7k (2mi)3 /cj (& —&L.4)? /c (ék — Cr k)2 /cm ¢

x YL (QL + Za:j,k,m(ga - CL,a)eOt + Zgzm—i—l(ﬁ)nﬁeﬂ)
(Em — CL,m)(gm = CLm — (#/f)’?m) '

Here, Cj, is a curve composed of the lower half of the circle {|¢, — (1 p| =
p}, upper half of the circle {|¢, — (L p — (#—iﬁ)npl = p}, and vertical line
segments connecting them, and p is a small positive
number. Let us estimate |R;;;|. Other terms can be estimated
similarly. Set
SN

v=j+1 pVL

wL(]) = _Q:L + (gj - CL,j)ej + Nvey.

Then it is easy to see that

max{|Re(wp, (7)o+wr()as1)], [ Re(wr, (Fgs1)[} < 1—?5+p(6o,j+6q+1,j>

) 6
and | Re(wy ()a) < 7

_—(q ey + pbo,j, where 8, =1if j =k and =0
if j # k. Note that

L
prlwn(d) = $lwr(i) + 7 3 M QLU 0),
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where
/ qg+1
wr,(454) == wr(jlo(l — z) + > wr(i)plie<rey),
p=1
and that

|Rew (5;€)] <max{|Re(wr(j)o +wL(f)g+1)], [Re(wi(f)g+1)]}

76
+Z|RewL |<1—Z—‘|‘,0

If p < 6/4u, then we have analyticity of the integrand in the expression
of R; ; ; as in the proof of Proposition 2.2. This is true when ¢ L satisfies
(2.21) and ¢; € C;. Thus, we can assume that |¢r(w; (7))| . From this
we easily obtain that
3
1Ryl < 20
o3
for some M > 0, which is independent of L. This means that LR, =
O(L~'/?) uniformly in 7.
Let g¢ be the density function of the Gaussian vector ?(Q)(tl -
tg+1) given in Lemma 2.6.

Proposition 2.7. Let Xéq) = (L7'Z) x Z9"1. For each z; € Xéq) and
¢, € R¥*? satisfying (2.21), let

1

9 ¢=ﬁ

Then we have

(QL — EE,(I,)QLXE,Q)(tl’ “. ,tq+1)).

2L 2B (2y) — gc, (y,) — O

uniformly in z; € &7, and ¢, € RY7? satisfying (2.21).

The proof is a complete repetition of the proof of Theorem 6.3 in
[DH2], so we omit it. Let h > 0 and a > % be such that

(2.41a) L[ 0o -a)G + s = o

1 1
(2.41D) ; /0 O((1—2)C +CP)dz = b
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hold for some (¢3,¢;) € R? with

26
(2.42) max{|¢5 + ¢ IGH <1 — o

where ¢ = InQ + ¢. Let also ar, > 0 and A, > 0 satisfy

19¢y

ar,

(2.43a) ;%(CL,oyo,--- ,0,(a1) = T2
1 8QOL hL

2.43b —_—— 0,... = =
( ) 0 8C1 (CL,Oy ’ )OaCL,l) L

for some (1, 0,(r 1) satisfying (2.42), and

ar, hL
(73 7) = (@h).

For simplicity, we write ¢r,((o, (1) for ¢r(¢o,0,...,0,¢1). By the ar-
gument in the proof of Lemma 2.5, for a sufficiently small p > 0,

©r(Cr,0,¢r,1) and

1
£ 6) = | pleolt = 2) + 1)da
0
are analytic in (o, (1) € D,, where

D, :={({o, 1) € C*max{|¢o — ¢1,1¢ — ¢TI} < o}

Also, ¢r(Co,¢1) converges to £((o,¢1) uniformly in D,. Therefore we
also have the convergence;

(2.44) (Vicotn)?r) (665 &) = (Vico.cn£)(Go5 6)-

This convergence is uniform in ({3, {7) satisfying (2.42). By Lemma 2.5
for ¢ = 0, there exist Lo > 1 and € = &(p, &, 6, (%, (7) > 0 such that

1
Z [Hess(¢y,¢,)2L(Co, C)jemime = e(lmol® + |mu[?),
k=0
1

[Hess¢o,c)£(Co, €5 kmime = e(|mol® + Im %),
1.k=0

o/
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for (o,¢1) € D,NR?, L > Lo and no,m;1 € R. This implies that
Vico,c1)prL and V(¢ ¢ )L are one-to-one bicontinuous maps on D, N R?
for every L > Lg. In particular, we have

(2.45a)
I (% o) €00 61) = (Fiaoc@r) @60 12 5 1 (Cone) = (G5, |

and
(2.45b)
H (V(CO,Q)[’)(CO’Cl) - (V(Co,Cl)’C)(C())kvgik) HZ % H (Cﬂacl) - (CgaCf) ”

for every ({o,¢1) € D, N R2. By (2.44) and the definition of (a, h) and
(ar,hr), we have

1 . ar ht
” ;V(CL,O,CLJ)(pL(COa41) - (fg‘a _L-) H—_) 0.

This means that we can find ({1, 0,{r,1) € D, which solves (2.43a, 2.43b)
and by (2.45a, 2.45b) it converges to ((g,(T).

In order to discuss convergence of X, () from Proposition 2.7, except
tightness we need one more estimate which assures that the separating
contour itself neither fluctuates a lot nor is fat. To do this, let us define

(2.46) vol(§) := v+ ) _ |Cal

a+1

for a polymer & = (v, {Ca}toey, {As}poy)-

Lemma 2.8. Let u > us, h >0, a > % and a, h,ar,h; be given as

above such that (%, %) — (a,h) as L — oco. Then for every k € N,

there exists a constant Lo > 1 such that for L > L,

(2.47)
Pr (max{vol(f);f e A(D)} > glnL +k | a(n(I) =ar, k() = hL)
<1-— exp(—4e_%k).

Proof. Let (¢}, (7) solves (2.41a, 2.41b) satisfying (2.42) and ({r,0,{L,1)
be a solution of (2.43a, 2.43b) satisfying (2.42) such that ({z,0,{z,1)
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converges to ({3,(}) as L — oco. Put

XOr) = (“(”ér ) k)

- ¥ ("L 4k - ") k)

gea()

Then for N := %lnL + k,

(2.48) Py (max{vol(€); € € A(T)} < N | a(n(T)) = ag, k(T) = hy,)

= > oH(CL.0,¢e,) X (Y Ow(1)]
reSp;a(n('))=ar,k(I')=hr
> Z e,U'(CL,OaCL,l)'XiO)(F)W(F).

FESL,Q(W(F))ZGL,k(F):hL
vol(§)XN for every £€A(T)

By Proposition 2.7 we have

(2-49) Z e#((L,o,CL,l)-Xio)(F)W(F)
reSrp;a(n(I'))=ar,k(l')=ht

Lo (¢L,0.{L 1) 5(0) a_L
=€ P - PLa(CL,(hCL,l)( L ,hL)

9icrocr (0,0
—eLer(Crocea)ICLo ;2'12)( >{1+o(1)}

as L — oo.
Let (Co, (1) satisfy (2.42) and

1 X ()
o™ (Co, 1) = I In Z el ) X Mw/(T),

FESL,a(’n’(F))ZaL,k(F):hL
vol(§)XN for every £€A(L)

It is straightforward to check that the estimate (2.4) is still valid when
we replace d(&) with

41(6) 1= d(¢) - gl + gool(e)

The only change is that we introduce

0 s

Gl(")/) = Z |\I;(£)6N(CO7C1)-XL es o lCal ’7
&; v is the backbone of &
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in place of G(7y), and in estimating G1(7v), we have to put

gg(,u,g,p,o) =4 Z 6‘(#2-91(#2»#0)—1n2—6/6)|C|.
C>0; connected

Therefore we have convergent cluster expansion;

1

o )= Y FLaiG.q)
AePs(CPL(N))
where CPL(N) := {C € CPr; vol(C) < N} and
(2.50) Z [FT(A; o, ¢1)[e1 ™) < ¢ (Co).

AiCy, AEP;(CP)

Therefore we have

(2.51)

ler(Co, 1) —SO(LN)(CO,Q)\ < Z |F€(A;C0»C1)\-

AEP;(CPL)\P;(CPL(N))

S~

If A € Ps(CPL(N)), then A contains at least one £ € Ky such that
vol(§) > N. Therefore by (2.50) the RHS of (2.51) is bounded by

_$

e 6 _ _s
- Y FL(AG,G)|em BB < 3ems .
AePs(CPL)

This estimate is uniform for ({o, (1) satisfying (2.42). By analyticity of
@1, and cp(LN), we have for o, 8 € {0,1},

10 (N) 3 _sn
2.52 —_— — < -
(2.52a) P [or — @1, 1(CL0,CLa)| < e
and
1 02 3 _s
(2.52b) [‘PL_‘P(LN)](CL,OaCL,l) < —e s

12 8Ca0Cs p

where 0 < p < &. Since N — oo as L — oo,
P< 1

N * %
Hess(co. )05 (CLo,Crn) — Hess(co o) LG5 ¢E)

as L — oo. Let IADL,(CL,O,CI:J)(F) be the probability weight which is
proportional to e#(¢z.0:¢e.) X @O W/(T) restricted to the ensemble

{T' e Sg; vol(§) < N for every &€ A(I)}.
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Then by (2.52a, 2.52b) as in the proof of Proposition 2.7, we see that

1 a(r (I 1 a(m(T
\/E(( (L( ))’k(r)) N ;E(L]I)CL,OaCL,l)( (I(/ )),k(F)))

converges to a centered Gaussian vector with covariance matrix

1 * %
PHeSS(COyCl)[’(COaCI)

as far as N — oo as L — oo. Further, since N — %lnL — 00,

1 (V) ap hp,, 1
M|V(CO,C1)¢L (CL,0,¢L,1) (LQ’ L)Imo(\/_i)

as L. — oo and by this we have

P00, v (L b)) = (%) ) = L0014 o))

as in the proof of Proposition 2.7. Combining this with (2.48) and
(2.49), we see that there exists an Lo > 1 such that for L > Ly and
N = % InL + k,

Pp(vol(€§) < N for every £ € A(T') | a(w(T")) = ar,k(T") = hr)

> exp{—L|pr(Cr,0,¢r,1) — ‘P(LN) (CL,0,Co,1)} exp{—e~ 8%}
> exp{—4e_%k}.

Theorem 2.9. Let > ps, h > 0,a > % and ar, hy, be given as above.
Further, we assume that aL? — ay, = o(v/L3) and hL — hy = o(V/L) as
L — 0. Then the process Yy (t) under Pr(- | a(n(T)) = ar,k(T) = hr)
converges in finite dimensional distribution to the process

Yo - / V(G + (- 2)G0)dB(z)

conditioned that .
/ Y(t)dt =0, Y(1)=0.
0

Proof. Let ¢>1,and 0 <t; < -+ < tg41 = 1 be given arbitrarily.
We take ((p,(1) € R? which satisfies (2.42) and solves (2.41a, 2.41b).
Also, we take ({1,0,{r,1) as a solution of (2.43a, 2.43b) which satisfies
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(2.42). Then by the above argument ({10,¢r1) — ({0,¢1) as L — oo.
Let ¢7,¢° € R7*? be

¢; = (€L,0:0,-..,0,¢r,1)
go = (C():Oa-" 707C1)'

From the assumption of the theorem and (2.45a) and the uniform bound-
edness of Hess¢pr,, we have

E(Lﬁ)gz)%_éq’(tl, o ter1)

(%L (a) [ Lt ] r(a) [ Ltq)
_<f7EL,£2XL( L )""1EL,£C£XL( I )’hL)
L o

:;(VQQOL)(QL)

::E (Vo @) (O, .y tqr1) + o(VL).

By proposition 2.7 we have for —oo < ij <rj<o00,1<j5<g,

. oa S . ar,

Lh_{I;on’)(yje[lj,rj] 1§JSCI|$0=T7$q+1~hL)

. 2 2. . ar,
=Lh_I}C1>oP£22(yj€[lj,'f“j] 1SJSQ|$0:‘Ea$q+1—hL)

_‘f[i1,7‘1]x..-x[iq,ﬁq] ggo (O,yl, ey yQ9O)dy1 . dyq
qu g£0(0,y1,... ’y‘bo)dyl"-dyq .

Let
?(q)(tl, N ,tq+1) = (}/E),Y(tl)ay(t?)’ s ’Y(tfH'l))

be a Gaussian random vector with distribution density g¢(yo,- - - »Yg+1)-
Then its covariance matrix is given by

EY(t;)Y (tx)] = 515/0 kcp"(Co(1~a:)—|—C1)da:

for j,k=1,...,q+ 1, where a A b= min{a, b}, and

E[YoY () =§ / " (Co(1 — 2) + C1)dx

1
B[] == [ @00 -a)+ e
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for j =1,2,...,q+ 1. This means that {Yq, {Y(t)}te[o,l]} is a Gaussian
system with covariance given above for every 0 < t; < ... < tg41 =

1, ¢ > 1. Finally, by Lemma 2.8 we can replace E’gq)co X1 (t;) with
2L

E(Lq,)gz X L(L—LLEJ—J) for every 1 < j < ¢ in the above argument.

§3. Tihgtness

As usual, we will estimate the fourth moment of Y7 (¢) — Y (s) for
every s,t € [0,1]. First, we show the following one polymer estimate.
For an integer z € [0,L] and I € Sz, , let £(z) = &(z,T) be the unique
element of D(I") whose base contains z.

Lemma 3.1 Let gy > us,h > 0,a > % and ar,hr be given as in
Lemma 2.8. Then there exist constants C' > 0 and L; > 1 such that for
L > Ly,

o {eéd(é(w))

a(m(T')) = ar,k(I'y =h| < C.

Proof. Let ((§,(]) satisfy (2.41a, 2.41b) and (2.42), and ({1,0,{L,1)

satisfy (2.42) and (2.43a, 2.43b) such that ({1 0,{r1) — (¢, () as L —
oo. For I € §;, such that D(T") 3 &, let I''(€) denote the set of elements
of Sy, such that D(I(£)) = D(T) \ {£}. Also we put for a polymer &,

£0(6) = () k)1 - 1) ki),

and U(¢;¢o, (1) == U(€) exp{uX L (€) - (¢o, (1)}, where  stands for the
backbone of €. Then

A aL
Pr(cocen [{DI) 2 € n{X (D) = (-, he)}]
:e_L‘PL(CL,O,CL,l)\I;(g; Lo, CL,l)

y Z e,u(CL,o,CL,l)‘XIEO)(F,(E))W(FI(E))'

resp; D(I)3¢,
a(n(l'))=ar,k(l')=hL

By the cluster expansion we have
A a
(31) Pricracn {PI) 3 & N {X (D) = (5, h0)}]
= Y Fg(CiCro,¢r.1) exp{— > F{(A;5¢L0,¢01)}

cecPyr; A
cssL AEPs(CPL);ALC

X PL,(CL,07CL,1) [a(ﬂ'(F)) = aL, k(F) =hr l D(F) > d’
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where

L
. 14
W(&;¢L,0,Cr,1) == Y(&CL,0,CL,1) H Q_l(CL,O(l - E) + (1)
£=0

Since the final term in the RHS of (3.1) is not larger than 1, by the same
argument to derive (2.32) we have for C' > 0,

S O 0 [P 3 N XM = 3F,hu)Y]

€:base(€)>e,
[7[>CIn L

<4 > e OF3AOF (£ ¢p 0, CLi).
&base(€)3z,|y[>Clin L

As in the proof of Lemma 2.1,

(3.2) > e @F 24O (& ¢p 0, Cpa)|

&; base(€)dz, |y[>CInL
<e 2L N OO (g ¢ 0, ¢
&; base(€)dx
<3~ 15CInL

By (2.49), we have for a constant C; > 0 and a sufficiently large L,

1 ~ a
eid(E(w))l{h XI(JO)(T) — (__L_ hL)

(z)|>CIn L} L’

EL:(CL,O,CL,I) [
gClee_%ClnL,

which goes to zero as L — oo. Here, v(z) stands for the backbone of

£(x).
Assume that |y| < Cln L for the backbone v of £. Then since

1 ~
pr(CLo,6La [ €)= 7 In > (.0 ) X7 My ()
res,iD(T)3¢

= ¢L(CL,0,Cr,1) — % > FL(ACLo,CLa),

AceKL; Aig

[Hessco.cyer (- | €)1(Cr,0,Cr,1) converges to [Hessc, ¢,)L](¢5,¢F) uni-
formly in & with |y| < Cln L. Therefore there exist constants Cy > 0
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and Lo > 1 such that for L > L,

(33 P (@(r(0) = ap, k(D) = hy | D) 3€) < 22

uniformly in £ such that |y| < Cln L. Combining (2.49) with (3.3), we
can find Lq such that for L > L,

1 T 5 arg,
(3'4) EL,(CL,O,CL,l) |:62d(E( ))1{|’Y|SClnL} XIEJO)(F) = (fahL)

<C1C, > |¥(£)]e29O+@) < 30,0,.
base(&)3z,|v|<ClIn L

This together with (3.3) proves Lemma 3.1.

Now let us turn to the estimate of the fourth moment of Y7 (t) —
Y7 (s). It is sufficient to consider the case where Ls, Lt are integers and
s<t.

Lemma 3.2 There ei(ist constants C3 > 0 and Lo > 1 such that for
L > Ly, if |t—s| <L 5, then

(3.5)  Er(|Yp(t) — Yi(s)|*la(x(T)) = ar, k(T) = hr) < Cs|t — s|?.
Proof. Since

YL (1) — Yi(s) = % [XL(t) — X1(s) - —fj / (¢ (1L - )+ ¢F)da],

we estimate

Er(IXp(t) = Xp(s)|* | a(n(v)) = ar, k(y) = hr)

and
Er(L f (G (1 — )+ ¢)dal* | a(m()) = ar, k(y) = h)

separately, where (¢, (}) solves (2.41a), (2.41b) and satisfies (2.42). By
analyticity the latter is bounded by C(L|t — s|)* for some positive con-
stant C. Also, by Lemma 3.1, the former is bounded by

C'(L|t - s|)*
for some positive constant C’. It remains to check that

Lt —s|* < |t — 5|7,
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which is true when |t — s| < L%,

To handle the case where |t — s| > L~%, we introduce a moment
. . (s,t)
generating function ¢; " by

s 1 > (s.t) (.
<PEL ’t)(Co,ClaCz) = fln Z et 1 LW (D),
resr

where

o (s:t) oy . (2w () Xp(t) — Xi(s)
XL (F) T ( L ak(F)’ \/{——S )
and ¢ = (¢o,(1,¢2) € R3 such that (o, (1) satisfies (2.42) and

(3.6) [EIS zi\/t —s.
u

To complete the proof of the tightness of {Yp(t), 0 < ¢t < 1}, it is
sufficient to show that there exists a constant €9 independent of L such
that (3.5) holds for all s,t € [0, 1] with |t — s| < €.

Let a,h,ar,hr, ({5, ¢5), (Cr,0,CL,1) be taken as before; i.e.,

1. (¢5,¢7) and (Cr0,Cr,1) satisfy (2.42),

2. (¢, (7) solves (2.41a), (2.41b), and

3. (CL.o,¢r,1) solves (2.43a), (2.43b).

Put
_ 190
o 0C

Then as in the proof of Lemma 2.3, we can show that

(37) (% A (CL,OaCL,laO)'

1

U/t — s

(38) v —

/ & (G(1— 3) + ¢} )dw = O(L™ ¥ (In L)™°).

Therefore

YL(t) — YL(S) _ XL(t) — XL(S)

— ) — VLo + o(1).

So, we will show that for some ¢ > 0 and for all s,t € [0, 1] such that
It - S| < €o,

- ap [ Xo(t) —Xi(s) . a(m(v)) = ag,
kz:%(kﬂ) PL( L - 9) VL 2k iy S, )
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converges and is bounded from above by a constant independent of
L,s,t. For k € N, let C(k) (Cék()), Cg?, ) be the solution of

1 s, &
M[V(Co ¢1.62)P ( )](C( ))

[l
Ik
<
+
|

and C(O) (€L,0,¢L,1,0). For n = (no,n1,72), let wz(s’t)(ﬂ) be the Le-
(s

gendre transform of 1 L ") Then by duality,

«(s,t)1,0L hi k k) (k) (k
[Vuel™ NG5 Tt o) = (SN RN
and N 5.
k_ s,t
(k) VE 8%} arp hg
Lo /O o2 (ﬁ,f,vL+u)du>0
Therefore
(3.9)
Xp(t) — Xi(s) a(m(l')) = ar
P > v VL + k ’
t ( L(t—s) " k() = hr
3 oLl (€)= (% b))
= Lo 0 () (%L hp Log)¢©
3> Lo T=s+k/L(t—s) .
P, C(k)(XL( ) = X1(s) = j,a(n(T')) = ar, k(I') = hr)
PL’C(O) (a(W(F)) =ar, k(F) - hL)
«(s,t) @L hL (s,t) 0L hr
§eXp{ Luler, (ﬁ,—, L+\/—)~ (L2’L’ L)}}

Py (BE2) > 0, VT + Kaln(D) = o, WD) = e

L,g(L‘” (a(m(I)) = ar, k(I') = hy)

X

From Proposition 2.7, the RHS of (3.9) is bounded by

[ *(st)(aL hr k ) — *(st)(aL hr 1}

L27L7L+ﬁ L LzaLaL

exp{ —Lu
x Const.L.

as L — oo.
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Lemma 3.3. There exist positive constants aq, as, Lg such that every
eigenvalue of

1 s,t C2
PHeSS(CmCl’CZ) [SO(L )(Co, G, ﬁ)]

is in the interval [ay, a3] if L > Lo and

Gl < gp/It— s
(310 {max{|<o+<11,|cll} <1

For the moment we take it for granted that Lemma 3.3 is true. Then,
since (Cr,0,(Cr,1) satisfies (2.42), by Lemma 3.3 and the continuity, we

. k k
can find € > 0 such that if —j—f < ey/t — s, then |C£,()) — L0l ICE,;{ —CL1l;

]C}Jky are all bounded by ﬁ and every eigenvalue of

[Hessyoi "] (35, 2L, 0p + )

is in the interval [a; !, a]']. Thus, we have

h k (s h
oL _Lva + _) _(10[_,( ,t)(z_g)_i—:L_aUL)

L2’ L VL
Tk 82902(S’t) ar, hp, k?

= — - U)—— — v +u)du > a; 1 —
/0 (\/Z ) o2 ( L ) 2 9

L2’ L
if £ < ey/L(t — s). By convexity, this means that the LHS of (3.9) is
not less than

(3.11) cpz(s’t) (

k

(3.12)
koo (8 e o evE—s) —of " (8, B o) ag!

VL eVt—s - 2

(3.12) proves that

ap [ XL(t) —Xi(s) a(m(I')) = ar,
. %t_s)(k TR ( Tizs) vLVL kK k(D) = hy )
“2Eriy

=O(L* exp{—p
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for large L. Also, for k < ey/L(t — s) HeSS(Co,C1,C2)[90L (CO,Cl, _Q_)]

is uniformly positive definite and by Lemma 3.3,

Py (0 (XL(t) — X1(s) > v VL + k,a(n(I)) = ag, k(T) = hL>

VIG-3)

<Py o (a(n(T) = az, k(L) = h)
C’onst

<=7

This and (3.9) together with (3.8) prove

> (k+1)*

k<ey/L(t—s)
x Py, (XL(’Z(; fz)(s) > v VL + kla(x(D)) = az, k(T) = hL>

oo 2
<Const. Z(k + 1)46_%2— < 0
k=0

Proof of Lemma 3.3. Put

(s,) G2
U (€ o, €1y \/——
0 oD + (1~ ni) + (k) + bty 1, 10}
where
(3.13)
k(v) if base(§) C [Ls, Lt],
_ ) k() —k(y;Ls)  if i(¢) < Ls <#(¢) < Lt
k(y; Ls, Lt) = k(v; Lt) if Ls < (¢) < Lt < #(€)

k(v; Lt) — k(~; Ls) if I(€) < Ls < Lt < #(€).
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Then as in the proof of Proposition 2.2, we have a convergent cluster
expansion

(PL(C03 Cly \/C—i—g)

1 G2

== Y. WU, )
L J=[a,b]C[0,L] Vi —$
1

=1 > ®(J;¢L(7))

J=[[,7]C[0,L]\[s,t]

1
+— Y () + =) +O(
L \/
JL[l r]C[g ,L]
s<r<Lt

(In L)

)

= [ ote -2+ a+ —Etgenis +o(E),

Note that
0 G2

__(I)(s,t) ']a yS1s
8(2 ( CO Cl \/t———s
if J N [s,t] = 0. By analitycity, this means that for n € R®

) =0

(3.14) [He.SS(CO ¢, C2)¢L (COaCl; \/;.2_-—)]77

:/o {(1—56)770+771+\/-712—1[s7t](x)}

(Gl —2) + G + ﬁ_lm]( z))da

+ |n|20(L*3(1n L)')

2

aslongast—s> L5, If (Co, 1, ¢2) satisfies (3.10), then as in the proof
of Lemma 2.5, we have some a? > 0 depending only on y and § such
that

for every = € [0,1]. Also, by analyticity, there exists o) > 0 depending
only on x4 and 6 such that

(o1 — ) + ¢ + %1[S,t] (2)) < o
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for every x € [0, 1]. Therefore we have
(3.15)

1
/ {no(1 —z)+m + \/——-1[st 1(z)} d$+O(L_3(1nL)10) - |nf?
< the RHS of (3.14)

1 9 .
Sag‘/o {no(l —x)+m+ \/;7_2__51[57t](:c)} dzr + O(L“g(lnL)lo) . |ﬂ|2'

Further, since

/{7701—:): +171—{—\/n___ st(:c}dac

2
:/ o(1 — )+ m Yde + 72 +
0

(1—x)+m}de

Since we know that the first term in the RHS of the above equality is
bounded from below by af(n2 + n?), the RHS is bounded from below by

o (ng + i) — 2vt — s(|noma| + [mme|) + 73
>(af =Vt —s)(mg +ni) + (1 — 2v/t — s)n3.

Set 20y := min{%aé, %} It is obvious that the RHS of the above in-
equality is larger than ailn|® if vt —s < 20q. The existence of as is
obvious from (3.14).
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Infinite Systems of Non-Colliding Brownian Particles

Makoto Katori, Taro Nagao and Hideki Tanemura

Abstract.

Non-colliding Brownian particles in one dimension is studied. N
Brownian particles start from the origin at time 0 and then they do
not collide with each other until finite time 7. We derive the de-
terminantal expressions for the multitime correlation functions using
the self-dual quaternion matrices. We consider the scaling limit of
the infinite particles N — oo and the infinite time interval T — oo.
Depending on the scaling, two limit theorems are proved for the mul-
titime correlation functions, which may define temporally inhomoge-
neous infinite particle systems.

§1. Introduction

We consider the process X(t), which represents the system of N
Brownian motions in one dimension all started from the origin and con-
ditioned never to collide with each other up to time T'. If we take the
limit T — oo, the system becomes a temporally homogeneous diffu-
sion process Y (t), which is the Doob h-transform [3] of the absorbing
Brownian motion in a Weyl chamber

N N
R. :{XZ(xl,xg,...,a:N)ER ;:c1<a:2<---<a:N},

with harmonic function hy(x) = [[;<;<;<n(z; — i) [8]. By virtue of
the Karlin-McGregor formula [12, 13], its transition density fn(¢,x,y)
from the state x to y in RQ’ in time period t > 0 is given by

In(t,x,y) = det (pt(wi,yj))7

1<i,j<N

where pi(z,y) = \/%e_(x"y)z/zt. On the other hand, if the non-

colliding time interval 7' remains finite, the process X (¢),0 < t < T,
is temporally inhomogeneous [15].

Received January 6, 2003.
Revised April 5, 2003.
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We notice an integral formula found in Harish-Chandra [9], Itzykson
and Zuber [10], and Mehta [16],

hy(x)hn(y)

with ¢71 = (271')N/2th/2 H?Ql'l I'(i), where X and Y are the N x N
diagonal matrices, X;; = ;6;5,Y;; = :6;;, and the integral is taken
over the group of unitary matrix U of size N. This equality implies that
the non-colliding Brownian motions such as X (t) and Y (¢) can be de-
scribed by using the eigenvalue-statistics of Hermitian random matrices
in Gaussian ensembles [18]. In earlier papers[14, 15|, it was shown that
Y (t) is identified with Dyson’s Brownian motion model with 5 = 2 [4]
and the particle distribution is expressed by the probability density of
eigenvalues of random matrices in the Gaussian unitary ensemble (GUE)

1
= c/dU exp {—Etr(X —UYU)?

with variance t, while t(Z_IT—_th (t) coincides with the distribution of

eigenvalues of random matrices in the Pandey-Mehta ensemble [19, 25]

with o = 4/ LT“—t, and this temporally inhomogeneous process exhibits a

transition from the GUE statistics to the Gaussian orthogonal ensemble
(GOE) statistics as the time ¢ goes on from 0 to 7.

It is known that the eigenvalue distributions of Hermitian random
matrices have determinantal expressions. For instance, in the GUE, the
probability density of NV eigenvalues is expressed by

1

pN($17$2a-' . ,II?N) = ﬁ 1<((Li(;t<N(KN($zaxJ))7

with Ky (z,y) = 3oy @e(2)e(y), where

1 .2,
(1.1) pe(z) = N /2 Hy ()

with the ¢-th Hermite polynomial H,(z) and h, = /m2¢¢!. By the
orthogonality of ¢ (x), we can prove the equality

/ det  Kn(z;,z;)den

1<4,j<N/
1.2 =(N-N'+1 iy L
(12) (N-N'+1) _ det  Ki(oia)
for any 1 < N’ < N. Such integral property enables us not only to obtain
determinantal expressions for correlation functions, but also to argue
the N — oo limit of the system by studying the large N asymptotic of
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the function Ky (z,y). With proper scaling limit, determinantal point
processes with sine-kernel and Airy-kernel are derived. See [27] and
references therein.

In the present paper, we derive the determinantal expressions of
the multitime correlation functions for the process X (¢). Our aim is to
prove limit theorems of the multitime correlation functions in the scaling
limits of infinite particles N — oo and infinite time interval T — oo.
Depending on the scaling, we derive two kinds of limit theorems, one of
which provides a spatially homogeneous but temporally inhomogeneous
infinite particle system (Theorem 1), and other of which does the system
with inhomogeneity both in space and time (Theorem 2). We remark
that it is easier to prove the limit theorems for Dyson’s Brownian motion
model Y (). Corresponding to Theorem 1, we will obtain the multitime
correlation functions of the homogeneous system, which coincides with
the system studied by Spohn [28], Osada [24], and Nagao and Forrester
[21]. Similarly, corresponding to Theorem 2, an infinite system with
spatial inhomogeneity will be derived, which is related with the Airy
process recently studied by Préahofer and Spohn [26] and Johansson [11].

One of the key points of our arguments is that, in order to give the
determinantal expressions for the correlation functions for the present
processes, we shall prepare matrices with the elements, which are neither
real nor complex numbers, but quaternions

q=qo+ qre1 + q2e2 +qze3 € Q

with ¢; € C,0 < ¢ < 3, in which the four basic units {1, e;, e2,e3} have
the following 2 X 2 matrix representations, C : Q — Maty(C);

co-( ¢ 1) ced=(7 7).

cr=( g ) o= (G i)

The dual of a quaternion g is defined by ¢f = ¢y — Z?Zl g;e;, and for
a quaternion matrix Q = (g;;),q; € Q, its dual matrix QT = ((Q1);)
is defined to have the elements (Q);; = q;rl Following Dyson’s defi-
nition of the quaternion determinant for self-dual matrices [5, 17, 18],
we can give the quaternion determinantal expressions having the simi-
lar properties to (1.2) for arbitrary multitime correlation functions for
X (t) (Theorem 3). As briefly reported in [23], the present results can
be regarded as simple applications of the results given in Nagao and

Forrester [22] and Nagao [20] for multimatrix models, and in Forrester,
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Nagao and Honner [6] for the asymptotic of quaternion determinantal
systems, here we give, however, a self-contained explanation for all the
formulae and calculus developed in the random matrix theory, which are
used to prove our limit theorems.

The theorems proved here mean the convergence of processes in the
sense of finite dimensional distributions. As argued in Prahofer and
Spohn [26] and in Johansson [11], tightness in time should be confirmed.

§2. Statement of Results

For a given T' > 0, we define

fN(t — vaaY)NN(T_tay)
NN(T—va)

(2.1) gn(s,x5t,y) =

for 0 < s <t <T,x,y € RY, where Ny(t,x) = ng fn(t,x,y)dy,
which is the probability that a Brownian motion started at x € RI<V
does not hit the boundary of RY up to time ¢ > 0. The function
g% (s,x;t,y) can be regarded as the transition probability density from
the state x € RY at time s to the statey € RY at time ¢, and associated
with the temporally inhomogeneous diffusion process, which is the N
Brownian motions conditioned not to collide with each other in a time
interval [0, 7). In [14, 15] it was shown that as |x| — 0, g% (0,x,t,y)
converges to

N
(22) g%(oa 0’ t’ y) = C(N7 T’ t)hN(Y)NN(T - tv Y) Hpt(oa yi)a

-1
where C(N, T, t) = nV/?2 (n;V= . F(j/2)) TN(N=1)/44=N(N-1)/2 Thep

the diffusion process X (t) starting from 0 can be constructed.

We denote by X the space of countable subset & of R satisfying
#(é N K) < oo for any compact subset K. We introduce the map
v from |Joo; R" to X defined by v(z1,z2,...,2,) = {®;}?~;. Then
ZN(t) = vX(t) is the diffusion process on the set ¥ with transition
density function g% (s,&;t,1),0< s <t < T:

gn(s,x;t,y), ifs>0, §§ =fnp=N,
an(s, &t =< gh(0,0;t,y), ifs=0, £={0}, in=N,
0, otherwise,

where x and y are the elements of RY with £ = yx, n = vyy. For
xﬁ\’,“) € Rg, 1<m< M+1,and N' = 1,2,...,N, we put xg\’;f) =
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(:cgm) , a:gm), . ,x%})) and ﬁf:{/ = 'yng,rf). For a given time interval [0, T,
we consider the M intermediate times 0 < t; < tp < - <ty < T.
Then the multitime transition density function of the process =V (t) is
given by

M
(23) plq\-‘f(tlagiv’ <. ;tM+1’§]J\\9+1) = H ﬁ(tm,grjx;tm+1’£ﬁ+l),
m=0

where, for convenience, we set tog = 0, tpr1; = T and & = {0}. From
(2.1) and (2.2) we have

(24) qu\;‘(tlagi\r’t27§é\r7’tM+1’§f\V4+1)
= C(N, T, t1 )k (x3) sen (kv (x§))

N M
(1) (m) _(m+1)
X Illptl (O,wi ) 155;1,?th (ptm+1_tm (acZ , T )) .

For a sequence {N,, %:11 of positive integers less than or equal to N,

we define the (N, Na, ..., Npry1)-multitime correlation function by

N N. N
(2.5) PN (tlafll;tz, 22;---;tM+1,§MT1Ll)

M+1

_ 1 - (m)
N /H%:} RN-Nm mrzll (N = Niw)! Il

M/ =N, +1

T N N
Xpn(t1,€) 5t2,& ;---;tM+1,§1\A/’1+1)-

We will study limit theorems of the correlation functions p%” as
N — oo. First, we consider the case Ty = 2N. Let

~

S(s, z;t,y)
(1 /! 2
;/ d\ cos(A(z — y))e ™ (t=9)/2 ifs>t
0
) sin(z — y) £ ;
= _ 7 1 —
m(x —y) ’
1

~—/ d\ cos(A(x — y))e_)‘m_s)/2 ifs<t
1

\ T
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1 [t ,
D(S> x; ta y) == _‘7"_' / dA ASIII()\(x — y))e_(s+t)>‘ /2
0

~ 1 [ 1 2
I(s,z;t,y) = ——/ dx = sin(A(z — y))elstHA/2,
T Jq A

And let ™™ (x,y) be the quaternion, whose 2 x 2 matrix expression is
given by

m g(sm T;8n y) ’]\I’(Sm L5 Sn y)
C L y = [Radt} ’ ~ > ’ .
(q (J; y)) ( ]D)(Smax; STL)y) S(Sn,y; Sm,m)

Let M > 1 and {N,,}*] be a sequence of positive integers. We de-

m=1
note by Q (x§), x5, .., x{0) the self-dual S0 Ny x NI N,
quaternion matrix whose elements are q™" (x,gm) ,x(.n)), 1 <t < Ny,

J
1<j<N,,1<m,n<M+1, that is,

1) (2) (M+1)
Q (xsvl,xNz, XNy )
i} Q! x%f? xg\}z . QLM +1 XS\}I),X%\ii)
(2) (1) (2 M+1
Q2’1 XNy XN, QZ’M—Fl XNz"XSVM+1)

XNM+1 » YNy XNM+1 ’ NM+1

QM+1,1< (M+1) X(1)> QM+1,M+1( (M+1) X(M+1))

with blocks of N,, x N, quaternion matrices

mn (o (m) (n)> :( m,n( (m) (.")))
Q ("va"Nn a Ti 7 1<i< N 1< <N,

for1 <m,n< M+1.
For an N x N self-dual quaternion matrix @, the quaternion deter-
minant Tdet@ is defined by Dyson [5] as

£(m)

TdetQ = Y (=)™ [T qavave -~ dda;
1

TESN

where £(7) denotes the number of exclusive cycles of the form (a — b —
¢ — -+ — d — a) included in a permutation m € Sy.
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Theorem 1. Let Ty = 2N. For any M > 1, any sequence {Nm}M+1

of positive integers, and any strictly increasing sequence {Sm Mf L oof
nonpositive numbers with spr41 =0,
Ny, Ns. . N, Ny
p(sla‘fl 1732352 27'"VSM7£MM70a€M+1 )
— . T, N, N2, N
= lim R (T o1, €05 T + 52,6055 T, 64141 )

— et (i 1 xUT)

Remark 1. The above system is spatially homogeneous, since all
elements of the quaternion determinant are functions of difference of
positions, x( m _ ;n). This expresses the bulk property of our in-
finite partlcle system. When M = 1, the present system is equiv-
alent with the N — oo limit of the two-matrix model reported by
Pandey and Mehta [19, 25]. In the system defined by Theorem 1,
if we take the further limit such that s,, — —oo with the time dif-
ference s, — sy, fixed, 1 < m,n < M, then ]D)(sm,x Sn,Y) — 00,
I[(sm,:c Sn,Y) — 0, while the product D (8, x; sn,y)]l(sm,m Sn,y) — 0.
Therefore, we may replace D and 1 by zeros in this limit, and the

quaternion determinant Tdet Q (xg\l,l) xS\Z,g xg\],w)) will be reduced to
an ordinary determinant det A (xg\}),xﬁz xg\J,VI)> with the elements

am™n (azgm),mgn)) =S (sm, (m). 1 Sn, T g )>. Hence, we obtain a tempo-
rally and spatially homogeneous system, whose correlation functions are
given by

o (31,5{\[1;32,55\72;...;31\4, AA/;M) =det A (xﬁ),xﬁg x%‘ﬁ).

Such a homogeneous system was studied by Spohn [28], Osada [24] and
Nagao and Forrester [21] as an infinite particle limit of Dyson’s Brownian
motion model[4].

Next, we consider the case that Ty = 2N'/3. In order to state the
result, we have to introduce the following functions. Let Ai(z) be the
Airy function:

(2.6) Ai(z) = 2i / o/~ /3) gy
T J_
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For s,t <0 and z,y € R, we put

1 o @]
D(s,zit,y) = 5 [ / dr e 2Ai(z + A)% {et’\/zAi(y + A)}
0

o0 d
. tA/2 A SAf2 A
/0 d\ eM=Ai(y + N) Y {e Ai(z + )\)}] ,

~

I(s,z;t,y) = / dx €2 Ai(y — \) / dXN N2 Ai(z — X))
A

0

o0 oo ,
- / dx eM2Ai(z — \) / dX e 2 Ai(y — X),

0 A
and _
S(s,z;t,y) = S(s,z;t,y) — P(s,x;t,y)1(s < 1),
with
S(s,z;t,y) = / dx et M2 Ai(z 4+ N)Ai(y + A)
0

—I—%Ai(y) / dx e*2Ai(z — \),

0

P(s,z;t,y) = / d\ et=IM2Aj(z 4+ A)Ai(y + N),
where 1(s < t) = 1 if s < t, and = 0 otherwise. And let g™ "(z,y) be
the quaternion, whose 2 x 2 matrix expression is given by

C(qm’n(l‘ y)): §(3m3$;5n7y) z(sm,m;sn,y)
’ D(Smax;snay) S(Snay;smax) .

Let M > 1 and {N,, Mill be a sequence of positive integers. We de-

m

note by Q (X%B,Xﬁi, _ ,x%t?) the self-dual SSMF1 N, x ML

m=1 m=1
quaternion matrix whose elements are "™ (:cz(m),xg-n)), 1 <i< Ny,
1<j<N,,1<mn<M+1.

Theorem 2. Let Ty = 2N'/3 and ay(s) = 2N?/3—s2?/4 for s € R. For

any M > 1, any sequence { N, nj\fill of positive integers, and any strictly

increasing sequence {sm, %:11 of nonpositive numbers with spyr41 =0,

P(31,§1 13--~§3M+1,§MA_/,I_J{1)
: T N N
lim pNN (TN + SlagaN(sl)€1 1; .. -;TN,HaN(sMH)fMAj_J{l)

N—oo

_ Tdetg(xﬁj,...,x%i)),
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where 0, {z;} = {x; + u}.

Remark 2. This theorem may define an infinite particle system, in
which any type of space-time correlation function is given by the above
quaternion determinant. This quaternion determinantal system is the
same as that derived in Forrester, Nagao and Honner [6], and it is in-
homogeneous both in space and time. The spatial inhomogeneity is
attributed to the fact that this system expresses the edge property of
the infinite non-colliding Brownian particles. Thus, if we take the bulk
limit, xgm) — —oo with the position differences CEgm) - azgn) fixed, then
the system should recover spatial homogeneity. It is confirmed by ob-
serving that the quaternion determinantal system given in Theorem 1
can be derived as the bulk limit of the system of Theorem 2, if we use
the asymptotic expansion of the Airy function (2.6) [1],

. 1 2 T
Al(_CC) ~ W COs (§$3/2 — Z) as r — 00.

On the other hand, keeping the spatial inhomogeneity, one can consider
the limit s,,, — —oo with the time difference s,, — s,, fixed, 1 <m,n <
M. In this limit, D($m, T; $n,y) — 0, Z(Sm, Z; Sn,y) — 0, and

S(Sm, @3 8n,y) — / dX eln e mM2Ai(z + M) Aily + N).
0

Hence the off-diagonal elements vanish in the 2 x 2 matrix expressions
of quaternion q™"(z,y) and

a™"(z,y)

m,n 0
e @) = (Y ity )
for 1 <m,n < M, where

am’n(x, y) = a(sma T Sn, y)

o0
/ dx el =sm A2 A5 4+ MAi(y + ) ifm>n
0

== 0
- / dX e =smIN2 Ai(z + MAi(y + ) if m < n.

— 00

Then the quaternion determinant TdetQ (xg\}z,x% ,...,x%)) is re-

duced to an ordinary determinant det A (xg\}z,xﬁz, ce ,x%) with the
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(n)
J
ticle system, which is temporally homogeneous but spatially inhomoge-
neous with the multitime correlation functions

elements a™" (ajgm),x ) In this way, we will obtain the infinite par-

P (31,5{\]‘;32,552;...;sM,ﬁj\I\/]IM) = det A(xs\l,l),x@,...,x%)).
In particular, if we set Ny = Ny = --- = Nj; = 1, then

5 My, . (MY = mn (.(m) (n)))

p(sl,{x b s, {z }) 1§n(zi,ent§M(a (sc , T .

This is the same as the system called the Airy process by Prahofer and
Spohn in [26]. (See also [11].)

§3. Quaternion determinantal expressions of the correlations

In this section we give quaternion determinantal expressions for the
correlation functions defined in (2.5) along the procedure in [20]. From
now on we consider the case N is even, for simplicity of notations. See
[20], for necessary modifications for odd case. For 1 < m,n < M + 1,
define

51 o= [ [ i

where po(y, z)dy = 6, (dy). We introduce an antisymmetric inner prod-
ucts

PT-t,, ("E’ Z) pr—t,, (l’, w)
PT—¢, (y’ Z) Pr—t, (ya ’U))

b

<mm=AmL@FWmmmmm

and

um=LmL@ﬂWMm@mwwmm@.

For £k =0,1,... we consider the polynomials in x of degree k defined by

k
x ,
3.2 R = _kE H. J
(3.2) k(T) = 2 Ckj J(Cl)zl’

i=1
[t1(2T—¢ Z
where ¢; = 1/ 2ZT0) T D g = \/27;1“,

2_kC’f6kj7 if k is even,
(3.3) ;= 2—kcllc{5kj — ok — 1)5k_2j}, if k is odd,
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and H,;(z) are the Hermite polynomials. They are monic and satisfy the
skew orthogonal relations:

(Raj, Ropt1) = —(Rapt1, Raj) = 75654,
<R2jaR2£> = <R2j+1,R2£+1> :0, j7€:071a27--->

where

ri =
J T T

Form=1,2,..., M+ 1,and £k =0,1,..., put

(3.4) R@) = [ dy R} (0.9, 0:2).
Then we can prove the skew orthogonal relations

(RgT)a Réﬁﬁm = _<Rg;+)1a Ré;n)>m = 7;0j¢,
(B, Ry ) = (B33 gl )m =0, 5,6=0,1,2,..,

foranym=1,2,..., M +1. Form=1,2,...,M + 1, define
(35) @™ (x) = /R dy R () F™™ (y,2), k=0,1,2,....

Now we introduce the functions on R?, D™" ™" and S™",1 < m,n <
M + 1, given by

(N/2)—1

m,n 1 m n m n

(36) D™M@y) = Y | R @RGL () - Ry @Ry )],
k=0
(~Nj2)-1

B7) ey =— Y |25 (@25, 0) - 25, (@25 )],

k=0
(Nj2)-1

(38) ™ @y) = 3 (B @RELL ) - L )R W)].
k=0

Further we define

(3.9) S'm’”(x, y) = S (x,y) — pt, -, (z,y)1(m < n),

(3.10) mn(z,y) = I™"™(z,y) + F™"(z,y).
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Define the quaternions ¢"™"(z,y),1 < m,n < M + 1,z,y € R so that
these 2 x 2 matrix expressions C(¢"™"(z,y)) are given by

o _ [ S™r@y) IM(ay)
C(q"™"™(z,y)) = ( D™ (z, y) §n,m(y’ ) )

Let M > 1 and {N,,}¥2! be a sequence of positive integers less
than or equal to N. Forxg\,) €R1<V,1<m<M+1 we de-
note by @ (xg\l,z xﬁz x%+ )> the self-dual EMH Ny, X ZMH

quaternion matrix whose elements are ¢"" (xi ),:cg-n)), 1 <1< Ny,
1<j<N,,1<m,n <M+ 1. Then we show the following relation.

Theorem 3. The multitime correlation function (2.5) is written as

o (€55t 001 ) = Tdet@ (x§), %%, x(00HD))

In order to prove the theorem, first we introduce the Pfaffian. For

an integer N and an antisymmetric 2N x 2N matrix A = (a;;), the
Pfaffian is defined as

Pf(A) = Plicicj<an(as;)
1
= ]_\7_' Z Sgn(a)aa(l)a(Z)ao(3)0(4) *Gg(2N-1)0(2N)>»
where the summation is extended over all permutations o of (1,2,...,2N)

with restriction o(2k — 1) < 0(2k),k =1,2,...,N. If Qisan N x N
self-dual quaternion matrix, then

(3.11) TdetQ = Pf(JC(Q)),
where J is an 2N x 2N antisymmetric matrix with only non-zero elements
']2k+1,2k:+2 - _J2k+2,2k+1 == 17 k= 07 1a 2) e N —1.

See, for instance, Mehta [17].
For a function ¥™™ defined on R? we denote the N x N-matrices

whose (i, j)-entry is ™" ( (m) ( ) by y™™ (x]\r,n),xgv)), or simply
by ™" for short. And we denote by R(™) (xg\, )) the N x N ma-
trix with R(™) (x%m))i o= R;T% (z;), and by ®(™) (x%n)) that with

»J
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(m) (x%")) = @gT)l (x;). Let L be the N x N diagonal matrix with
]

Lii=/Ti-n/2,t=12,...,N, and R(™) (X%n)) = L~1Rm) (X%n)).
Then we have

(3.12) RO (x9) TR (x0) = D (x50, 29).

As the first step of the proof of Theorem 3. We show that the
multitime probability density defined in (2.3) is written as

M
(313) oy (81, €73 s tare, Eargr) = TdetQ (nglr), : ,xgv +1)) :

For simplicity of notation, here we give the proof of (3.13) for M = 2.
It is straightforward to prove (3.13) for general M. Since

sgn (hN (xg\?))) Pfi<icj<n (sgn( (3 _ 53))) )

and sgn(y — z) = F33(z,y), we have

(3.14) sgn (hN (xg\?,’))) = Pf [F??].

Noting that Ry (x) is the monic polynomial of degree k, we have

o (<) = et (o)) = et (R (7).

and so

(3.15) l—Il)t1 (0 z!! )) ( (1)) = det [R(l) (x%)”
Since det L = HN/2 Y1 = C(N,T,t1)"!, from (3.12) and (3.15)

(3.16) C(N,T,tl)ﬁptl (0,27) Ay (x@) = det [ED (x{)]
=1

(
_ Pt [R(n( D) IR (xg\;))’"}

=Pt [D (x,xy)]-
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Then from (2.4), (3.14) and (3.16) we have
P (b1, €3 t2,6 5 13, €5)

2
= PEDVPEFS) [ . det [pe,..i—t.]
m=1

1<4,j<N
2
1,1 _ T
SR A= | E O
By basic properties of the Pfaffians, we have
DYt o ] 2 o —(Pe, 1 —tm) T
Pf Pf m+17tm
[ o —F>? 711;[1 Ptpp1—tm o
[ pi? ) (o) (0] o o
o —F33 o o o o)
— Pf o o o (ptz_tl) o o
O O pf_2—t1 O O O
o O o o) o —(ptz—15)"
L O O O (@] pt37t2 O
[ D! o o o) o e}
o o Pto—t, o] (o) @)
- Pf O _(pt2—t1)T O @ O o
- (@ (@] (0] O ptS‘tZ O
o o O _‘(Pta—tg)T O o
| O o ) (o] O —F33
r Db1 ) o o o (0]
o) Fl 1 Pt2—t1 _F1,2 Pta—tl Fl 3
o O —(pty-t;)T o o o o
O __F2,1 O F2,2 Pt3—-t2 _F2,3
O _(pig—tl)T o _(pt3—t2)T o o
L O -1 o F3:2 o F33

Since xg\l,) e RY, hn (xg\l,)) # 0, and so det [R(l) (xg\l,))] # 0 by (3.15).

Hence we can define matrices

-1 -1
(m) — p(m) (xﬁ(,")) R (xg\lr)> oy = gm) (X%n)) R (X%)) ,
which satisfies

U(m)Dl,l(U(n))T — l)m,n7 V(m)Dl,l(V(n))T — _Im,n,
V(m)Dl,l(U(n))T — Sm,n, U(m)Dl,l(V(n))T — _(Sn,m)T'
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By repeating elementary operations, we see that the last Pfaffian equals
to

Dl,l (Sl,l)T D1,2 (52,1)T Dl,s (53,1)T

—Sl’l ‘jjl,l _51,2 _f1,2 _511,3 _i1,3
Pe D2,1 (SllZ)T D~2,2 (32:2)'1" D~2,3 Sf,Z
_82,1 _12,1 _52,2 _I2,2 _52,3 _12,3
) g1, ) 32,3\T ) )
D3 1 (Sl~3)T D3 2 (S2~3) D3 3 (53~S)T
_53,1 _1-3,1 _83,2 __1-3,2 _53,3 __I3,3

ALl Al2 418
— (—1)3N/2Pf A2l A2 423 ,
A3l 432 433

where each A™" = (A7"") is a 2N x 2N matrix which consists of 2 x 2
blocks

m,n n,m
AT —
)
J _S,m,n _fm,n
17 ¥

We can see that the above matrix A = (A7) satisfies the relation

A = JC(Q). Therefore, (3.13) is derived from (3.11).
For square integrable functions ¢ and 9 defined on R?, put ¢ *

Y(z,y) = Jg (2, 2)¥(z,y)dz. Thep we have

STMHP g GPT — [TLP 4 DPR — DMHP 4 P — QTP
bl
D™P x GPT — DTN QTP 4 [P — QTGP FPT —
]

S™Pxpy, ¢, =8S™", D™Pxpy 4 =D™" ifp<n.

m,n
mn

Hence by simple calculation we see that

/ q™""™(z,2)dz = N,
R
/qu”’(m, 2)¢"" (2,y)dz = ™" (z,y)
+qm,n (217, y)n(n, p) - K’(p) m)qm,n (:Ea y)’
where k(n,p) is a quaternion with
1-1(p <n) 0

C(k(n,p)) = . y )
—1ln<p
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Then by slight modification of Theorem 6 in [22] we have the following
integral formula for any 1 < N,, < Nm=1,2,...,M + 1,

/ TdetQ (x), - x8,. xy D) daf)
R

= (N — Ny, + 1)TdetQ (xgp, Loxm ,x<M+1>) |

Nprya

which is the generalization of the formula (1.2) given in Introduction of

the present paper. Successive application of the above relation yields
Theorem 3.

§4. Expansion using Hermite polynomials

In this section we show expansions of functions p;, R,(cm) and

—tm>

(I>§cm) by using Hermite polynomials H. Put

tn(2T — t,) T—t, T — ¢,
Cn=\"""7 > =TT/ Zn= )
V T " T tn

and 7(™ = —log z,,. By simple calculation we have

e~ (tm/2T)(z/cm)? o(tn/2T)(y/cn)?
27 (ty, — tm)

e e e )

1— 6—2(7'(") —r(m))

Pt —t,. (T, y) =

X exp

for 1 <m < n < M + 1. Using Mehler’s formula [2]
exp —M =e ¥ V(1 —22) i — Hy(z)H(y),
1—22 hi g

we will have the following expansions using the Hermite polynomials.
Fori<m<n<M+1,

VTe— 3 1+m)(@/em)? =1 (1=1m)(y/cn)*

[e9) —k('r(")—T(m))
e x Y
X E H,| — | H, | =
k=0 h’k k (c"n) * (Cn> ’

(4.1) pt,—t,(z,y) =
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and for 1 <m < M +1,

\/_e—(ac/q)z —3(1=vm)(y/em)?
0,z —t,(z, =
P, (0, 2)pt,, —t, (T, y) ot 0T =)

o0 e_k(T(M)_.,-(l)) T y
X H.{\—|H, | — |.
,;] i ¢ (Cl) ; (Cm)

Then from (3.2), (3.4) and the orthogonal relation of the Hermitian
polynomials, we obtain

e~ 3(1=mm)(z/cm)® hr ™) K

42)  R™(g) = eI (2.
( ) k (.CU) m jzz:oakje J Crm

From the definition (3.1) and the expansion (4.1) we can obtain

e % (1+’Ym)($/cm)2 e”%(1+’7n)(y/cn)2

V2T —tm) (2T — t,)
oo oo kr(m) g,,.(n) T y
- H. | = VH[Z
3 () (2)

SECAEACHE

where (-, ). is the antisymmetric inner product defined by

Bo= [ [*dz eI f)g0) - fw)o(a)]

(4.3) F™™x,y) =

Put R;(z) = Z?:o ok H,; (CM ) Then {R}(z)} satisfy the following
skew orthogonal relations

(4.4) <R;j7R;£+l>* = —'<R;l+1aR§j>* = 7";53'&
(jo’ R;€>* = 0’ (R;j—l—l? R;€+1>* = 0’ for ]’e = 0’ 17 2, .

where 7} = 4hyT(c;/2)**T1. We put

k Cl—k6jk’ if kis even,
. -1
Brj = Qk(k—;l)'{c{(u)‘} , if k,j are odd and k > j,

0, otherwise,
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for nonnegative integers k and j. Then Zfz s Brijjs = Ops, if 0 < s <K,
and

(4.5) Hy, (%) = %ﬁij}‘(w)

From the definition (3.5) and the equations (4.2) and (4.3) we have

o™ (z) e~ 3(1+7m)(@/cm)? k™)

= = T
o kg (m) . . .
S (ol 1) 3),

L (1 m ) (2 em)? o 0o br(m

e 2 k (1) € X

- ek RLR,S S, [ Z) 8y
V21T (2T — tm) Z_:< o ) g he e(cm>ﬁ“

Using the skew orthogonal relations (4.4), we show that for k = 0,1, 2, ...

_1 2
e 2(1+'7’Vn)(m/cm) 'r;: 2](:7'(1)

4.6 ™ (z) =
%) eg,r(m) T
x ) Beak+1He <—),
(=2k+1 he Cm
— 5 (4vm)(z/cm)?
m e 2 r ey
(47 eli(@) = b e(2k+1)

- V21T (2T — t,,)

[e9) o (m)
e T
Hy | — ).
X Z he Bear Hy (Cm>

=2k

Using above expansions we show the following lemma.

Lemma 4. For 1 <m,n < M + 1,

(48) F™(ay) =Y~ [850 @5, ) - 85, ()25 ()]

k=0 'k
Tm — 1 m n m n
(49) T™"@y)= 3 |20 @25 0) - 257, @25 )]
k=N/2

Proof. By (4.6), (4.7) and the relation

1 ‘ 2k+1/2
(4.10) Tk ( ! ) re,

T T \2T — ¢4
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we have

- 1 m) n m n
> el @l @) + 25 @), )]
k=0

e— 5 (1+ym)(z/cm)? o= 5 (1+7n)(y/cn)?

B VT — tm) 2T — t,) Z Tk

k=0
o) (m) oo ()
el™ e’ Y
X Z ———Bj2kH; <c ) x 3 7 Bean1He | —
j=2k hy m e=2k+1 ¢ n

o0

3™

o0 (™)
T e Y
. Bj 2k+1H; <——> X 5 - BearHy (—)
j=2k+1 J Cm =2k ¢ n

By (4.4) and (4.5) the right hand side of the above equation equals to

=3 (4+vm)(z/em)? o= 5 (14+vn) (y/cn)?

NieErmie T B SIS
]’r( m) gT(n) T y
X Z Z ———— B, H; (;ﬂ;) Be Hy (Z)

Jj=pl=v
= F™"(z,y),

where we have used (4.3). From the definitions (3.7) and (3.10), (4.9) is
derived from (4.8).

§5. Proof of Theorems

The following formulae are known for (1.1) [2, 29]. For u € R,

1
5. lim (—1)%0 4pg, [ — | = —
(5.1) eirgo( ) %oy /i ﬁcosu,
1
5.2 lim (—1)%¢1/4 (L) — —_sinu,
( ) £—>oo( ) P20+1 2\/2 ﬁ

. 1,1 U .
(5.3) elfgo2 012, (\/ﬂ— 7 61/6) = Ai(—u)

Here we give the proof of Theorem 2 by using (5.3). The proof of The-

orem 1 will be easier and given by the similar argument using (5.1) and
(5.2).
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Let 6™ (x) = 2T — t, exp {1/2fym(:1:/cm)2 - N'r(m)} and ("™ (x) be
the quaternion with
b™(x) 0
C(¢™(z)) =
0 1/b™(x)

For xg\T,n) € Rg ,1<m< M + 1, we consider the transformation of the

quaternions ¢"™" | x; (m) ) qmnr (mgm) (n )> defined by

q"(z,y) = ™ (2)g™ " (z, y)C (y)

We denote by Q (xg\}l) xﬁg) : ,x%\itll)) the self-dual ZMH N X

an/lill N, quaternion matrix whose elements are g™ (m) §n) ), 1<

1< N, 1<j<N,,1<m,n< M+1. By the deﬁmtlon of quaternion
determinants, the following invariance is established:

Tdet Q (xg\})’xg\?z, .. ’XSVAI/{;;?I) = Tdet Q (X%),X%), o ’X(M+1) ) .

Nn M41
Hence to prove Theorem 2 it is enough to show the following lemma.

Lemma 5. Let Ty = 2NY3 and t,, = Ty + sm, 1 < m,n < M + 1.
Then for any ¢,y € R,

1

(5-4)A;1_f{100 b (@)o (3 )Dm’"’(aw(sm) +z,an(Sn) + y) = D(Sm, T; Sn, Y),
(

(5.5) lim &™ 2)b" () I™ ™ (an (5m) + =, an (sn) + ¥) = Z(8m, ; 5n, Y),

b™(x
(56) Jim iy ®

) g

(an(sm) +x,an(sn) +y) = §(sm,m; Sn,Y)-

We start to prove this lemma by showing

(5.7)  lim bm((m))ptn,tm(aN(sm) +z,an(8n) +y) = P(sm, T; Sn, Y).

Nooco b7

By (4.1) and the fact

an(sm) + 1
——————Cm \/—WL\[NU6 O(TRY),

ORI
TN "~ 4+ O(TR?),
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for large N, we have

o™ (z)

m

_ P —Erz(sn—sm) V2
= N\ Ty Z e wN_p( +\/~N1/6>

p'_OO

XON—p (\/_— +

Pt,—tn, (aN(sm) +, aN(Sn) + y)

where we have used (5.3). Then we have (5.7).
From (3.8), (4.2), (4.6) and (4.7), we have

S™™(z,y) = ST (z,y) + 557" (),

with
b™(y) it (n) __(m) x Y
S;na"(x,y) = - bm(x Z e (N=&)(r*"™ =7 )(Pé (E—) ©Op (C_> ,
mn b (y
S @) = oo (u/en)
i B(N/2+k) e (N=2k=1)rm™ [T
B(N/2-1)° i\ en )
k=N/2

where B(k) = \/% Since

1/4 B
B®) _ (M (1, o (E=4Y)
B(¥) 14 k+¢

by the same argument to show (5.7) we have

(58) lim %)

e m ) n :S my L5 Sn, .
N o0 b"(y)s (aN(S )+33 aN(S )+y) (S T8 y)

(5.6) is derived from (5.7) and (5.8).
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From (4.6) and (4.7), by calculations with (4.10), we have
™ ()" (1) 3 () B 41 (4)

T (n) Yy
— _93/2 (2p)T 2
TN/2+p /N i 2p +_1 € (10N+2p Cn

Z N/2+k)ezk+1)f(7">(p x
. B(N/2+ ) N2kt ()

From (4.9) we obtain (5.5) by the same procedure as above.
From (4.2), by calculations with (3.3) and

2 d 2 2
eV Hyi(y) = —Qd— (6 Y /2H£(y)) +20e7Y /2 Hy_y (y),

)
we have

RSP (2)RSY, 1 (v)

reb™ ()b (y)

—1 (m) T (n)

— (N-2k)T (N=2k+1)7
= e — le

24/tmtn (2T — tm) (2T — t,) o2k ( m)

() (1))

Using the fact that

N —p)'/*? an(sn) +y) _ d
(23/4N)1/6 ON—p (Cn) = —Ai(y+A)

d)\ +0(1)?

A=p/N*'/3

we obtain (5.4). This completes the proof of Lemma 5.
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Diffusive Behaviour of the Equilibrium Fluctuations
in the Asymmetric Exclusion Processes

Claudio Landim, Stefano Olla and Srinivasa R. S. Varadhan

Abstract.

We consider the asymmetric simple exclusion process in dimen-
sion d > 3. We review some results concerning the equilibrium bulk
fluctuations and the asymptotic behaviour of a second class particle.

§1. Introduction

The asymmetric simple exclusion process is the simplest model of
a driven lattice gas. This model is given by the dynamics of infinitely
many particles moving on Z% as asymmetric random walks with an ex-
clusion rule: when a particle attempts to jump on a site occupied by
another particle the jump is suppressed. Of course we consider initial
configurations where there is at most one particle per site. We denote the
configurations by n € {0, 1}Zd so that n(z) = 1 if site z is occupied for
the configuration n and n(z) = 0 if site = is empty. The number of par-
ticles is conserved and the Bernoulli product measures {v,, a € [0,1]}
are the ergodic invariant measures.

Rezakhanlou, in [11], proved that the empirical field of particles,
after a hyperbolic rescaling of space and time by a parameter e

(11) 7= S Mo (2) e

converges weakly, as ¢ — 0, to the (entropic) solution of the Burgers
equation

{ Op + v-V[(L-p)p] =0,
p(0,-) = po(-) -

Received August 16, 2003.
Revised May 5, 2003.
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Here pg is the initial asymptotic profile, i.e.

(1.2) s = Po in probability,
€—>

while « is the average velocity of a single particle. In fact in [11]
the initial distribution of the particles is assumed to be an inhomo-
geneous product measure with a slowly varing profile v, (.., such that
Vpo(e) (M(2)) = po(ex).

-~ Suppose now that we start the system with a stationary measure v,
for a certain density « €]0, 1. The invariant measure v, has macroscopic
Gaussian uncorrelated fluctuations, i.e. the fluctuation field

(1.3) & =€ " Sca(mo(z) — o)

xcZd

converges in law to a white noise field £ with covariance

(1.4) E(£(9)¢(¢)) = a1 — a)é(qg — ¢')

It is not hard to prove in this context that the macroscopic evolution
of these fluctuations, at time te~!, will converge to the solution of the
linearized equation

(1.5) B + (1 —2a)y-VE=0

Of course this equation (and the following ones) is to be intended in the
weak sense, since ¢ is only a distribution-valued field on R?. This means
that an initial fluctuation will evolve macroscopically by a deterministic
translation with velocity (1 — 2a)y. In simple exclusion processes there
is a simple way to keep track of density fluctuations. Let us condition
the stationary measure v, to have the site 0 empty and put in this site
a second class particle, i.e. a particle that has the same jump rates
as the other particles but when a normal (first class) particle attempts
to jump in the site occupied by a second class particle, the particles
exchange sites. Then this second class particles evolves like a density
fluctuation (cf. section 6) and equation (1.5) corresponds to a law of
large numbers for the position X; of the second class particle

(1.6) X L (1—2a).

t t—o00

The natural question is about the fluctuation around this law of large
numbers. The answer is that, in dimension d > 3, the recentered position
of the second class particle X; — (1 — 2a)~vt behaves diffusively and
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€(Xie—2 — (1 — 2a)yte2) converges in law to a Brownian motion with a
diffusion matrix D(a) (cf. Theorem 6.2).

In dimension d = 1 and 2 the asymptotic behavior of the second class
particle is superdiffusive (cf. [9, 14]), and one of the most interesting
and challenging problem is to determine the corresponding limit process
in these cases.

We review in this article results concerning the dimension d > 3.
The diffusive behaviour of the density fluctuations is then stated in the
following way. Consider the recentered density fluctuation field at diffu-
sive scaling

(17) Y;ge = 6d/2 Z 6ex—vt6_1(77t6“2(x) - O{)

€74

where v = (1 —2a)7y. We show in section 4 that, as a process with values
on the distributions on R?, it converges (in law) to the solution of the
linear stochastic partial differential equation

(1.8) 0Y = V- D(a)VY + 1/2a(1 — a)/D(a)V - W

where W(x,t) = (Wy,...,Wy) are independent standard white noises
on RI+1,

This result was proved in [1] for the asymmetric exclusion process
in d > 3 and in finite macroscopic volume. The purpose of this article
is to give a simpler proof in infinite volume based on the fluctuation-
dissipation theorem as stated in [8]. The fluctuation-dissipation theo-
rem, which was first proved in this context in [7], is in fact the the core
of the proof for the macroscopic density fluctuation, as we explain in
section 4. This theorem states that the space-time fluctuations of the
current associated to the density are equivalent to to the fluctuations of
a gradient of the density times the matrix D(«), in the sense that the
variance of the difference is asymptotically small (cf. Theorem 3.2 in
section 3).

This fluctuation-dissipation theorem was also applied in order to
study the diffusive incompressible limit (cf. [3]) and the first order cor-
rections to the hydrodynamic limit (cf. [5]). It has also been used to
study corresponding results for a lattice system of particles with exclu-
sion rule with conservation of number of particles, velocity and energy
(cf. [2] and references therein).

The fluctuation-dissipation theorem for the exclusion processes can
be proved by using the duality properties of these models (as explained
in [8]), that permits to control the size of these fluctuation by estimates
on the Green functions of simple random walks (see also [12] where this
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method is applied in the study of the diffusive behaviour of a tagged
particle). At the moment there are not any result of this type for systems
that do not have such nice duality.

§2. Density fluctuations

Fix a probability distribution p(-) supported on a finite subset of
Z¢ = 73\{0} and denote by L the generator of the simple exclusion
process on Z< associated to p(-). L acts on local functions f on Xy =

{0, 1}Zd as

21) (LA = Y ply—2)m@){1 —n@)}f(e"¥n) - f@m)],

x,yE€L?

where o™ 'Y7 stands for the configuration obtained from 7 by exchanging
the occupation variables n(x), n(y):

n(z) ifz#mzy ,
(6™n)(z) = q n(z) ifz=y ,
n(y) ifz==z .

Denote by s(-) and a(-) the symmetric and the anti-symmetric parts of
the probability p(-):

s(z) = (1/2)[p(z) + p(=2)] ,  a(z) = (1/2)[p(z) — p(—=)]

and denote by L*®, L® the symmetric part and the anti-symmetric part
of the generator L. L®, L* are obtained by replacing p by s, a in the
definition of L.

For a in [0, 1], denote by v, the Bernoulli product measure on X’ with
Vo[n(z) = 1] = a. Measures in this one-parameter family are stationary
and ergodic for the simple exclusion dynamics and in the symmetric
case, i.e. p(z) = p(—z), these measures are reversible. Expectation with
respect to v, is represented by < - >, and the scalar product in L?(v,)
by <45t Za-

Fix € > 0. For a configuration 7, denote by 7 = 7°(n) the empirical
measure associated to 1. This is the measure on R? obtained assigning
mass % to each particle of 7 :

7 = ¢4 Z n()bze ,
z€Z4

where 6,, stands for the Dirac measure concentrated on u. For a measure
7 on R? and a continuous function G: RY — R, denote by < 7, G > the
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integral of G with respect to . In particular, < 7¢,G > is equal to
e epa Glae)n(a).

Consider a sequence of probability measures p® on the configuration
space Xy and assume that, under u®, 7° converges in probability to
an absolutely continuous measure pg(u)du. This means that for every
continuous function G: R? — R and every § > 0,

(22)  lmp{| <G> —/G(u)po(u)du} > 5} ~-0.

Consider the hyperbolic equation

dp + v-Vip(l—p)] = 0,
(23) Lot s

In this formula « stands for the drift : v = Zy yp(y). For t > 0, denote
by m; the empirical measure associated to the state of the process at
time ¢t : 7§ = 7°(n). Rezakhanlou [11] proved that, starting from a
inhomogeneous product measure v,(.) satisfying (2.2), then, for every
t >0, m¢__, converges in probability to the measure p(t,u)du, where the
density p is the entropy solution of the hyperbolic equation (2.3). More
precisely, for a measure i1 on Xy, denote by P, the measure on the path
space D(R,, Xy) induced by the Markov process 7; and the measure p.
Then, for every t > 0, every continuous function G and every 6 > 0,

Eli_r}r%)IP’,,p(E.){‘ < Ti-1, G > —/G(u)p(t, u) dul > 6} =0,
where the density p is the entropy solution of the hyperbolic equation
(2.3). Notice the Euler rescaling of time in the previous formula.

Let us now consider, for a fixed density a € (0,1), the system in
equilibrium with distribution P,_ on the path space. Let Y* be the
density fluctuation field that acts on smooth functions H as

(24)  YE(H) = e Y H(ze - vt ) (mea(z) — a)
z€Z4

where v = v(1 — 2a). Notice the diffusive rescaling of time on the right
hand side of this identity.
For any k > 0 and f,g € C*®(R?) consider the scalar product

(25) (0.0 = [ ot0) (1a* = )" f(a) da

and denote by Hj the corresponding closure. For any positive k we
denote by H_y its dual space with respect to the L?(R?) = H, scalar
product.
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We will show in section 5 that the probability distribution Q¢ of Y©
under Py, is supported and is tight in D([0,T], H_x) for any k > d+ 1.
Observe that in [1] the tightness is proved for any k& > d/2 + 1. This
difference is due to the fact that here we are dealing with distribution
on the infinite volume R?, while in [1] we were working in the finite
d-dimensional torus.

We state now the main theorem. Assume that d > 3. Let D; ;(«)
a strictly positive symmetric matrix. Denote by A, B the differential
operators defined by A = 3", .4 Dij(a)d2, . B=1/2a(l —a)oV
(where the matrix o is the positive square root of D). Denote by {T, t >
0} the semigroup in L%(R?) associated to the operator A. Fix a positive
integer kg > d + 1. Let ) be the probability measure concentrated on
C([0,T), H_k,) corresponding to the stationary generalized Ornstein—
Uhlenbeck process with mean 0 and covariance

Fo[¥iY.(©)] = x(@) [ du(Ti-yH)(w) G(w)
R
for every 0 < s <t and H, G in Hy,. Here x(«) stands for the static
compressibility given by x(a) = Var,_[n(0)] = a(1 — a).

Theorem 2.1. There exists a strictly positive symmetric matrix
D; j(a) such that the sequence Q° converges weakly to the probability
measure Q) of the corresponding Ornstein—Uhlenbeck process.

Formally, Y; is the solution of the stochastic differential equation
dY; = AYidt + dB) ,

where B is a mean zero Gaussian field with covariances given by
Eq[BY (M)BY(G)] = 2(@)(sn0) [ (VH)-D(VG).
Rd
In section 6 we show that the viscosity matrix D(«) is identified as
(2.6)
Dij(@) = ——— lim = 3" ziz,E,, (el — vt) - a)(n0(0) — ),
which is also the asymptotic variance of the second class particle. Other

expressions for this matrix can be given (cf. [6]), while in [8] we prove
that D; ;j(a) are smooth functions of the density « € [0, 1].
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§3. The Fluctuation-Dissipation Theorem

We recall in this section some results proved in [8] (cf. also [7]). For
local functions u, v, define the scalar product < -, - > by

(3.1) Cuv>= Y {<nuv>-<u><v>},
reZd

where {7;, z € Z%} is the group of translations and < - > stands for
the expectation with respect to the measure v,. That this is in fact an
inner product can be seen by the relation

1
Lu,v>>= lim — < Zfrm(u—<u>),27'x(v~<v>)> :
viz VIS =t

Since < u — Tzu, v >= 0 for all z in Z¢, this scalar product is only
positive semidefinite. Denote by L2<<,,_>> (vo) the Hilbert space generated
by the local functions and the inner product < -, - >>.

Denote by L® the symmetric part of the generator. For two local
functions u, v, let

L u,v > =<K u, (—L%)v >

and let H, be the Hilbert space generated by local functions and the
inner product < -, - >>1. To introduce the dual Hilbert spaces of H;, for
a local function u, consider the semi-norm || - ||-; given by

llull-1 = sup{2<<u,v>> - < v,v > },
v

where the supremum is carried over all local functions v. Denote by H_;
the Hilbert space generated by the local functions and the semi-norm
I l-1-

Notice that the function 7(0) — a does not belong to H_;. Indeed,
due to the translations, ||7(0) — |1 = 0 so that ||n(0) —a||-1 = co. One
can show, however, that these linear functions are essentially the only
zero-mean local functions that do not belong to H_;.

To make the previous statement precise, we need to introduce some

notation. For a local function f, denote by f : [0,1] — R the polynomial
defined by

fla) = B, [f].
Denote by Cy = Co(a) the collection of local functions such that
5 ~ d
fle) = E, [f]=0, fla) = —=E,[f] = 0.
dg Bma
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It is proved in [8] that all functions in Cy have finite H_; norm:
(3-2) Ifll-1 < oo iffeC .

Denote by C; the space of local functions f in Cy which are orthog-
onal to all linear functions:

< fn(x)—a>= 0 forall zin Z%

The next result states that a local function f in C; has a finite space-time
variance in the diffusive scaling.

Theorem 3.1. Fiz T > 0, a vector vy in R%, a smooth function
G : R? — R with compact support and a local function f in Cy. There
exists a finite constant Cy such that

lim sup E,,a[ sup (ed/2+1 /Otf_2 Z G(elz — rv0]) f (Tamy) dr)2]

e—0 o<t<T rzeZd
< CoT|Glz= I 112

The theorem is not correct if we replace C; by Cy because n(e;) —
n(0) has H_; norm equal to 0 and a finite, strictly positive space-time
variance.

It is proved in [8] that any local function in Cy may be approximated
in H_; by a local function in the range of the generator. More precisely,
for every local function f in Cy and every € > 0, there exists a local
function u., which may be taken in C;, such that

(3.3) ILuc - £I12, < «.

The fluctuation-dissipation theorem stated below follows from this
result, the estimate stated in Theorem 3.1 and some elementary compu-
tations.

Theorem 3.2. Fiz T > 0, a vector vy in R, a local function w
in C; and a smooth function G : R — R with compact support. There
exist a sequence of local functions u,, and D,(a) such that

lim sup lim sup
m—oo e—0
te 2 2
IE,,Q[ sup (ad/2+1/ Z G(e[z — rv0]) T Win(ns) ds) ] =0,
0<t<T 0 gt
where

Wn(n) = w — Lun + Z a(z)D;(a){n(z) —n(0)} .
z€Z4
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The idea of the proof is quite simple. By (3.3), we may approximate
w by some local function Lu,, in the range of the generator. However,
Lu,, might have linear terms and therefore might not be in C;. Sub-
tracting expressions of type n(z) —n(0), we convert Lu,, in a C;-function
and apply Theorem 3.1.

§4. Time evolution of density fluctuations

We show in this section how to deduce from the fluctuation-dissipation
theorem the equilibrium fluctuations for the density field defined in (2.4).

Fix a smooth function G : R* — R with compact support and define
the martingale Mtl’E by the time evolution equation

t
YE(G) - YE(G) = / (0, +e72L) YS(G) ds + M .
0

An elementary computation shows that
(4.1)
(80 + £ 2L)YE(G) = %21 Y (v VG)le(w — vte )] (n(z) - a)

x

— g/272 Z Gle(x — vte™ )] ij,y ,
T Yy
where j, ,, the instantaneous current between sites x and y, is given by
ey = —s(@ —y)n(y) —n(z)]
~ a(e - ) {n(y)(1 = n(=)) + @)1 - n(y)) } .

Let G5(x) = Gle(z —vte™2)]. Since the current is anti-symmetric (jg,y =
—Jy,z) and since its expectation with respect to v, is equal to 2a(y —
z)a(l — a), an elementary computation gives that

= Z Gi(z) Zyz y = Z —9)[Gi(y) — Gi(2)]In(z) — o
- Z a(z — y)[Gi(z) — Gi(Y)][n(y) — a][n(z) — o]
+(1-20) ) a(z —y)[Gi(z) — G (y)][n(z) — o

because
n(y)(1 —n(z)) + n(@)(1-nly) — 2a(1-a)
= =2(n(y) - )(n(x) — &) + (1-20){(n(y) — @) + (n(z) — ) } .
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Finally, since a(-) is anti-symmetric, a Taylor expansion and a change of
variables in the summation permit to conclude that

(42) (8 +e2L)YE(G)
=42y Z 0:(8:0;G)[e(z — vte )| (n(z) — a)

cd/2- 12 -VGO)|e(x — vte )| Pppr. + Re(n) .

In this formula, o; ; is the symmetric matrix defined by

ol = Zs(z)zizj,

z

®, , is the zero-mean local function defined by

Py = (n(z) —a)(n(y) — @)

and R.(n) is a remainder which vanishes in L?(v,) as ¢ | 0. In fact
< Re(n)? >= O(e?).

Since @, ,, belongs to C;, by Theorem 3.2, there exist a sequence of
local functions {vn,,, m > 1} in C; and constants D, ./ such that

t
lim lim Eya[ sup lsd/2_1/ Za(z)(z VG [e(x — vte™?))
0 T,z

m—o0e—0 0<t<T

{®0.: = Lvm = 32 () D2 () = m(O)] }(rame—2.) ds| | = 0.

z!

This result shows that we may replace ®, ;.. in the second term on
the right hand side of (2.4) by Lvm — ., a(2’)D, . [n(2") — n(0)]. The
difference n(z")—n(0) enables a second summation by parts which cancels

a factor 71, while the term Lwv,, produces an extra martingale.
Let F(x) = Y, a(2)(# - VG)(x). For each m > 1, consider the
martingale M>"™* defined by

t
M27m7€ :Ed/2+1 F(E(.’E — US€_2))5_2L'Um(T:BTIE“2S) ds
t 0

t
4 gd/241 Z/ OsF (e(x — v8e™?)) vy (ToMe—25) ds
z 0

— gd/241 Z {F(e(:n — vte ™)) o (TN -2¢) — F(ex)vm(Tmno)} ‘
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Since v,, are local functions, it is easy to see that the L? norm of
the third term of the right hand side vanishes as ¢ — 0. The second
term is equal to

/2 Z/o (v- VF)(e(x — vte™2)) U (TeNe—2,) dt .

Since v,,, belongs to C; for each m > 1, it has finite H_; norm in view
of (3.2). In particular, by Theorem 3.1, the expectation of the square
goes to 0 as € — 0.

In conclusion, we have shown so far that

t t
| 0+ 1) Y26y ds = [ YE(AG) ds 4 ME™ 4 B (1)
0 0
where

2
lim lim Eua( sup ‘Rm,s(t)' ) =0
m—oo e—0 0<t<T

and the second order differential operator A is given by
d
A=) "D;;0:0;
4,3

with the matrix D, ; given by

Dij=0i; — Y a(2)a(z)z2;D, .0 .

z,z’

We turn now to the calculation of the quadratic variation of the
martingale M, *° + M?>™*. This is given by

(4.3)
/0 YN w21 - aly + 2)le 2 [H(nEY47) — HE(nee—2)] ds

where

(1) = Y(©) = Y [ Pleta = vte)um(ren. =)
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Elementary computations show that (4.3) is equal to

(4.4)

/O ety D pm)L —nly +2)] x (8‘1 G5 (y + 2) — G5 (v)]

2
- Z Fi(z (Too¥ ¥ on, 2) — vm(’rmnse_z))) ds ,

where F£(z) = F(e(z — vte™?)).

Since v, is a local function, the sum inside the square in the above
expression extends over a finite number of x depending only on the
support of v,,. We can therefore substitute F:(x) by F:(y), with an
error that is small in view of Theorem 3.1. In the same way, we replace
the discrete derivative of G by the actual derivative, obtaining that (4.3)
is equal to

/ dzzp n(y)[1 —n(y + z)] x (Z'VG)(E(y—'Uts_z))

2
_F.;:(y) Z (U'm(TwO‘y’y+znse—2) - Um(’ra:"’]se*z))jl ds

x

plus a remainder R.(t) which vanishes in L? as ¢ | 0. Recall the defini-
tion of F' and take the limit as € — 0. By the law of large numbers, we
obtain that the previous expression converges to

[ ay S pee Ve W
« (10)(1 = () (1 - a2 [ 0P) =T )]) )

where I, () denotes the formal sum ) _ v (727).
Since we performed this calculations in equilibrium and since for

the invariant product measure the static fluctuations converges to the
Gaussian field with covariance operator a(1 — a)(—A) 7!, if

bi,; = n}l_l}loo Zp(z)
« (n0)(1 = 0(a)) (1= () [Pur 07) = Lo )]) Y3
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the fluctuation-dissipation relation for the limit Ornstein-Uhlenbeck pro-
cess gives

bi,j = a(l - O{)Di,j .

§5. Tightness

Recall that we have defined, for any k£ € R, Hy as the closure of
C>(R?) with respect to the scalar product

(@0 = [ 9@ (P = )" fa) dg

It is convenient to represent the scalar product (-, ), in the orthonor-
mal basis of the Hermite polynomials, which are the eigenfunctions of
lg|> — A. Let 7 be a multi-index of (Z*)¢ and |7i| = Zle n(i). We
denote by An;) = 2n(i) + 1 for n(i) € Z* and Az = Zle An(i)- De-
fine hz(q) = H?=1 Pn(i)(g;) where h., is the m** normalized Hermite
polynomial of order m in R. We have then for every k > 0 and f € L?

112 = [, f@aP - 0 @ da = Y- Ak( q)hﬁ(qwq)

Ae(zt)4

This is valid also for negative k. So the H_g-norm of a distribution &
on R? can be written as

(5.1) €)% ), = Z A7

€(zt)d

Observe that, for k' > k, the injection J of H_; in H_j is compact.
In fact it can be approximated by the finite range operators J,,§ =
Zlﬁl <m &(hi)hi, and it is easy to see that the operator norm of the
difference is bounded by

1T = Jm|l < (2m + &)~ =0

By the compactness of the injections H_g < H_g for k < k’, and
standard compactness arguments, the tightness of the distribution of Y}
is a consequence of the following proposition.

Proposition 5.1. For any k > d+ 1 and every T > 0, we have
that
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sup E, | sup [[VF|I2) ) < +oo
€€(0,1) te[0,T)

2. For any R > 0,

lim limsupP, | sup |[|[YF-YS||l-x>R] =0
6—0 e—0 t,s€[0,T]
lt—s|<s
It is easy to see, by using (5.1) and that k > d + 1, that Proposition
5.1 is a consequence of the following

Proposition 5.2. For any smooth function G on R? with compact
support

(5.2) supE, ( sup Yf(G)2> <TCgq
€ tel0,T]
(5.3) lim limsupP, | sup |Y7(G)-YS(G)|>R)| =0
6—0 o t,s€[0,T]

lt—s|<6

Let just sketch the proof of (5.3), the proof of (5.2) will follow a
similar argument (cf. [1] for details).
By the same calculation made in the previous section we have

t
YF(G) - YE(G) = / (0, +e72L) YE(G) dr + M,
(5.4) , s
- / YE(AG) dr + MYE 4 M2™ 4 Ry o(s,1) |

where M Slf and M, 52,tTfl © are the differences of the corresponding martin-
gales defined in the previous section, and

2
lim lim E,,Q( sup ‘Rm’g(s,t)‘ ) =0

m—oo e—0 0<s<t<T
The first term is easy to deal since

(5.5)

t
E, | sup |/y:(AG) drl? | < 8T (Y*(AG)?) < 6TC|AGS.
t,s€[0,T] s
t—s1<8



Diffusive fluctuations 321

About the difference martingale M =M S{f +M 52,’[""5, for any finite
m has a bounded quadratic variation given by (4.3) or (4.4), and it is
not difficult to show exponential bounds for it. So it follows that for any
m

lim limsupP, | sup |M | >R]| =0.
§—0 -0 t,s€[0,T) ’
lt—s|<6

86. The second class particle

The second class particle is a special particle that has the same jump
rates of the other particles (with the exclusion rule), furthermore when a
normal (first class) particle attempts to jump in the site occupied by the
second class particle, the particles exchange site. Therefore the evolution
of the first class particles is unaffected by the presence of the second
class particles. We will show here that the asymptotic evolution of the
second class particle is closely related to the equilibrium fluctuations of
the density.

Let ©/2 the Bernoulli measure on Z? with parameter o conditioned
to have the site 0 empty. Let X; be the position at time ¢ of the second
class particle, one starting at time O from 0, when the other particles
are distributed initially with »9.

Proposition 6.1.

1

(6.1) E¥a(1(x,20)) = =)

[E¥= (n:(z)m0(0)) — o]

Proof. Let oon(z) = n(z) if z # 0 and gon(0) = 0.

B (@ () = [ va(dnn(O)E” (@)
- / Vo (dn)n(0) [E"(ne(x)) — E=" (1, ()]
+ / Ve (dn)n(0)E" (1, (z))
— /ua(dn)n(O)E”(l[Xt:w]) +/ua(d§)1—f&(l — £(0))E* (1 (<))

(where in the last term we have performed the change of variable £ =
oon)
« Q@

= aB¥a(1(x,=]) + a0 T B r(z)mo(0)
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Reordering the term one obtains (6.1). !

Theorem 6.2. &(X;.—2 — vte™2) converges in law to a zero mean
Gaussian r.w. with covariance matrix tD: ., where D® is the symmetric

1,77

part of the viscosity matrix D introduced in the previous section.

Proof. Let H(y) a bounded continuous function on R? with com-
pact support. Let G(y) a probability density on R% and let v¥ the
Bernoulli measure conditioned to have the site y empty. Then

e? ) G(ey)E*~ (H(e(XY_, — vte™?)))
= ¢4 Z G(ey) Z H(e(z — vte™2))E¥a (Lixv _=a))-

In this formula, X! stands for the position at time ¢ of a second class
particle initially at y. By (6.1) this is equal to

a_(l_l_j)gd zy: Z H(e(z — vte™2))G(ey) [B* (2 (x)m0(y)) — 7]
:a(l——a FVva dZH (z — vte™2))
X (Nye—2 () — Q) zy: G(ey)(mo(y) — @)
_ —a(l%a)E [V (H)Yg(G)]

and by the convergence result for Y," proved in the previous section, this
converge as € — 0 to

/ G(u) et H(u) du.
Ra
O

An immediate consequence of the above result is the following for-
mula for the symmetric part of the viscosity matrix:

s _ 1 _ 2
D; ; tll’lglo ol l—a szxj “(ni(z + tv)mo(0)) — &?] .
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Non-Collision and Collision Properties of
Dyson’s Model in Infinite Dimension and Other
Stochastic Dynamics Whose Equilibrium States are
Determinantal Random Point Fields

Hirofumi Osada

Dedicated to Professor Tokuzo Shiga on his 60th birthday

Abstract.

Dyson’s model on interacting Brownian particles is a stochastic
dynamics consisting of an infinite amount of particles moving in R
with a logarithmic pair interaction potential. For this model we will
prove that each pair of particles never collide.

The equilibrium state of this dynamics is a determinantal ran-
dom point field with the sine kernel. We prove for stochastic dynam-
ics given by Dirichlet forms with determinantal random point fields
as equilibrium states the particles never collide if the kernel of deter-
mining random point fields are locally Lipschitz continuous, and give
examples of collision when Hoélder continuous.

In addition we construct infinite volume dynamics (a kind of
infinite dimensional diffusions) whose equilibrium states are determi-
nantal random point fields. The last result is partial in the sense that
we simply construct a diffusion associated with the maximal closable
part of canonical pre Dirichlet forms for given determinantal random
point fields as equilibrium states. To prove the closability of canon-
ical pre Dirichlet forms for given determinantal random point fields
is still an open problem. We prove these dynamics are the strong
resolvent limit of finite volume dynamics.

§1. Introduction

Dyson’s model on interacting Brownian particles in infinite dimen-
sion is an infinitely dimensional diffusion process {(X{);en} formally

Received February 9, 2003.
Revised March 31, 2003.
Partially supported by Grant-in-Aid for Scientific Research (B) 11440029.
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given by the following stochastic differential equation (SDE):

oo

: . 1

1.1 dX; =dB! + ——dt (1=1,2,3,...),

( ) t t '_Z X xd (Z )
j=1, j#i =t ¢

where { B!} is an infinite amount of independent one dimensional Brow-
nian motions. The corresponding unlabeled dynamics is

(1.2) Xe =) bx:.
=1

Here 6. denote the point mass at -. By definition X; is a ©-valued
diffusion, where © is the set consisting of configurations on R; that is,

(1.3) ©={6= Zéwi sz €R, 0({|]z| £71}) < oo for all r € R}.

We regard © as a complete, separable metric space with the vague topol-
ogy.

In [11] Spohn constructed an unlabeled dynamics (1.2) in the sense of
a Markovian semigroup on L?(0, ). Here u is a probability measure on
(©,B(0)) whose correlation functions are generated by the sine kernel

(1.4) Ksin(z) = % sin(wz).
(See Section 2). Here 0 < p < 1 is a constant related to the density

of the particle. Spohn indeed proved the closability of a non-negative
bilinear form (€, Dy,) on L?(O, p)

(1.5) £(j,g) = /@ DIf, o] (6)d,
Doo = {f € D’ N L*(©, p); E(f, ) < oo}

Here D is the square field given by (2.8) and DY is the set of the local
smooth functions on © (see Section 3 for the definition). The Markovian
semi-group is given by the Dirichlet form that is the closure (£, D) of
this closable form on L?(O, p).

The measure p is an equilibrium state of (1.2), whose formal Hamil-
tonian H = H() is given by (0 = )_. 6;,)

(1.6) H(O) = Z —2log |z; — x|,
i#]
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which is a reason we regard Spohn’s Markovian semi-group is a corre-
spondent to the dynamics formally given by the SDE (1.1) and (1.2).

We remark the existence of an L?-Markovian semigroup does not
imply the existence of the associated diffusion in general. Here a diffu-
sion means (a family of distributions of) a strong Markov process with
continuous sample paths starting from each 6 € ©.

In [5] it was proved that there exists a diffusion ({Pg}yco,{Xt})
with state space © associated with the Markovian semigroup above. This
construction admits us to investigate the trajectory-wise properties of the
dynamics. In the present paper we concentrate on the collision property
of the diffusion. The problem we are interested in is the following:

Does a pair of particles (X?, X7) that collides each other for some time
0 <t <ooexist?

We say for a diffusion on © the non-collision occurs if the above
property does not hold, and the collision occurs if otherwise.

If the number of particles is finite, then the non-collision should
occur at least intuitive level. This is because drifts —— have a strong

i

repulsive effect. When the number of the particles is injﬁnite, the non-
collision property is non-trivial because the interaction potential is long
range and un-integrable. We will prove the non-collision property holds
for Dyson’s model in infinite dimension.

Since the sine kernel measure is the prototype of determinantal ran-
dom point fields, it is natural to ask such a non-collision property is
universal for stochastic dynamics given by Dirichlet forms (1.5) with the
replacement of the measure o with general determinantal random point
fields. We will prove, if the kernel of the determinantal random point
field (see (2.3)) is locally Lipschitz continuous, then the non-collision al-
ways occurs. In addition, we give an example of determinantal random
point fields with Holder continuous kernel that the collision occurs.

The second problem we are interested in this paper is the following;:

Does there exist ©-valued diffusions associated with the Dirichlet forms
(£,D) on L?(6, u) when p is determinantal random point fields ?

We give a partial answer for this in Theorem 2.5.

The organization of the paper is as follows: In Section 2 we state
main theorems. In Section 3 we prepare some notion on configuration
spaces. In Section 4 we prove Theorem 2.2 and Theorem 2.3. In Sec-
tion 5 we prove Proposition 2.9 and Theorem 2.4. In Section 6 we prove
Theorem 2.5. Our method proving Theorem 2.1 can be applied to Gibbs
measures. So we prove the non-collision property for Gibbs measures in
Section 7.
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§2. Set up and the main result

Let E C R? be a closed set which is the closure of a connected open
set in R with smooth boundary. Although we will mainly treat the case
E = R, we give a general framework here by following the line of [10].
Let © denote the set of configurations on E, which is defined similarly
as (1.3) by replacing R with E.

A probability measure on (0, B(0)) is called a random point field
on E. Let pu be a random point field on E. A non-negative, permutation
invariant function p,, : E® — R is called an n-correlation function of u if for
any measurable sets {Aj,..., An,} and natural numbers {ki,... ,kn}
such that k; + - - - + k,, = n the following holds:

T (A
(1, ... ,Tp)dx ---dxn:/ I I —————dp.
/A’flx..-xA’:nm ' ' o7 (0(4:) — ki)

It is known ([10], [3], [4]) that, if a family of non-negative, permutation
invariant functions {p, } satisfies

o

2 ~1/k
(2.1) Z { ot ) /Akﬂ Ph+; dxy - ..dwk+j} = 00,

k=1

then there exists a unique probability measure (random point field) u
on E whose correlation functions equal {p,,}.

Let K : L?(E,dz) — L?(E,dx) be a non-negative definite operator
which is locally trace class; namely

(22) 0< (Kfa f)Lz(E,d:B)a
Tr(1pK1p) < oo for all bounded Borel set B.

We assume K has a continuous kernel denoted by K = K(z,y). Without
this assumption one can develop a theory of determinantal random point
fields (see [10], [9]); we assume this for the sake of simplicity.

Definition 2.1. A probability measure p on © is said to be a
determinantal (or fermion) random point field with kernel K if its cor-
relation functions p,, are given by

(2.3) Pr(T1, - Tp) = det(K(zs, 25)1<i,5<n)

We quote:

Lemma 2.2 (Theorem 3 in [10]). Assume K(z,y) = K(y,z) and
0 < K <1. Then K determines a unique determinantal random point

field u.
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We give examples of determinantal random point fields. The first ex-
ample is the stationary measure of Dyson’s model in infinite dimension.
The first three examples are related to the semicircle law of empirical
distribution of eigen values of random matrices. We refer to [10] for
detail.

Example 2.3 (sine kernel). Let Kgy, and p be as in (1.4). Then

(2.4) Ken(t) = — / VIR g
|k|<mp

21

So the Kg;, is a function of positive type and satisfies the assumptions
in Lemma 2.2. Let 4V denote the probability measure on RY defined
by

1
25) i = e Sl ol B o g da,
where Ay = 2(7p)2/3N? and Z" is the normalization. Set p™ = g% o
(6N)Y~1 where ¢V : RN — © such that &V(zq,...,zN) = Zf\il Oz, -
Let pY denote the n-correlation function of u”¥. Let p, denote the n-
correlation function of y. Then it is known ([11, Proposition 1], [10])

that foralln=1,2,...

(2.6) A}i pﬁ(xl,...  Zn) = pn(T1,... ,2n) forall (z1,...,z,).

In this sense the measure p is associated with the Hamiltonian H in
(1.6) coming from the log potential —2log|z|.

Example 2.4 (Airy kernel). E =R and
Ai(x) - Ajy) — Ai(y) - Ai(z)
r—y

K(xvy) =

Here A; is the Airy function.
Example 2.5 (Bessel kernel). Let E = [0, 00) and

Jo(vV) - /Y- (V) — Ja( /) -V - T, (VZ)
2(z —y) '

Here J, is the Bessel function of order a.

Example 2.6. Let E =R and K(z,y) = m(z)k(z —y)m(y), where
k:R— R is a non-negative, continuous even function that is convex in
[0,00) such that k(0) < 1, and m: R — R is nonnegative continuous
and [, m(t)dt < oo and m(z) < 1 for all z and 0 < m(x) for some

K(z,y) =
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x. Then K satisfies the assumptions in Lemma 2.2. Indeed, it is well-
known that k is a function of positive type (187 p. in [1] for example), so
the Fourier transformation of a finite positive measure. By assumption
0 < K(z,y) < 1, which implies 0 < K < 1. Since [ K(z,z)dz < oo, K is
of trace class.

Let A denote the subset of © defined by
(2.7) A={0c©; 0({z}) >2 for some z € E}.

Note that A denotes the set consisting of the configurations with colli-
sions. We are interested in how large the set A is. Of course u(A) =0
because the 2-correlation function is locally integrable. We study A more
closely from the point of stochastic dynamics; namely, we measure A by
using a capacity.

To introduce the capacity we next consider a bilinear form related to
the given probability measure u. Let D¢ be the set of all local, smooth
functions on © defined in Section 3. For f,g € D¢ we set D[f, g]:© —R
by

1 ¢ 9f(x) 99(x)
(2:8) D[f, g)(0) = 3 Z e or
Here § =}, 65, x = (z1,...) and f(x) = f(z1,...) is the permutation
invariant function such that f(0) = f(z1,z2,...) for all 6 € ©. We set
g similarly. Note that the left hand side of (2.8) is again permutation
invariant. Hence it can be regard as a function of § = ), 6;,. Such f
and g are unique; so the function D[f, g]:© —R is well defined.

For a probability measure 1 in © we set as before

£(f,g) = /@ DIf, g} (8)d,
Do = {f € D2 N L*(©, u); £(f, f) < o0}

When (€,Dy,) is closable on L?(O, 1), we denote its closure by (£,D).

We are now ready to introduce a notion of capacity for a pre-
Dirichlet space (€, Do, L2(O, 11)). Let O denote the set consisting of
all open sets in ©. For O € O weset Lo = {f € Do ; f > 1 p-a.e. on O}
and

Cap(O) _ {j;l)ffeﬁo {8(f> f) + (f, f)Lz(@,“)} ﬁz i g .
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For an arbitrary subset A C © we set Cap(A) = infs-oco Cap(O).
This quantity Cap is called 1-capacity for the pre-Dirichlet space
(€, Doo, L3(O, p)).

We state the main theorem:

Theorem 2.1. Let pu be a determinantal random point field with
kernel K. Assume K is locally Lipschitz continuous. Then

(2.9) Cap(A) = 0,
where A is given by (2.7).

In [5] it was proved

Lemma 2.7 (Corollary 1 in [5]). Let p be a probability measure
on ©. Assume p has locally bounded correlation functions. Assume
(£,Dw) is closable on L?(©, 11). Then there exists a diffusion ({Pg}oco,
{X;}) associated with the Dirichlet space (€,D,L?(O, u)).

Combining this with Theorem 2.1 we have

Theorem 2.2. Assume u satisfies the assumption in Theorem 2.1.
Assume (£,Ds) is closable on L?(O,u) . Then a diffusion ({Pg}eco,
{X¢}) associated with the Dirichlet space (€, D, L*(©, u)) exists and sat-
isfies

(2.10) Po(on = o0) =1 for g.e. 6,

where op = inf{t > 0; X; € A}.

We refer to [2] for g.e. (quasi everywhere) and related notions on
Dirichlet form theory. We remark the capacity of pre-Dirichlet forms
are bigger than or equal to the one of its closure by definition. So (2.10)
is an immediate consequence of Theorem 2.1 and the general theory of
Dirichlet forms once (€,Dy,) is closable on L?(©, ) and the resulting
(quasi) regular Dirichlet space (£,D, L?(©, 1)) exists.

To apply Theorem 2.2 to Dyson’s model we recall a result of Spohn.

Lemma 2.8 (Proposition 4 in [11]). Let pu be the determinantal
random point field with the sine kernel in Example 2.3. Then (£,Dy)
is closable on L%(©, ).

We say a diffusion ({Pg}eco,{X:}) is Dyson’s model in infinite di-
mension if it is associated with the Dirichlet space (£,D, L*(©,u)) in
Theorem 2.8. Collecting these we conclude:

Theorem 2.3. No collision (2.10) occurs in Dyson’s model in in-
finite dimension.
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The assumption of the local Lipschitz continuity of the kernel K
is crucial; we next give a collision example when K is merely Holder
continuous. We prepare:

Proposition 2.9. Assume K is of trace class. Then (£,Dy) is
closable on L*(©, ).

Theorem 2.4. Let K(z,y) = m(z)k(z — y)m(y) be as in Ezam-
ple 2.6. Let a be a constant such that

(2.11) 0<a<l

Assume m and k are continuous and there exist positive constants ¢; and
co such that

(2.12) c1t® < k(0) —k(t) <ot  for0<t<1.
Then (£, Dy, L*(O, 1)) is closable and the associated diffusion satisfies
(2.13) Po(oa <o00) =1 for q.e. 6.

Unfortunately the closability of the pre-Dirichlet form (€,Ds) on
L?(©, 1) has not yet proved for determinantal random point fields of
locally trace class except the sine kernel. So we propose a problem:

Problem 2.10. (1) Are pre-Dirichlet forms (£,Dy,) on L?(O, p)
closable when p are determinantal random fields with continuous ker-
nels?

(2) Can one construct stochastic dynamics (diffusion processes) associ-
ated with pre-Dirichlet forms (£, D) on L?(0, ).

We remark one can deduce the second problem from the first one
(see [5, Theorem 1]). We conjecture that (£, Do, L?(O, 1)) are always
closable. As we see above, in case of trace class kernel, this problem is
solved by Proposition 2.9. But it is important to prove this for deter-
minantal random point field of locally trace class. This class contains
Airy kernel and Bessel kernel and other nutritious examples. We also re-
mark for interacting Brownian motions with Gibbsian equilibriums this
problem was settled successfully ([5]).

In the next theorem we give a partial answer for (2) of Problem 2.10.
We will show one can construct a stochastic dynamics in infinite volume,
which is canonical in the sense that (1) it is the strong resolvent limit
of a sequence of finite volume dynamics and that (2) it coincides with
(€,D) whenever (£,Dy,) is closable on L?(O, p).

For two symmetric, nonnegative forms (£1,D1) and (&2,D3), we
write (8172)1) < (82,@2) if Dl D) D2 and gl(f, f) S 52(f7 f) for all f S DQ.
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Let (£7¢8,D™8) denote the regular part of (£, Dy,) on L?(O, ), that is,
(Ere8 D'*8) is closable on L?(©, 1) and in addition satisfies the following:

(5reg’Dreg) S (E’DOO)’
and for all closable forms such that (£',D") < (€,Dwo)
(g/’ D/) S (greg,Dreg).

It is well known that such a (£78, D"*8) exists uniquely and called the
maximal regular part of (£, D). Let us denote the closure by the same
symbol (E78 Dreg).

Let m,.:© — © be such that 7,.(8) = (- N {z € E; |z| <r}). We set

Door = {f € Deo; f is o, ]-measurable}.

We will prove (€, Deo.) are closable on L%(©, ). These are the finite
volume dynamics we are considering.

Let G4 (resp. Gy o) (o > 0) denote the a-resolvent of the semi-group
associated with the closure of (£7°8, D™8) (resp. (£, D)) on L3(O, p).

Theorem 2.5. (1) (™9, D™9) on L?(O, p) is a quasi-reqular Dirich-
let form. So the associated diffusion exists.
(2) Gy o converge to G,, strongly in L?(©, u) for all a > 0.

Remark 2.11. We think the diffusion constructed in Theorem 2.5
is a reasonable one because of the following reason. (1) By definition
the closure of (£7°8, D™8) equals (£,D) when (£,Dy) is closable. (2)
One naturally associated Markov processes on ©.., where O,. is the set
of configurations on EN {|z| < r}. So (2) of Theorem 2.5 implies the
diffusion is the strong resolvent limit of finite volume dynamics.

Remark 2.12. If one replace p by the Poisson random measure
A whose intensity measure is the Lebesgue measure and consider the
Dirichlet space (£*,D) on L(©, ), then the associated ©-valued diffu-
sion is the ©-valued Brownian motion B, that is, it is given by

B = g,
=1

where {B;} (i € N ) are infinite amount of independent Brownian mo-
tions. In this sense we say in Abstract that the Dirichlet form given by
(1.5) for Radon measures in © canonical. We also remark such a type
of local Dirichlet forms are often called distorted Brownian motions.
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§3. Preliminary

Let I, = (-r,7)¢NE and ©7 = {# € ©;0(I,) = n}. We note
O =", 0" Let I be the n times product of I,. We define 7,.:0 —©
by m.(0) = 6(- N I). A function x:0" — I" is called a I-coordinate of
g if

(3.1) T (0) = banieyy  X(0) = (z1(0),... ,zn(6)).
k=1

Suppose f:© — R is o[r,|-measurable. Then for each n =1,2,... there
exists a unique permutation invariant function f:I]* —R such that

(3.2) f(0) = f7(x(0)) forallf e O.

T

We next introduce mollifier. Let j:R— R be a non-negative, smooth
function such that j(z) = j(|z|), JgaJjdz =1 and j(z) = 0 for |z| >
= Let jo = €j(-/e) and j2(z1,...,2,) = [[1o; je(zi). For a olm,]-
measurable function f we set J, .f:© —R by

N Jj&* fr(x(0)) foreO©Fn>1
(3.3) Irf(6) { (6) for 6 c OO,
where f7 is given by (3.2) for §, and f7:R% —R is the function defined
by fo(z) = f*(z) for z € I? and f*(z) = 0 for = & I™. Moreover x(6)
is an I"-coordinate of # € ©F, and * denotes the convolution in R™. It
is clear that J, f is o[n,|-measurable.

We say a function f: © — R is local if f is o[r,]-measurable for
some r < co. For f:©® — R and n € NU {oo} there exists a unique
permutation function f™ such that f(6) = f*(z1,...) for all § € .
Here ©" = {# € ©; (E) = n}, and 0 = ), 6,,. A function f is called
smooth if f™ is smooth for all n € NU{co}. Note that a o[m,.]-measurable
function f is smooth if and only if f” is smooth for all n € N.

84. Proof of Theorem 2.2

We give a sequence of reductions of (2.9). Let A denote the set
consisting of the sequences a = (a,)r¢en satisfying the following:

(4.1) ar €Q forallreN,
ar =2r+rg for all sufficiently large r € N,
(4.3) 2<ai, 1<a,41—a,.<2 forallreN.
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Note that the cardinality of A is countable by (4.1) and (4.2).
Let [ ={2,3,...,}3 For (r,n,m) € I and a = (a,) € A we set
©2(r,n) ={0 €0, 0(1,,) =n}
©%(r,n,m) ={0 € ©; 6(l,.) = n, Q(I_ar+—1—\Iar) = 0}.

Here I, , 1 is the closure of I, | 1, where I, = (—r,7)? N E as before.
We remark ©2(r,n,m) is an open set in ©. We set

(4.4) A2(r,n,m) = {6 = Z(Szi ; 0 € ©*(r,n,m) and 0 satisfy

|z; — ;| < € and z;,x; € I, _; for some i # j}.
It is clear that A2(r,n,m) is an open set in ©.

Lemma 4.1. Assume that for alla € A and (r,n,m) €I

4.5 inf  Cap(A2 = 0.
(4.5) o< e ap(AZ(r,n,m))

Then (2.9) holds.
Proof. Let

A%(r,n,m) ={0 = Z 6z, ; 0 € ©2(r,n,m) and 0 satisfy

z; = x; and x;,x; € I,, 1 for some 7 # j}.

Then A = U,ea U(r,n,myer A*(7;n,m). Since A and I are countable sets
and the capacity is sub additive, (2.9) follows from

(4.6) Cap(A?(r,n,m)) =0 foralla€ A, (r,n,m) €L

Note that A?(r,n,m) C A2(r,n,m). So (4.5) implies (4.6) by the mono-
tonicity of the capacity, which deduces (2.9). Q.E.D.

Now fix a € A and (r,n,m) € I and suppress them from the notion.
Set

(47) A7 =A25(r,n,m), Ac=AZ(r,n,m), A} =A3,  (r,n,m).

€

and let he:R—R (0 < € < 1/m < 1) such that

2 (It < e
(4.8) he(t) = § 2log|t|/loge (e < [t| <1)
0 (1 < [t]).
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We define h.:© =R by h(0) = 0 for 8 € ©2(r,n,m) and

he(0) = Z he(z; —x;) for 8 € ©2(r,n,m).

(Ei7mj€-[a’,~—la ]#7‘

Here we set h(¢) = 0 if the summand is empty. Let g = J, 41 /4B
Here J, 41 /4 is the mollifier introduced in (3.3).

Lemma 4.2. For 0 < e < 1/2m, g. satisfy the following:

(4.9) ge € Do

(4.10) g.(8)>1 for all 8 € A,
(4.11) 0<g0) <n(n+1) for all6 € ©
(4.12) g.(8) =0 for all 6 ¢ AT
(4.13)  D[ge, gc](8) =0 for all 6 & AT\AZ
(4.14)  Dge,g(0) < “ for all 6 € AF\AS .

~ (loge min|z; — z;|)?

Here 0 = )6, and the minimum in (4.14) is taken over z;,x; such
that

Ty, Tj € Iq. 1, €/2 <z, —xj| < 1+¢,
and cg > 0 is a constant independent of € (cs depends on (r,n,m) ).

Proof.  (4.9) follows from [5, Lemma 2.4 (1)]. Other statements are
clear from a direct calculation. Q.E.D.

Permutation invariant functions ¢ : I — R* are called density
functions of p if, for all bounded o[n,]-measurable functions f,

1
(4.15) fdu = — frotdr.
or !y

Here f: I — R is the permutation invariant function such that f(x(6))
= f(0) for 8 € O, where x is an I*-coordinate. We recall relations
between a correlation function and a density function ([10]):

00
1
(416) Pn = Z ET /k O',,T.H—k(.rl, e ,$n+k)d$n+1 cet d$n+k
k=0 17

Byl

8

n -1
(4.17) g, k!) /Ik Prtk(T1y o s Tptk)dTpi1 -+ - dTrik
k=0 r

I
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The first summand in the right hand side of (4.16) is taken to be o”. It
is clear that

(4.18) 0< o (z1,- - ,Zpn) < pu(T1,.-. ,Tp)

Lemma 4.3. There exists a constant ¢4 depending on r,n such
that

(4.19) o] (z1,... ,2p) < c4m¢ir_1|:ci —x;|  for all (zy,...,x,) € I}
i#]

Proof. By (2.3) and the kernel K is locally Lipschitz continuous,
we see p, is bounded and Lipschitz continuous on I*. In addition, by
using (2.3) we see p, = 0 if z; = z; for some i # j. Hence by using (2.3)
again there exists a constant c5 depending on n,r such that

(4.20)  pp(z1,...,20) <cs rr;zn\a:z —z;|  for all (z1,...,2n) € I
i#]
(4.19) follows from this and (4.18) immediately. Q.E.D.

Lemma 4.4. (4.5) holds true.

Proof. By the definition of the capacity, g. € Do, (4.9) and (4.10)
we obtain

(421) Cap(Aé) < g(gmge) + (gea ge)Lz(@,u)

So we will estimate the right hand side. We now see by (4.13)

(4'22) g(gmge) :/ D[ge;ge]dﬂ
ASNAS
1 ogr ogr .
:E/BE{ Zaxzaxz}ar+#d$1-.-d:ﬂn
=:I..
Here ¢g” is defined by (3.2) for g., and B, = w;l_{_L(Trar_FL(Aj—\Ae_)),
where w:I7 ., —© is the map such that w((z1,. . yLn)) = Oz,

By using (4.14) and Lemma 4.3 for a, + % it is not difficult to see
there exists a constant cg independent of € satisfying the following:

Ce

I, < .
~ |loge]

This implies lim¢_.0 £(ge, ge) = 0. By (4.11) and (4.12) we have

(ge,ge)Lz((—),p) = /+ Bzd,u < nQ(n+ 1)2 M(Aj) — 0 as € l 0.
A

€
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Combining these with (4.21) we complete the proof of Lemma 4.4.
Q.E.D.

Proof of Theorem 2.1. Theorem 2.1 follows from Lemma 4.1 and
Lemma 4.4 immediately. Q.E.D.

§5. Proof of Proposition 2.9

Lemma 5.1. Let p be a probability measure on (©,B(0)) such
that n({0(E) < oo}) = 1 and that density functions {of} on E of u are
continuous. Then (£,Dy,) is closable on L?(©, ).

Proof. Let ©™ = {0 € ©; 0(E) =n} and set

£'(.6) =3 [ Dl

By assumption Y -, u(©") = 1, from which we deduce (£, D) is the
increasing limit of {(€™,Ds)}. Since density functions are continuous,
each (€™, D) is closable on L%(©, 11). So its increasing limit (£, Do) is
also closable on L2(©, ). Q.E.D.

Lemma 5.2. Let p be a determinantal random point field on E
with continuous kernel K. Assume K is of trace class. Then their density
functions ¢™ on E are continuous.

Proof. For the sake of simplicity we only prove the case K < 1,
where K is the operator generated by the integral kernel K. The general
case is proved similarly by using a device in {10, 935 p.].

Let \; denote the i-th eigenvalue of K and y; its normalized eigen-
function. Then since K is of trace class we have

(5.1) K(z,y) = Z)\z%(m)GDz—(y)

It is known that (see [10, 934 p.])
(5.2) U"(ml, N ,:En) = det(Id - K) : det(L(a:i, $j))1§i,j§na

where det(Id — K) = [[;2,(1 — ;) and

53 Lizy) = Y 12 o).

1—
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Since K(z, y) is continuous, eigenfunctions ¢;(z) are also continuous.
It is well known that the right hand side of (5.1) converges uniformly.
By 0 < K <1 we have 0 < \; < A\; < 1. Collecting these implies the
right hand side of (5.3) converges uniformly. Hence L(z,y) is continuous
in (z,y). This combined with (5.2) completes the proof. Q.E.D.

Proof of Proposition 2.9. Since K is of trace class, the associated
determinantal random point field p satisfies u({6(E) < oo}) = 1. By
Lemma 5.2 we have density functions of are continuous. So Proposi-
tion 2.9 follows from Lemma 5.1. Q.E.D.

We now turn to the proof of Theorem 2.4. So as in the statement
in Theorem 2.4 let E = R and K(z,y) = m(z)k(z — y)m(y), where
k:R — R is a non-negative, continuous even function that is convex in
[0,00) such that k(0) < 1, and m:R— R is nonnegative continuous and
Jgm(t)dt < oo and m(z) < 1 for all z and 0 < m(z) for some x. We
assume k satisfies (2.12).

Lemma 5.3. There exists an interval I in E such that
(5.4) of(z,x+1t) > cet® forall|t| <1 andz,z+1t €,

where c7 is a positive constant and o? is the 2-density function of p on

I.

Proof. By assumption we see inf,cym(z) >0 for some open
bounded, nonempty interval I in E. By (4.17) we have

(5.5) o¥(z,x+1t) > po(z,z +1) — /pg(ac, x+t z)dz
I
By (2.3) and (2.12) there exist positive constants cg and cg such that

(5.6)  cst® < pa(x, T +1) forall |[t| <land z,z+t €l
ps(x,z +t,2) < cgt® forall |t <1and z,z+1t,2z€ [

Hence by taking I so small we deduce (5.4) from (5.5) and (5.6). Q.E.D.

Proof of Theorem 2.4. The closability follows from Proposition 2.9.

So it only remains to prove (2.13).
Let (£2,D?) and (€, D) denote closures of (£?,Dy,) and (£,Dy) on
L?(©, 1), respectively. Then

(5.7) (E%,D%) < (€,D)
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Let I be as in Lemma 5.3. Let {I.},—; . be an increasing sequence of
open intervals in E such that Iy = I and U, I, = E. Let

10f(x) Og(x)
(5.8) 82 f’ Lz Z 2 8.’131 (9.2131 d/L

Here we set x = (z1,...), f and f similarly as in (2.8). Then since
density functions on I, are continuous, we see (£2, D) are closable on
L?(©, u). So we denote its closure by (£2,D?). 1t is clear that {(£2, D2)}
is increasing in the sense that D2 D D2, and E2(f,§) < 2, (f,f) for all

f € D,,1. So we denote its limit by (£2,D?). It is known (|5, Remark
(3) after Theorem 3|) that

(5.9) (£2,D?) < (£%2,D?).

By (5.7), (5.9) and the definition of {(£%, D2)} we conclude (£2,D?)
< (&€,D), which implies

(5.10) Cap? < Cap,

where Cap? and Cap denote capacities of (€2, D?) and (&, D), respec-
tively. Let B = ©2 N {#({z}) = 2 for some z € I}. Then by (2.11)
and (5.4) together with a standard argument (see [2, Example 2.2.4] for
example) we obtain

(5.11) 0 < Capi(B).

Since B C A, we deduce 0 < Cap(A) from (5.10) and (5.11), which
implies (2.13). Q.E.D.

§6. A construction of infinite volume dynamics

In this section we prove Theorem 2.5. We first prove the closability
of pre-Dirichlet forms in finite volume.

Lemma 6.1. Let I, = (—r,7) N E and o} denote the n-density
function on I.. Then o} is continuous.

Proof. Let M = sup, ,¢; |K(z,y)|. Then M < oo because K is
continuous. Let x; = (K(z;,z1), K(zs, x2),... ,K(zi, z,)) and ||x;]| de-
note its Euclidean norm. Then by (2.3) we see

(6.1) lon| < H Ix:]| < {v/nM}"™
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By using Stirling’s formula and (6.1) we have for some positive constant
c10 independent of k£ and M such that

—1)*
(6.2) |£‘%,—)‘/ Ptk (T1s oo s Tntk)dTny1 ATyl
H ITI::
< c’fok_k+1/2(n+k)(n+k)/2M"+k.

This implies for each n the series in the right hand side of (4.17) con-
verges uniformly in (z1,...,2,). So o is the limit of continuous func-
tions in the uniform norm, which completes the proof. Q.E.D.

Lemma 6.2. (€,Dw.) are closable on L?(©, u).
Proof Let I, = {z € E;|z| < r} and ©} = {0(I,) = n}. Let
E™(f,9) f@n [f,g]du. Then it is enough to show that (&7, Do r) are

closable on LQ(@ ) for all n.
Since f is o|m,.|-measurable, we have (x = (z1,... ,Z,))

n 10/ (x) 9g;(%x) ,
& (i9) Tl /n Z 2 Oz dz; T (x)dx,

where fI and ¢ are defined similarly as after (4.15). Then since o] is
continuous, we see (£, D ) is closable. Q.E.D.

Proof of Theorem 2.5. By Lemma 6.2 we see the assumption (A.1*)
in [5] is satisfied. (A.2) in [5] is also satisfied by the construction of
determinantal random point fields. So one can apply results in [5] (The-
orem 1, Corollary 1, Lemma 2.1 (3) in [5]) to the present situation.
Although in Theorem 1 in [5] we treat (£,D), it is not difficult to see
that the same conclusion also holds for (£78, D**€), which completes the
proof. Q.E.D.

§7. Gibbsian case

In this section we consider the case p is a canonical Gibbs measure
with interaction potential ®, whose n-density functions for bounded sets
are bounded, and 1-correlation function is locally integrable. If & is
super stable and regular in the sense of Ruelle, then probability mea-
sures satisfying these exist. In addition, it is known in [5] that, if ®
is upper semi-continuous (or more generally ® is a measurable function
dominated from above by a upper semi-continuous potential satisfying
certain integrable conditions (see [7])), then the form (£,D) on L*(O, p)
is closable. We remark these assumptions are quite mild. In [5] and [7]
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only grand canonical Gibbs measures with pair interaction potential are
treated; it is easy to generalize the results in [5] and [7] to the present
situation.

Proposition 7.1. Let p be as above. Assumed > 2. Then Cap(A)
= 0 and no collision (2.10) occurs.

Proof. The proof is quite similar to the one of Theorem 2.1. Let
I be as in (4.22). It only remains to show lim,_,o I = 0.

We divide the case into two parts: (1) d =2 and (2) 3 < d. Assume
(1). We can prove limI. = 0 similarly as before. In the case of (2) the
proof is more simple. Indeed, we change definitions of A7 in (4.7) and
he in (4.8) as follows: AT = A2 (r,n,m)

2 (It <€)
(7.1) he(t) = § —(2/e)lt] +4 (e < [t] < 2€)
0 (2¢ < It]).
Then we can easily see limI. = 0. Q.E.D.

Remark 7.2. (1) This result was announced and used in [6, Lemma

1.4]. Since this result was so different from other parts of the paper [6],
we did not give a detail of the proof there.
(2) In [8] a related result was obtained. In their frame work the choice
of the domain of Dirichlet forms may be not same as ours. Indeed, their
domains are smaller than or equal to ours (we do not know they are
same or not). So one may deduce Proposition 7.1 from their result.
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Random Point Fields Associated with Fermion,
Boson and Other Statistics

Tomoyuki Shirai and Yoichiro Takahashi

Abstract.

We show that the grand canonical ensembles of ideal gas under
Fermi, Boson and other statistics give simple examples of the ran-
dom point fields studied in the previous papers [13, 14, 15]. Also
we present two classes of nonsymmetric integral operators for which
such random point fields do exist.

§1. Introduction

In the present paper we are concerned with the nonnegativity prob-
lem of certain generalization of determinants and permanents denoted
by det, in our previous paper [14]. The problem is almost equivalent
to the existence problem of those random point fields or point processes
whose Laplace transforms are given as the Fredholm determinants to the
power —1/a of certain integral operators. They are also closely related
to the Fermi, Boson and other statistics in quantum statistical mechan-
ics of the ideal gas. Indeed, the grand canonical ensembles under these
statistics (if any) are special examples of our random point fields.

Definition 1.1. Let o be a real number and A = (a,;) be a square
matrix of size n. Given a permutation o, denote the number of cycles
by v(o). The following quantity is called the a-permanent of A in [18]:

(1.1) deto(4) = Y a7 ﬁaia(i)a
=1

c€ES,

where S, is the symmetric group.
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For instance,

ajx; Qa2
det,, = a11a22 + aaiza2i,
az1 Q22

a1l ai2 ais
dety | @21 a2z ao3 =  @a11Q922a33

a a a
31 Tsz 783 +a(a12a21a33 + a13G31022 + a23a32011)

2
+a*(a12a23a31 + a13032021).

It is immediate to see

(1.2) det_;1(A) =det(A4), det;(A) = per(A)
and
(13) deto(A) = 0110922 ...0nn-

In [14] we proved the following (though not stated directly there):

Theorem 1.2. There holds the inequality deto(A) > 0 if a and
A satisfy one of the following three conditions (A~ ), (A) and (B).
(A7) ae{-=1/m|m=1,2,...} and A is nonnegative definite.
(A) € {2/m | m=1,2,...} and A is nonnegative definite.
(B) a € (0,00) and A is a nonnegative matriz.

The sufficiency of (B) is obvious from Definition 1.1. We give an
alternative proof of the case (A) below in Section 3. In [14] we also
proposed the following.

Conjecture 1.3. If0 < a < 2, dety(A) > 0 for nonnegative
definite matriz A of any size.

The random point fields mentioned above are defined as follows.
For simplicity, let R be a locally compact separable metric space and
fix a nonnegative Radon measure A on R. We define the locally finite
configuration space ) over R as the set of nonnegative integer-valued
Radon measures £ on R and say that a function f is a test function if it
is nonnegative and its support is compact. For a test function f and a
(locally finite) configuration £ = )8, € Q we denote

ert) = e (- [ f@etan)).

Now let a be a real number and K be a locally trace class integral
operator on L?(R, \), i.e., the restriction K, of K to any compact set A
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is of trace class. The Fredholm determinant Det(I + T') for a trace class
operator T is defined as [ [~ (1+A;), where X;,7 > 1 are the eigenvalues
(counting the multiplicity) of T

Definition 1.4. A probability measure p on @ will be called a
random point field associated with («, K) if it satisfies for any test func-
tion f

/Q (d€)es () = Det(I + apK) =1/,

where ¢ = 1 — e~f. In particular, p is called a fermion point process
and a boson point process in [8, 9] according as & = —1 and o = 1.

Some people use the terminology “determinantal processes” for fermion
processes (cf. [7, 16]).

In [13, 14] we essentially proved the following:

Theorem 1.5. Assume that the kernel K(z,y) is continuous and,
in addition, that the operator norm K is so small that |aK|| < 1 when
a<0. SetJ=(I+aK) K.

(i) The random point field i associated with (o, K) ezists and is unique
if deto (J (i, ;)7 ;=1 is nonnegative for any n and any x1,... ,Tn.

(i) If the random point field u associated with (o, K) exists, then both
detq(J(zi, ;)7 j=1 and deto (K (x4, ;)7 ;=1 are nonnegative for any n
and any T1,... ,Ty.

Combining Theorems 1.2 and 1.5 we showed

Theorem 1.6. ([14]) The random point field p associated with
(a, K) exists and is unique if (o, K) satisfies one of the following con-
ditions:

(A-)a e {-1/m | m = 1,2,...}, |[aK]|| < 1 and K is nonnegative
definite.

(A) ae{2/m ]| m=12,...} and K is nonnegative definite.

(B) a € (0,00) and the kernel J(z,y) defined by J = (I + aK) 'K 1is
nonnegative.

Here || - || stands for the operator norm.

The case where ||aK || = 1 with @ < 0 can also be treated in [14, 15]
although the operator J becomes unbounded.

In [13, 14, 15] we did not study the case where K is a nonsymmetric
operator. But we can show the following:

Theorem 1.7. Let R =R, ) be the Lebesque measure and Ty, t >
0 be the transition semigroup of a one dimensional diffusion process or



348 T. Shirai and Y. Takahashi

let R = N, X be a counting measure and T;,t > 0 be the transition
semigroup of a birth and death process. Then the random point field u
associated with (—1,T}) exists and is unique.

We would like to emphasize that 7T; can be nonsymmetric in the
above Theorem 1.7 (cf. [3, 12]).

We had better to mention here on a rather classical theorem of
Karlin and McGregor [4, 5] from which Theorem 1.7 above follows im-
mediately by using Theorem 1.5. Recall that a matrix A is called totally
positive if all of its square minors are nonnegative and that a kernel func-
tion K (z,y) is called totally positive if det(K (z;,y;))7;—, is nonnegative
for any n and any x1,... ,Zn,Y1,-.. , Yn.

Theorem 1.8 (Karlin-McGregor). Let p(t,z,y) be the transition
probability density of a one dimensional diffusion process or a birth and
death process. Then for eacht > 0 the kernel function p(t,z,y) is totally
positive.

The proof of Karlin and McGregor is simple and is based only on
the two facts: the strong Markov property and the one dimensionality.
So it may also be applied to discrete time nearest neighbor random
walks on Z! under suitable settings (cf., [6]). Notice that p(¢,z,y) is not
necessarily symmetric in x and y.

§2. Fermi statistics, Boson statistics and other statistics

Consider quantum statistical mechanics of ideal gas. If the energy
levels are F;, then the grand canonical partition function Z is given in
text books, for instance [2] as

Z = H(l + ze PFi) and Z = H(l — ze PEH~1

under fermi statistics and boson statistics, respectively. If we introduce
the trace class diagonal operator

J = diag(ze PEr ze PPz )

on /2({1,2,...}) and a parameter o, then they can be written as
y

Z =Det(I — aJ)~ 1/

with a = —1 for fermi statistics and o« = 1 for boson statistics.
For general values of a we might consider the a-statistics. If the un-
derlying space R consists of a single point, then such statistics exist for
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ac€{l/m|m=1,2,...} or a € (0,00) and the corresponding distribu-
tions are called negative binomial or generalized binomial, respectively.
There are some attempts to generalize these distributions to spaces con-
sisting of two or more points [1]. Anyway we need some restriction on
a in order to consider a-statistics.

The grand canonical ensemble, say p, under a-statistics is, if any,
described in terms of its Laplace transform as

et(I —ae=fJ)=1/
(2.1) /Qﬂ(dg)ef(f) = D]Dtif(f _ CkJ)J—)l/a

For fermion and boson cases it is immediate to see, by setting f to
be a linear combination of indicator functions of intervals and then by
expanding the (infinite) product into the (infinite) sum, that one can
obtain the micro canonical ensembles.

Thus, if we introduce an operator K = (I —aJ)~!J, then we obtain

/Q u(d€)e; () = Det(I + apk) ™1/,

Consequently, the grand canonical ensemble p is the random point
field over the set {1,2,...} associated with (a, K) in our terminology.
By Theorem 1.6 we may consider the a-statisitcs as a real object at
least for € {—1/m | m=1,2,... } U0, 00) since J is now nonnegative
definite and has nonnegative entries provided that ||aJ| < 1 when « is
positive.

Moreover, the operator J may not be of trace class nor diagonal.
Indeed, J can be a locally trace class operator and one can consider the
infinite volume limit of grand canonical ensembles as is shown by the
following theorem which is a restatement of results in [14]:

Theorem 2.1. Let a be a real number and J be a locally trace
class operator. The random point field u satisfying (2.1) exists if (a, J)
satisfies one of the following conditions.

(A7) ae{-1/m | m=1,2,...} and J is nonnegative definite.
(A)ae{2/m|m=1,2,...} and J is nonnegative definite with ||aJ| <
1.

B) a € (0,00) and the kernel J(x,y) is nonnegative with ||aJ|| < 1.

The points of the proof of Theorem 2.1 are to introduce restrictions
Jy of J to compact subsets and to show that the operators (I—aJy) 1 Jy
converge to K := (I — aJ)™'J as A — R. Then it turns out that the
grand canonical ensemble over the compact subsets A converges to the

limiting grand canonical ensemble which is nothing but our random point
field associated with (a, K).
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Roughly to say, the random point fields associated with powers of
Fredholm determinants are Gibbs random fields as the argument above
suggests. If R is discrete, say d-dimensional square lattice Z%, then we
obtained the following rigorous result in the fermion case(a = —1). Since
the fermion point fields have no multiple points, we may safely identify
the configuration space Q with the power set of R or {0, 1}£.

Theorem 2.2. ([15]) Let R = Z% and X be the counting measure.
Assume the the operator K : £2(R) — (2(R) is positive definite with
IK| < 1. Set J = (I — K)"'K and write its restriction to a subset
Ay X Ay by Jp, A,. Then the fermion point field 1 associated with K
exists and is the unique Gibbs measure for the potential

U(zolé) = J(z0, T0) — Jizo}.e (Jeie) " e fwo}s (To € R, E € Q).

Here the potential U(zo|€) is defined by

pé{zo} = 1|B{z4)-)(€)
p(E{zo} = 0|Bygpye)(€)’

where Bizo)e is the o-algebra generated by §(z),x # xo.

(22) U(ol¢) = — log

To conclude this section we want to point out an analogy. The
following formula for Schur functions is well known:

n

H (1- xi@/j)_l = Zsp(x)sp(y)a

1,7=1
where the summation is taken over all partition p = (p1,... ,pn),p1 =
-+« > pg > 1, of the number |p| :== p1 + -+ + pn, = = (1,... ,Tn),

y = (Y1,... ,Yn) and Sp(x) is the Schur function. Note that the left
hand side is the reciprocal of a certain determinant. Similarly, H:l j=1(1—

2x;y;)~1/? is expanded in terms of zonal functions Z,(x) and Z,(y) with
suitable coeflicients. Moreover, the case of general a can be expanded in
terms of the Jack polynomials which is a new face in the study of sym-
metric functions. (cf. [10]). The zonal function has been introduced and
studied by mathematical statisticians mainly to apply the noncentered
Wishart distributions (cf., for instance [11, 17]).

§3. Logarithmic derivatives of Fredholm determinant: Alter-
native proof of the nonnegativity under Condition (A)

The quantity det,, can be characterized as follows:
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Lemma 3.1. Let a be a real number and A be a square matriz of
sizen. For x = (z1,...,2,) € R® write X = diag(z1,...,zn). Then,

871

0xy...0Ty, lz=0

det, (A) = det(I — aAX)™/e,

Proof. Denote by E; the diagonal matrix with 1 on the ith entry
and 0 elsewhere. For a while we write G = (I — aAX)™! for simplicity
of notations. Then,

8‘9 det(I — aAX) Y = Tr(GAE;) det(I — aAX)~/<.
Z;
Moreover, since 5‘2—]_(}’ = aGAE;G, we obtain

0 (GAE; GAE;,)

oz, iy - - i

+---+Tr(GAE;, ...GAE;, GAE;)}

for any j,i1,... ik € {1,2,...,n} and k > 1. From these two algorithms
we obtain the above formula. Q.E.D.

The above proof also shows the following:
Lemma 3.2. For all k,iq,... 1 € {1,2,...,n},
8k

i) = ————— | det(] — aAX)TVe
""" k) 6:1:218:(3% =0 e( @ ) ’

where A, ,...i, stands for the square matriz of size k whose (j, k)-element
is the (i;,1r)-element of A.

Example 3.3. Let a = 2, X = diag(x1,...,zn) and C be a pos-
itive definite matriz of size n. Assume max |z;| is sufficiently small.
Then,

n/2 n
1 1 ) 1, 4
(’é%) det C / L= Zi:l zitg) exp(= 3 (O, w)du
= (det(I +2CX))"1/2,

1\"? 1 s 1, .,
det2(C) = o u1~--unexp(—§<C u, u))du.
Rn
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In other words, if Z = (Z,...,Z,) is a Gaussian random variable
with mean 0 and covariance matrix C, then

dety(C) = E[Z2--- Z7).

Proposition 3.4. Let o be a real number and T be a trace class
integral operator on L?(R, \) with kernel T(z,y). Then,

Det(I — azT) Y/

oo o .
= 1+ Zl ’I—”LT /R T ~/R deta(T(xia a:j))i,j_—_l/\(dwl) Cen )\(dﬂ?n)

if z € C and |2| is sufficiently small(so that |az|||T|| <1 ).

Proof. 1If T is a finite dimensional operator, the assertion follows
immediately from the Taylor expansion of det(I — azT)~ /% in z based
on Lemmas 3.1 and 3.2 where ) is the counting measure. The generaliza-
tion to the trace class operators is obtained by a routine approximation

procedure. Q.E.D.

As an application of Proposition 3.4 one can give a proof to the
following well-known formula.

Proposition 3.5. Let Z(z),z € R be a Gaussian random field
with mean 0 and covariance K(x,y) in the sense that

B | Z@e@rdoy] = [ | K@ ne@etrda)

Then,

Elexp(— / Z(2)20(x)Mdz))] = Det(I + 20K)~1/2.

Proof. Expand the exponential in the right hand side. Then the
expectation of each term is expressed as

/ / (dz1) ... MNdzp)E[Z(x1)? ... Z(x,)?]
/ / (dzy) ... A(dzy)deta (K (25, 25)) 71

Consequently, we obtain the desired formula from the previous Propo-
sition 3.4. Q.E.D.
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Theorem 3.6. Let A be a nonnegative definite symmetric matriz
and a € {2/m | m=1,2,...}. Then,

dety(A) > 0.
Moreover, if Z = (Z1,...,Zy) be a Gaussian random variable with mean
0 and covariance matriz (1/m)A and ZW ..., Z(™) be m independent
copies of Z, then
(3.1) dety)n(A) = E[J]3(2)?)
i=1 j=1
Proof. Consider
n m
Elexp(— Y _z: Y (Z9)?)] = det(I + (2/m)X A)~™/?
i=1  j=1
and differentiate it in xq,...,x, successively. Then we obtain the for-
mula (3.1) and so the desired nonnegativity. Q.E.D.
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Lévy Processes Conditioned to Stay Positive and
Diffusions in Random Environments

Hiroshi Tanaka

Abstract.

Some general properties of Lévy processes conditioned to stay
positive are studied. As an application, which is our main concern,
a result of localization is obtained for diffusion processes in Lévy
environments.

§1. Introduction

We discuss a problem of localization of diffusion processes in Lévy
random environments. For this we must first prepare some general prop-
erties of Lévy processes conditioned to stay positive, which were studied
intensively by Bertoin [1, 2] and Chaumont [4, 5]. Some of our results
in §2 may also be found in [1] and [5] but our method is more or less
analytical and different from theirs.

Let W denote the space of real valued right continuous functions on
[0,00) with left limits and vanishing at 0. For an element w of W we
write w = (w(t), ¢ > 0) in §2 and w = (w(z), z > 0) in § 3.

Given a one-dimensional Lévy process W = {w(t), t > 0, P}, we
define a function h by h(z) = u([0,z)), > 0, where p is the measure in
[0, 00) determined by (2.9). According to Silverstein [20] the function h
is sub-invariant for the absorbing process W~ in (0, c0); it is invariant for
W if supw(t) = oo a.s. Therefore H(t,z,dy) = h(x)~" P~ (t,z,dy)h(y)
is a sub-Markov transition function in (0, 00) where P~ (¢, z, dy) denotes
the transition function of W—. Defining the transition H (¢, 0, dy) from 0
in a suitable way, we will have a Markov process with state space [0, 00),
called the h-transform of W~ and denoted by W". When supw(t) = oo
a.s., the process W" is what we call the Lévy process W conditioned to
stay positive. This definition is the same as that of Bertoin and Chau-
mont. When supw(t) < oo a.s., Hirano [10] showed that there are two

Received December 17, 2002.
Revised March 27, 2003.
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different ways of defining Lévy processes conditioned to stay positive
(under some additional condition) and so, simply to avoid confusion in
this case we do not call W’ the process conditioned to stay positive in
this paper, though it seems so (if, in addition, W has no positive jumps,
W is not the same as the one considered in [2]). By an analytic method
we prove that, if W enters immediately into (0,00) a.s. and if W enters
(—00,0) within a finite time with positive probability, then W has a
Feller semigroup H; strongly continuous on C.[0, o), the space of contin-
uous functions on [0, 00) vanishing at infinity. This fact was also noticed
by Chaumont [5] as a consequence of more probabilistic arguments. For
our application in § 3 we must also prepare some convergence theorems
on the reversed pre-minimum and the post-minimum processes V and
V) defined in (2.43) and (2.44). Similar results were already obtained
by Bertoin [1] and Chaumont [5] but there is a delicate difference and
we need extra arguments.

In §3 we are concerned with diffusion processes in Lévy random en-
vironments. Suppose that we are given a Lévy process W = {w(z), z >
0, P}. Let Q = C[0,00) and for w € Q set X(t) = X(t,w) = w(t) (the
value of w at time t). For each w € W we denote by P" the probabil-
ity measure on Q such that {X(¢), t > 0, P¥} is a reflecting diffusion
process on [0,00) with generator %ew("“)% (e‘“’(w)%) and starting at
0. The reflecting barrier at £ = 0 is not essential; it was considered
just to simplify the situation; we may (but do not) consider the case
where the Lévy environment w(z) is given in the whole of R. We set
P(dwdw) = P(dw)P"(dw), which is a probability measure on W x €.
We then regard {X(t), t > 0, P} as a process defined on the probability
space (W x Q,P) and call it the (reflecting) diffusion process in the Lévy
environment W.

When W is a Brownian environment, Brox [3] and Schumacher [19]
proved that {X (¢), ¢ > 0, P} has the same limiting behavior (or the same
localization property) as Sinai’s random walk in a random environment
([21]). A result of refinement, which corresponds to that of Golosov [8]
for Sinai’s random walk, was then obtained by Tanaka [22, 25] and some
extension by Kawazu-Tamura-Tanaka [13]. In this paper for a certain
class of Lévy environments we obtain such a results of localization, which
is similar to those of [8],[22, 25],[13]. To be precise let w € W, A > 0
and set

(1.1) N(z) = N(z,w) = inf{w(y) : 0 <y < z}, w”(z) = w(z) — N(z),
(1.2) ax = ax(w) = inf{z > 0: w¥(z) > A},
(1.3) by = by(w) = the unique z such that w(zx) is equal to N(ay).
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In general there may be many x with w(z) = N(a,) but, in the case we
actually discuss, such an z is unique a.s. (see Lemma 7). It will be proved
that, under a certain condition on W, the distribution of X(e*) — by
under P tends to some nondegenerate distribution 7 as A — oo. It can
happen that the limit distribution of X (e*)—by under [P exists even when
the limit distribution of a suitably scaled X (t) (without centering, under
P) does not; the latter exists if, in addition, by has a limit distribution
under a suitable scaling (without centering). We are also interested in
the form of the limit distribution 7. Under a certain condition on W
our result is that 7 can be expressed in terms of two independent Lévy

processes conditioned to stay positive starting at 0, the one is related to
W and the other to —W.

82. Lévy processes conditioned to stay positive

We use the notation in §1 and so W = {w(t), t > 0, P} is a Lévy
process starting at 0. Throughout the paper we exclude the trivial case
where w(t) =0 (¢t > 0) a.s. The infimum process N (¢) and the reflecting
process w¥ (t) are defined by (1.1) with z replaced by t. The hitting
(entrance) times o(x) and 7(x) are defined by

o(z)=inf{t >0:z+w(t) <0}, x>0,
T(z) =inf{t >0: z+w(t) <0}, x>0,

o=o0(0), 7=7(0).

We often consider W = {w(t),¢ > 0}, the dual of W, where w(t) =
—w(t) and define N(t),6,7, etc., similarly in terms of W. The ab-
sorbing Lévy process W~ in (0,00) is defined as the Markov process
{z +w(t),0 <t < o(z),z > 0} and its transition function, semigroup
and Green operator are denoted by P~ (¢,z,dy), T, and G, , respec-
tively. We set G~ = (G;. Another absorbing Lévy process W= on
[0,00), which does not much differ from W~ is the Markov process
{z +w(t),0 <t < 7(x),x > 0}; its Green operator of order 0 is de-
noted by G=. We also define the reflecting Lévy process W# on [0, 00)
associated with W as the Markov process {w¥ (t;z),t > 0,z > 0}, where

w?(t;z) = sup {w(t;z) ~ w(s;o)}Vw(to)

z + w(t) ifx+ N(t) >0,
{ w(t) — N(t) if x4+ N(t) <0,



358 H. Tanaka

wherein w(t;z) = z + w(t) and a V b = max{a,b}, and we denote by
P#(t,x,dy) the transition function of W#. The reflecting dual Lévy
process W# on [0,00) and its transition function p# (t,z,dy) are de-
fined in a similar manner from W. Throughout the paper T denotes an
exponential random time with mean 1/ and independent of W.

2.1 Preliminaries. In this subsection we present in an elementary way
some preliminary and known facts concerning the measure u such as the
(sub-)invariance for W#.

Lemma 1. (Silverstein [20, p.556]) (i) For any fizedt > 0,z > 0
and y > 0 we have P#(t,y, [0, x)) P~ (t,z,(y,0)).
(ii) For any fized t > 0, —N(t) = w#(t) and —N(t) 4 w#(t), where
2 is the equality in distribution. In particular, —N(T) 2 W#(T) and
—N(T) £ w#(T).

Let vy be the distribution of —N(T), or equivalently of w¥(T),
and Dy be the distribution of —N(T), or equivalently of w#(T). The
fluctuation identity

log E{e&N(T)+n(w(T)=N(T))y

52 0 <o+ 00

due to Pecherskii-Rogozin [15] (see also Sato [18], Bertoin [2], Doney [6])
implies that N(T) and w* (T) are independent and for £ > 0

(2.1) L(&vy) =exp /000 t7le M E{e) — 1; w(t) < 0}dt,

(2.2) L(E, ) = exp / e M B{e=€w(®) _ 1, (1) > 0}dt,
0

where L(£,v) denotes the Laplace transform f[o oo)e_gzu(dac) of a mea-

sure v. The equations (2.1) and (2.2) imply that there exist finite mea-
sures py and fiy on [0,00) such that

(2.3)  L(€, ) = exp / 1 Te M E{ 0 _ o=t y(t) < O}dt,
0

(24) L, fix) = exp / 1=le= M B{e=E0(t) _ o=t (1) > 0}dt,
0
(2.5) Uy = C) i), ﬁ)‘ :é)\ﬂ)\,

(2.6) Cx = exp {—— /000 t~le (1 — e ! P(w(t) < O)dt} ,
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and ¢y is defined with the replacement of “w(t) < 0” by “w(t) > 0” in
the equation (2.6).

For our elementary and straightforward method the following simple
lemma, probably known, is useful.

Lemma 2. IfW is not the zero process, then for any £ > 0

(1) E{e t*®N < const.t™14 (¢t > 0),

(ii) E{l — e 8*®} < const.t?/? (0<t<1),

where const. may depend on &.

Proof. Assume that W is not deterministic. Then we can write
w(t) = wo(t) + wi(t) where wo(t) and wi(t) are independent Lévy pro-
cesses and E{wg(t)} = 0, E{|wo(t)|?} = 0?t, (¢ > 0), E{|wo(t)|*} < co.
In fact, the decomposition can be obtained by noting the fact that any
Lévy process having Lévy measure with bounded support admits finite
absolute moments of all positive orders (e.g. see Sato [18, p.161]). We
now make use of the Berry-Esseen theorem (e.g. see Feller [7, p.542|):

sup [P{ov) " un(t) < 2}~ [ (2m) /2 expl(—y/2)dy| = O,
zeR — o

as t — oo. Setting Y (t) = (ov/t) "} wo(t) + z| we have

E{e—ﬁlwo(t)-%-ml}
= E{e_fG\/ZY(t); Y(t) < t_1/4} + E{e—EU\/ZY(t); Y(t) Z t_1/4}
< P{Y(t) < t7'/4} + exp(—€at?/*)

< const.t™/? + / (27r)_1/2e_y2/2dy 4 b0t/
{ly+(ovt)~tal<t=1/4}

< const.t /% (for large t),
where const. may depend on £. Therefore
E{elv®l = / E{e~¢lwo®+el ploy, (t) € dx} < const.t™1/4,
The proof of (ii) is omitted.

2.1.1 A formula on Green operators of absorbing Lévy processes. For
A >0,z >0and f € Cpl0,00), the space of continuous functions with
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compact supports, we have
@27) G f(2) :-‘A e ME{ f(z+w(t)); o(z) > thdt
= M 'E{f(z+ N(T)+w*(T)); —N(T) < z}

A1 www/' i (d0) f(z — 1+ v),
[0,x) [0,00)

and similarly

28) G =A" [

(0,2]

V)\(du)/[o )ﬁk(dv)f(x—u+v), x > 0.

By Lemma 2 the integrals on the right hand sides of (2.3) and (2.4) are
convergent for A = 0 and so the measures ) and [i) converge vaguely as

A | 0 to the measures p and fi in [0, 00), respectively, which are defined
by

(2.9) L(& ) =exp /000 tLE{ef®) — et w(t) < 0}dt,

(2.10)  L(&p) = exp/ t E{e M) — o7t w(t) > 0}dt,
0

where £ > 0. Moreover, using the definition of ¢\, and ¢, we see that
A7lenéxy — @ as A | 0 where

(2.11) ® = exp /000 t7H1 — e HP{w(t) = 0}dt,

which is finite by Lemma 2. It is also known that (e.g. see Sato [18,
p.372])

(2.12) & =1 if W is not a compound Poisson process.

Thus A7 vy ® 02 = A leaéapr ® fin — Cu ® fi vaguely as A | 0 and
hence letting A | 0 in (2.7) and (2.8) we obtain the following theorem.

Theorem 1. If W is not the zero process, then for f € Cy|0,00)

(2.13) G f(z) = CO/[O ),u(du) /[0 )ﬂ(dv)f(:c —u+wv), x>0,
(2.14) G~ f(z) = cO/

[0,2]

u(du)/{o )ﬂ(dv)f(x—u+v), xz > 0.
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This theorem was obtained by Ray [16] for symmetric stable pro-
cesses and by Silverstein [20] for general Lévy processes; the present
derivation of (2.13) and (2.14) was taken from Tanaka [23, 24] with a
slight improvement.

2.1.2 The measure yu is a sub-invariant measure of the Markov process
W#,

Theorem 2. (Silverstein [20]) (i) If the Markov process W# is
recurrent, then p is an invariant measure of W#.
(i) If W# is transient, then p is a sub-invariant measure of W#: more
precisely, for any A € B0, )

(2.15) u(A)=cE {/Ooo 1A(1D#(t))dt} ,
(2.16) /[o,oo) w(dz) ¥ (t, 3, A) = u(A) — G B { /0 t 1A(w#(s))ds} |
(2.17) ¢=-exp {— /:O t7 (1 — e H)P(w(t) > O)dt} .

Proof. (i) We assume that W# is recurrent and that W is not an
increasing process. Take a > 0, let T# be the time of first return of
W#(t) to 0 after visiting (a,00) and define the measures ,uf, A>0,in
[0, 00) by

T#
(2.18) /fd,u/\# =F {/0 e_)‘tf(’d)#(t))dt} :

Then

,uf =1 {1 - E(e_)‘T#)} vy = A1 {1 - E(e_’\T#)}cA L) -

Since ui’é — p,# and puy — u as A | 0, the above identity implies that

the measure ,uo# is a constant multiple of . On the other hand it is easy

to see that .“0# is an invariant measure of the recurrent process W# and

so is p. (ii) If W# is transient, then & > 0 and the assertion follows from

/fd,u =¢E {/OOO f(zb#(t))dt} :
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We now introduce a function h(z),z > 0, by

©([0, z)) for z > 0,
h(z) = {

2.19
(219) ©({0}) for z = 0.

Then using Lemma 1 we can rephrase Theorem 2 as follows.

Theorem 3. (Silverstein [20]) (i) If W# is recurrent, then

(2.20) / P~ (t,z,dy)h(y) = h(z), © >0,
(0,00)
(2.21) AG; h(z) = h(z), z>0.
(ii) If W# is transient, then for any z > 0
(2.22) / P~ (t,z,dy)h(y) — c/ P{w#(s) < x}ds,
(0,00)

(2.23) MG h(z) = h(z) — A" 'eva([0, z)).

Remark. The following conditions are equivalent to each other (e.g.
see Sato [18]).

(i) W# is recurrent. (ii) sup;>ow(t) = oo, as.
iii) f0°° 11 — e ) P{w(t) > O}dt =o00. (iv) é=0.
fl 1P{w(t ) > 0}dt = (vi) a(R) = oo.

2.2 The Feller property of the semigroup of W". We define the
superharmonic transform H (¢, z,dy) of P~ (t,z,dy) by

(2.24) H(t,z,dy) = h(z)" P~ (¢, z, dy)h(y).

We set H, f( f(o 00) H(t,z,dy)f(y). Then H,f(z) is well-defined for
f e C.o, oo) and for x > 0. We will prove that H;f can be extended
to a function in [0,00) so that H; gives rise to a strongly continuous
sub-Markov semigroup on C.[0, c0) provided that # = 0 a.s. and 7 < o0
with positive probability.

We prepare three lemmas.

Lemma 3. (i) If W is not a compound Poisson process, then
p({z}) =va({z}) =0 for any z > 0 and \ > 0.
(ii) The condition 7 = 0 a.s. is equivalent to each of u({0}) = 0 and

va({0}) =0.
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The proof is easy; for instance, the equivalence of 7 = 0 (a.s.) and
1 ({0}) = 0 follows from the formula (2.14). The rest are omitted.

In what follows we often use the notation v(f) = f[ fdv.

0,00)

Lemma 4. Suppose that W is not the zero process.
(i) For any A >0 and z > 0

IA

(2.25) A-15+f[0 )h(v)fu(dv) T?[SB)T))

< /\‘"16+/ h(z + v)Dy (dv).
[0,00)

(ii) For any A >0

. w(0,x))
(2.26) l;fx(} h(@) ax,
(2.27) ar={A"le+oy(h)} " € (0,00)

Proof. The function AG h can be expresses in two ways:

(228)  AGih(z) = /[O (@) /[0 (@ o)

(2.29) AG5h(z) = h(z) — A" revn([0, 7).

Firstly we remark that the finiteness of ) (h) follows from (2.28); more-
over, if Uy(h) = O then U, is the é-distribution at 0 so W is decreasing
and hence ¢ > 0. Thus 0 < a) < oo always. Secondly from (2.28) and
(2.29) we have

@) =Aten(0.0) + [

vx(du) / Uy (dv)h(z — u + v),
[0,x) [0,00)

and hence

h(z)
~ n([0,2))
where h*(-) = h(z + ), which proves (2.25) and (2.26). The proof of the

lemma is finished.

Let A > 0, f € Cy[0, 00) and set

< A7'e+ oy (h7),

o
—
Ol
+
5)
=
A\

(2.30) Urf(z) = /00 e MH, f(x)dt, x> 0.
0
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Then by (2.7) we have

(2.31) U f(z) = A\~'h(z)"! /

v (du) / a(dv) f(z —u+v),
[0,x) [0,00)

where f = fh. If W is not a compound Poisson process, then h(z) is
continuous by Lemma 3 and hence U) f(z) is also continuous in z > 0.
Moreover, Uy f(z) tends to A~ *ax0x(f) as z | 0 by (2.26) and (2.31). On
the other hand it is clear that Uy f(x) tends to 0 as x — oco. Therefore
Uy f(z),x > 0, can be extended continuously to a function in C.[0, c0),
which we denote by the same notation Uy f. Since ||Uxfllooc < A7 f|loo,
Uy f is well-defined also for f € C.[0,00). Thus we have a linear operator
U, : C.[0,00) — C.[0,00), which clearly satisfies

(2.32) Unf >0 if f>0,
(2.33) 1Ux flloo < A7 flloos
(2.34) Urn—Uy+A=X)UUy =0, X>0, X'>0.

Now we introduce the following conditions.
(A) 7=7=0,as.
(A’) 7 =0as. and 0 < 7 < oo with positive probability.

Lemma 5. If either one of the conditions (A) and (A’) is satisfied,
then

(2.35) )\lim IANUAf — flloo =0 for fe€C.[0,00).
Proof. Making use of (2.7) and (2.26) we have

(2.36) AUAf(0) = liﬁ)l AUNf(z) = )\li{% h(z)7 G5 f(z) = i (f).

If we set px(dz) = a)h(z)Dy(dz), then py is a measure in [0,00) with
total mass < 1 and (2.36) yields

(2.37) AUAf(0) = pa(f),  f € C.[0,00).

We are going to prove that p) converges vaguely to 6o as A — oco. To
prove this, we assume that f = Upg with g € C[0,00) and § > 0. Then
the equation (2.34) implies ||AUrf — flloo = ||0UAf — Urglloo — 0, as
A — o0. In particular,

(2.38) Usg(0) = £(0) = lim AUNF(0) = lim pa(f)-
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Let p be any vague limit of p) as A — oo via a sequence {A,}. Then
(2.38) implies Upg(0) = p(f), which can be rewritten, again by making
use of (2.7) and (2.26), as follows:

(2.39) 0 ag 9(g) = p({0})0 " g 16 (9)
+ 6~ /(0,00) h(x)™ " p(dz) /[o,m) vy (du) /[o,oo) gz —u+v)oe(dv).

We now prove that, under the assumption of the lemma, the equa-
tion (2.39) holds for g(z) = h(z)"le %%, ¢ > 0. Since 79({0}) = 0
by Lemma 3, the integration interval [0,00) of Dy in (2.39) can be re-
placed by the open interval (0,00). With such a replacement we take
gn(z) = min{h(z) " te % n} for g(z) in (2.39) and then let n T co . The
result is

6 Loy / e % y(dz) = p({0})0 ey / e % (dx)
(0,00)

(0,00)

46! /(O )™ ol /[ il /( )e—ﬂw—wv)ae(dv),
,O0 0,z 0,00

or equivalently,

ag = p({0})ae +/

h(a:)_lp(dx)/ et @ Wy (du).
(0,00)

(0,z)

Letting £ T co we obtain ap = p({0})ag so p = §p. This proves that py
converges vaguely to g as A — oo. Thus (2.37) implies

(2.40) Alirrgo AULf(0) = f(0), feC.]0,00).

On the other hand it is clear that, for any = > 0,

(2.41) Al—i»IEo AUxf(z) = f(z), f€C.]0,00).

From (2.40) and (2.41) we can easily derive (2.35). This completes the

proof of Lemma 5.

As an immediate consequence of (2.32) ~ (2.35) we obtain the fol-
lowing theorem.

Theorem 4. If 7 = 0 a.s. and 7 < oo with positive probability
(namely, either one of the conditions (A) and (A’) is satisfied), then
there exists a unique strongly continuous sub-Markov semigroup Hy on
C.[0,00) such that, for anyt > 0,z > 0, f € C.[0,00),

(242)  Huf(z) = hiz)"’ / P (t,, dy) f(5)h(y).

(0,00)
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Denote by Ca the subspace of C.[0, 00) consisting of those functions
f with f(0) = E{f (w(?) — w(7)); 7 < oo}. We omit the proof of the
following theorem since it is not used in our later arguments. Pictorial
observation of the sample path of the reversed pre-minimum process of
the next subsection suggests the result. .

Theorem 5. IfT=0,7 >0 a.s. and T < oo with positive probabil-
ity, then there exists a unique strongly continuous sub-Markov semigroup
H; on the subspace Cp such that (2.42) holds for f € Ca. H; can not
be strongly continuous at t = 0 on the whole space C.[0, c0).

2.3 The reversed pre-minimum and the post-minimum pro-
cesses. We assume that our Lévy process W = {w(t), t > 0, P} satisfies
the following conditions:

Condition (A). T=7=0 a.s.

Condition (B). sup{w(t) : t > 0} = —inf{w(t) : t > 0} = oo a.s.

So the process W" is the process W conditioned to stay positive. We
denote by W+ such a process starting at 0. Similarly W* denotes
the process W conditioned to stay positive starting at 0. We consider
the reversed pre-minimum and the post-minimum processes Vx and V,

defined by

(2.43) Va(t) = w((by —t)—) —w(br), 0 < t < by,
(2.44) V,\(t) = w(b)\ + t) — ’w(b)\), 0<t<ey,

where ay and by are defined by (1.2) and (1.3) and cy = ax — bx. It
is known that V)\ and V) are independent for each fixed A. We are
interested in the convergence in law of Vy to W+ and of Vy to W (as
A — 00). The proof of the former convergence is considerably easier but
we can prove the latter convergence only under an additional condition
(C) which is somewhat stronger. We have to omit the details of the
latter part since our proof is too lengthy to be included here.

2.3.1 The reversed pre-minimum process. To prove the law convergence
of Vy first we express the sample functions of W and V)\, a la Ito [11,
(6.6) of p.233], in terms of the Poisson point process (P.p.p. for short) of
“W-excursions off the zeros of W#” which was first used by Greenwood-
Pitman [9] (see also Bertoin [1]). So let L(t) be the local time of the
reflecting process W# at 0, let L=1(s) be the right continuous inverse
function of L(t) and set

Dy =w(L7N(s) —w(L™M(s-)), ¢ =L (s)— L~ (s-).

Some equations to follow hold under the phrase “a.s” but we shall of-
ten omit to write it. We have L™'(s) = >_ __(. (the continuous part
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vanishes under the condition (A)). It can also be proved that the con-
tinuous part N.(t) of N(t) is equal to —cL(t) where c is the nonnegative
constant determined by E{e~<l(T)} = E{e~Ne(T)} T being an expo-
nential random time with mean 1 and independent of W. Thus the
decomposition of N(t) to continuous and jump parts yields N(t—) =
—cs+ Y, Or, t > 0, where s is determined by L™ (s—) <t < L™(s).
Now let

ps(t) =w(L 7 (s—) +t) —w(L7(s=)) for 0<t<(.

ps = {ps(t), 0 < t < (,} is the W-excursion on [L~}(s—), L71(s)] that
starts at O (this is a consequence of the condition (A)) and moves during
[0, {,] with the increments of w on [L=}(s—), L™1(s)], ending at time (,
with final value A;. Then {ps, s > 0} is a P.p.p. and we have

(2.45) w(t) = ps(t — L7 (s—)) —cs + . Ny, t>0,

with s such that L=!(s—) < t < L7(s) where we use the convention
that ps(-) = 0 whenever L~!(s—) = L7(s). Thus the process W is
constructed from the P.p.p. {ps, s > 0}. Moreover by = L~ !(sy—)
where s) is the minimum of s > 0 such that the excursion p, can cross
the level A.

Consider the reversed excursion ps = {ps(t), t € {0—} U [0,(s)}
defined by

155(0") =As and ﬁS(t) = ps((cs - t)_) for 0<t<(s.

Then {ps, s > 0} is also a P.p.p., which we now modify as follows. Let
A > 0 be fixed, let s, be the same as before and define p, by

DPs =

Dsy—s for 0 < s < sy,
Ps for s > s,.

Then {ps, s > 0} < {Ps, s > 0} and we can prove that, for 0 <t < by,

(2.46) VA(t) =pa(t — L7 (s=)) +es =Y _ A,

r<s

where s is determined by L™1(s—) <t < L™!(s). If we replace {f,} by
{Ps}, the right hand side of (2.46) has the form

Ps(t — L7 (s=)) +cs — Z A,

r<s
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with s such that L=(s—) <t < L71(s), 0 < t < by (it is to be noted
that the inverse local time associated with {ps} is still L™!(s)). From

these observations we see that a cadlag process {V(¢), t > 0} is defined
by

o B
(2.47) V(t) = ps(t — L™ (s—)) + cs ngs A,
with s such that L=(s—) <t < L™!(s), and for each fized A\ > 0
(2.48) (Va(), 0<t < by} £ {V(t),0< t < by}

We are going to prove that {V(t), t > 0} is the W*-process. Let by be
the unique ¢ such that w(t) = N(A), define the reversed pre-minimum
process {Va(t),0 < t < by} in a way similar to (2.43) and set by =
L71(35—) where 3, is determined by L=1(5,—) < A < L7!(5,). Then
as in the case of (2.48) we have

(Va(t), 0 <t <ba} L {V(t),0<t < by}

On the other hand {Vj(t)} converges in law to W+ as A\ — oo by
Bertoin [1, Cor.3.2,Th.3.4]. See also Chaumont [5, Th.2]. ({VA(t)} is
identical in law to the post-minimum process for the dual process W
while this will not be true for {Vj(t)}. We may also use Millar [14]; in this
case it is better to define {V)(t)} and the related quantities by replac-
ing the constant time A in w(t) = N(\) and L71(5\—) < XA < L71(5))
with an exponential random time of mean A and independent of W.)
Therefore {V (t), t > 0} is W+ and we have the following:

Theorem 6. Under the conditions (A) and (B) {V (t), t > 0} de-
fined by (2. 4_7) is the W-process and (2.48) holds for each fized X\. In
particular, Vi converges in law to W+ as A — .

2.3.2 The post-minimum process. Since we have no formula for V) like
(2.48), we need extra arguments for the proof of the convergence in law of
V. And, assuming only the conditions (A) and (B) we did not succeed
(the part (ii) of Theorem 7 in [24] lacked a complete proof); we had
unexpected difficulty in proving the tightness concerning {V)} and so
we must assume the additional condition (C) below which is somewhat
stronger. For 0 < z < A let hy(x) denote the probability that x + w(t)
enters (A, 00) before it enters (—oo0,0) and let us state the following
Jemma.
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Lemma 6. If W satisfies the condition (A) and supw(t) = oo
a.s., then

(2.49) limy o0 a(z) "tha(y) = h(z) " *h(y), = >0,y >0.

Outline of proof. We first prepare the result for a random walk
analogous to (2.49), in which the right hand side is replaced by the ratio
of certain renewal functions (e.g. see [13, Theorem 2.3, p.524]). This
ratio is again replaced by the ratio of certain mean occupation measures
of the reflecting dual random walk which are defined in a manner similar
to (2.18). To go to the case of a Lévy process we make use of the uniform
approximation of W by suitable step processes of semi-Markov type.

Remark. When supw(t) < oo a.s. contrary to the assumption of
the lemma Hirano [10] proved, under some additional condition, that
the limit in (2.49) exists but the equality does not hold so that there
are two different processes conditioned to stay positive attached to the
same W.

From Lemma 6 it follows that

h)\(l)—lh)\(m)

(2.50) h(1)Th(z)

—1 as A — oo,

uniformly on any compact subset of (0, co).

Condition (C). The convergence in (2.50) is uniform on (0,a] for any
a > 0.

Theorem 7. Under (A),(B) and (C), the post-minimum process
Va converges in law to W as A — oo.

Key of proof. (i) By Lemma 6 the transition function of V) tends
to that of WT as A — oo, and (ii) the family of laws of V), A > Ag, is
tight; we used the condition (C) to check this.

§3. Diffusion processes in Lévy environments

In this section we write w(x) instead of w(t). Suppose, as stated in
§ 1, that we are given the reflecting diffusion process {X(t), t > 0, P}
in a Lévy environment W = {w, P}.
3.1 Let w € W and x > 0. Then w is said to be locally right-oscillating
(resp. locally left-oscillating) at x if sup{w(y) : z <y < z + €} > w(x)
and inf{w(y) : z <y <z + €} < w(x) for any € > 0 (resp. if sup{w(y) :
z—e<y<zx}>we—)and nf{w(y) : z—e <y <z} < w(z—) for
any € > 0). w is said to be locally oscillating at z if it is locally right-
and left-oscillating at z. w is said to have a local maximum (resp. local
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minimum) at z if sup{w(y), z —e <y < z+¢€} = w(z)Vw(z—) (resp. if
inf{w(y): z —e<y<z+e} =w(x) Aw(z—)) for some e. An extreme
point is a point of either local maximum or local minimum.

The following lemma can be proved in the same way as Lemma 3.1
of [13].

Lemma 7. If the conditions (A) and (B) are satisfied, then there
exists Wo C W with P(Wg) = 1 such that any w € Wy has the follow-
ing properties:

(i) T=7=0.

(ii) sup{w(z): z > 0} = —inf{w(z): z > 0} = co.

(ili) w can not have the same value at distinct extreme points.

(iv) w is locally oscillating at any point of discontinuity. In particular,
w 18 continuous at any point of local minimum.

We assume that W satisfies the conditions (A) and (B). We denote
by ¥ the distribution of X (e*)—by under P and by v the probability
measure on [—by,ay — by] defined by

(3.1) vy (dz) = Z5,,, exp{—(w(z + bx) — w(bx)) }dz,

where Z) ,, = f_cZSxp dz (normalization), a) and by are defined by (1.2)
and (1.3), and ¢y = ax — by. In what follows || - || stands for the total
variation. In computing ||u¥ —vY || we regard v}’ as a probability measure
in (—o00,00). Such a convention is often used. Note that |y — v¥]| is
a random variable on the probability space (W, P). For a > 0,A > 0
and w € W we define w € W by w§(z) = A"'w(\%z), z > 0. Then
W = {w$(x), ¢ >0, P} is a Lévy process.

Here are the conditions often used in the arguments to follow.
Condition (Dp). Let A = {\,} be a given positive sequence tending to
oo and let it be fized. There exists a0 > 0 such that Wy converges in
law, as A — oo along A, to some Lévy process W = {w(z), z > 0, P}
satisfying the conditions (A) and (B).

Condition (D). For any positive sequence {\,} tending to oo there exists
a subsequence A = { A, } of {\,} for which the condition (D,) is satisfied.

Most of strictly semi-stable Lévy processes satisfy the condition (D).
A simple example of W satisfying (D) but is not strictly semi-stable is
a Lévy process W with characteristic function

E{eiﬁw(l)} - exp/ (cositx — 1)z~ ta(z) dx,
0

where 0 < o < 2 and a(z) is a Borel function such that a(e?) is aperiodic
in t and bounded from above and below by positive constants.
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Theorem 8. Suppose that W satisfies the conditions (A),(B) and
(DA). Then ||uy — VY]] — 0 in probability with respect P as A — oo
along A. If, in addition, (D) is satisfied, then the phrase “along A” is
removed.

3.2 This subsection is for preliminaries to the proof Theorem 8. Let A =
{A.}, W and W = {w(z), £ >0, P} be the ones in the condition (Dy).
Then by Lemma 7 there exists Wy C W with P(Wy) = P(Wj) = 1
such that any w € Wy has the properties (i) ~ (iv) of Lemma 7. Take
an arbitrary w € Wy and then let {w,, n > 1} be any sequence in
W converging to w in the Skorohod topology. In the argument of this
subsection {\,}, w and {w,} are all fixed.

We set a = a1 and b = b; suppressing the suffix A = 1. Then for
any small € > 0 there exists a’ with the following properties:

(i) a<d <a+e (ii') w is continuous at a’.

(iii") w(a) — € < w(z) < w(a') for any z € [a,a’).
We set d' = w(a’) — w(b) and ¢ = sup{w(y) —w(z): 0 <z <y < b}.
Then d > 1 and € < 1 (as for the latter we have to take Wy so
that ¢ < 1 holds for any w € Wy but this is certainly possible). We
now employ the coupling method of Brox [3]. We use the notation w(t)
instead of X (t) for the time being Consider the product probability
measure P® = P>~ @ P, on Q x ) where = C([0, 00) — [0,a']) and
P, is the probability measure on Q) with respect to which the coordinate
process {w(t), t > 0} is a stationary reflecting diffusion process on [0, o]
with (local) generator

1 )\nwn d —Anwn d
2° dx (e d:c) '

Let £~ be the distribution (on [0, a']) of &(¢) under B,; it is independent
of t and has the density const.exp{—A,wn(z)}, 0 <z < a'. We set
=inf{t > 0: w(t) =
¢ =inf{t > 0, w(t) =

o(t
. w(t) #0<
W) = { oty it t>

Y, T =inf{t >0: o(t) =a’},
)} %:inf{t> G: w(t)=ad}.
t <

Note that 6 < 7/ and 7/ 5 7'. The following lemma can be proved as in
Brox [3] (see also [12, p.179)]).

Lemma 8. (i) The process {w(t), 0 <t < 7/, P*¥r} is equiva-
lent in law to {&(t), 0 <t < 7, P®}.
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(ii) Let e <r <d'. Then asn — oo we have, P®{5 < e’} — 1 and
(3.2) PE{7 > T} = Prnwnlr! 5 ornat)l > P I3 5 M) L,

Denote by E*vn [, and E® the expectations with respect to
P . and P9, respectively. Then for any Borel function f in [0, co)
with |f| <1 and for any positive sequence {r,} tending to 1 we have

EMn{f(w(e™))} = ER{f(@(er™)); & < er™ < 7} +o(1)

= EZ{f(&(e*™))} +o(1) = fdr™ +o(1),
[0,a"]

where o(1), which may vary from place to place, denotes a term whose
absolute value is dominated by some ¢, independent of f and tending to
0 asn — oo. Therefore, if 4 denotes the distribution of w(e*»") under
P*%nthen ||u*™ — 0¥n| — 0 as n — oco. This can be rephrased as
(3.3) below. Let v be the probability measure on [0, a] with density
const.exp{—A,w,(z)}, 0 < z < a. Since a’ can be taken arbitrarily
close to a and since w, — w (the Skorohod convergence), we have
|o*n — v¥r|| — 0 as n — oo and hence

(3.3) |u“™ —v¥"|| - 0 as n — oo.

3.3 We proceed to the proof of Theorem 8. From now on we use X ()
for w(t). As in [3] we have {A\"*X(\?%t), ¢t > 0, P¥} 4 {X(t), PP}

and so
{X(e’\), Pw} i {)\04)(()\—2046)\)J P/\wi‘} — {)\aX(e/\r()\))’ P/\w;"}’

where r(A\) = 1 — 2aA" log A which tends to 1 as A — oco. Now let us
denote by ¥ the distribution of X (e*"™) under P**X and by 7¥ the
probability measure on [0, a(w§)] with density const.exp{—Aw§ (x)},0 <
z < a(w$). Noting that W converges in law to W as A — oo along
{A\n}, we first make use of Skorohod’s realization theorem of almost sure
convergence and then apply (3.3). As a result we have

(3.4) |2y — 7Y || — 0 in probability as A — oo along {\,}.

Since ax(w) = A% (w$),br(w) = A*b(w§) and {X(e*) — by, P¥} is
identical in law to {A*(X (e} ™)) — b(wg), PA3}, we have, for any
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Borel function f in R with |f| <1 and as A — oo along {\,},

5) [ g [ 0% b))

BO) =[SO - ) () + o)
[0,a(wg)]
(3.7) = const. / FA¥(z = b(w)))e P D dr + 0(1)
[O,a(wg ]
(3.8) = const./\'a/ flz —bx)e @ dz + o(1)
[0,ax]
(3.9) = /['—b)\,ax—bk] fdvy +o(1),

where we used (3.4) for (3.6), the definition of #}{ for (3.7), change of
variable for (3.8) and the definition (3.1) of v} for (3.9). The proof of
Theorem 8 is finished.

3.4 Let W be the space of those nonnegative functions w in R which
are right continuous and have left limits with w(0) = w(0—) = 0. Let
P be the probability measure on W such that W~ = {w(—z—), = > 0}
is W, Wt = {w(z), z >0} is W+ and W~ and W+ are independent.
The following lemma can be proved by making use of (2.13).

Lemma 9. Under (A) and (B), E{[”_e™*(®) dz} < co.

By this lemma we can define a probability measure 7* in R, with
superfix w outside some P-negligible subset of W, and then 7 by
o0

7 (dz) = Z e ¥ @dz  (Z, = /

— 00

e v@dx), D:/pr(dw).

Of course v} and 7" are random variables taking values of probability
measures in R; the former is governed by P and the latter by P. From
Theorem 6 and 7 it will be expected that vy converges in law to 7%
as A\ — oo but, to verify this, we still have to assume the following
condition.

Condition (E). There is a constant C such that, for anyx > 0 andy > 0,
the inequality hy(x)~1hy(y) < C h(z) " h(y) holds.

In the following theorem py denotes the distribution of X (e*) — by
under P, namely, py = [ p¥ P(dw).

Theorem 9. Under the conditions (A)~ (E) vy and hence py,
by Theorem 8, converge in law to ¥ as A\ — oco. In particular, px
converges to U as A — 00.
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For the proof we have to show the law convergence of Z ,, (governed

by P) to Z,, (governed by P) as A — oo. Set

0 .
Zyw = / exp{—(w(z + b)) — w(b\))}dz, Zf, = / ,
by 0

0 o0
Zo = / e @z, Z} = / e @) dy .
0

— 00

Then the law convergence of Z3 , to Z,, follows immediately from The-

orem 6 (in particular, from (2.48)). As for Z;r’w, Theorem 7 alone is not
enough; in fact, we have to show the uniform smallness (w.r.t. X\ ) of
the tail f:/i‘CA for large r and this is done by using the inequality

(3.10)  P{Vy(ty) € Tk, 1 <Vk <n} < CP{w(ty), 1 < Vk < n},

where 0 <ty <t < --- < t, and I'y, 1 < k < n, are Borel sets in (0, o).
The condition (E) is used for (3.10).

Remark. Our arguments remain valid when the conditions (D,) and
(D) are replaced by the following,.
Condition (D)). Let A = {A\,} be a given positive sequence tending
to oo and let it be fized. There exists a positive sequence {a,} with
an = 0(A,/log Ay) and such that Wi converges in law, as n — oo, to
some Lévy process W = {w(z), = > 0, P} satisfying the conditions (A)
and (B).
Condition (D). For any positive sequence {\},} tending to oo there exists
a subsequence A = {\,,} of {\.,} for which the condition (D)) is satisfied.
Thus Theorem 9 still holds when the condition (D) is replaced by (D).
On the other hand the conditions (C) and (E) seem too strong and it is
desirable to remove or relax these conditions.

Ezamples. (i) Let W be a strictly stable Lévy process with exponent
a € (0,2) such that 0 < p = P{w(1l) > 0} < 1. Then W satisfies all
the conditions (A) ~ (E) and h(z) = const.z®(1=?). The verification of
(C) and (E) is done by using, in detail, the explicit formula on hjy(zx)
obtained by Rogozin [17].
(ii) Spectrally negative Lévy processes satisfy the conditions (C) and
(E) since hy(z)"thy(y) = h(z)"th(y), z,y € (0,)),for any X. So any
Lévy process W such that

0
E{e€2M} — exp / (€% —1—itz) | ¢ |~ a(e) dx,

— 00

with 1 < a < 2 and 0 < ¢; < a(x) < g, satisfies all the conditions
(A)~(E).
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Zero-Range-Exclusion Particle Systems

Kohei Uchiyama

§1. Introduction

Let Ty denote the one-dimensional discrete torus Z /N Z represented
by {1, ..., N}. The zero-range-exclusion process that we are to introduce
and study in this article is a Markov process on the state space XV :=
ZIN (Z, ={0,1,2,...}). Denote by n = (n,,x € Tx) a generic element
of XN, and define

§o=1(n: = 1)

(namely, &, equals 0 or 1 according as 7, is zero or positive). The process
is regarded as a ‘lattice gas’ of particles having energy. The site z is
occupied by a particle if £, = 1 and vacant otherwise. Each particle has
energy, represented by 7., which takes discrete values 1,2,... If y is a
nearest neighbor site of x and is vacant, a particle at site x jumps to y at
rate Cox(7x), Where cex is a positive function of k = 1,2, ... Between two
neighboring particles the energies are transferred unit by unit according
to the same stochastic rule as that of the zero-range processes. In this
article we shall give some results related to the hydrodynamic scaling
limit for this model.

To give a formal definition of the infinitesimal generator of the pro-
cess we introduce some notations. Let b = (z,y) be an oriented bond
of Ty, namely z and y are nearest neighbor sites of Ty, and (z,y)
stands for an ordered pair of them. Define the ezclusion operator
and zero-range operator V, attached to b which act on f € C(X) by

m.f(n) = f(S&n) = f(n) and  Vuf(n) = f(Spn) — f(n)

where the transformation S°_: XN — XV is defined by

Nys if z ==,
(Semz=19 ey ifz=uy,
Nz, otherwise,

Received December 26, 2002.
Revised March 24, 2003.
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ifﬁmzlandﬁyz();andsgnby

T

, Ne — 1, if z ==,
(Sgm)z =14 ny+1, if z =y,
UED otherwise,

if n, > 2 and £, = 1; and in the remaining case of 1, both S8

are set to be n, namely

ngn =n if gz(l - fy) =0,
Spn=mn if 1(ng >2)¢ =0.

n and Sn

Let cex and c,r be two non-negative functions on Z, and define for

b= (z,y)
Lb = Cex(nz)ﬂ-b + czr(nm)vb-

Let T7 denote the set of all oriented bonds in Ty

Then the infinitesimal generator Ly of our Markovian particle process

on T is given by
Ly= ) L.
bET?,
It is assumed that for some positive constant ag, cex(k) > ag for £ > 1
and ¢, (k) > ag for k > 2. This especially implies that the lattice gas on
T with both the number of particles and the total energy being given

is ergodic. We call the Markov process generated by Ly the zero-range-
exclusion process. For the sake of convenience we set

cex(0) =0 and ¢, (0) = ¢, (1) = 0.

We need some technical conditions on the functions cex and c,;:
there exist positive constants a1, a2, as,as and an integer kg such that

(1) lcar (k) — car(k+1)] < a1 forall k> 1;
(2) Car(k) — €ze(l) > a2 whenever k > | + ko;
(3) ask < cex(k) < a4k for all k > 1.

These conditions are imposed mainly for guaranteeing an estimate of
the spectral gaps for the local processes ([4]). The conditions (1) and
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(2) are the same as in the paper [2] where is carried out an estimation
of the spectral gap for the zero-range processes.
We shall also write 7y ,, S%Y, Ly, etc. for mp, SS

ex’

Lb, etc.

Grand Canonical Measures and Dirichlet Form.

For a pair of constants 0 < p < 1land p > plet vy, , = V;‘)[: 5 denote

the product probability measure on XN whose marginal laws are given
by

([ 1-p if 1 =0,
| P if1=1,
Vpo({n: Mz =1}) =4 Zx(p.p) -
P (Mpp) F1> 2,
L Zapyp)  Car(2)car(3) -+ - car(l)

)\l—l
Car(2) s (3) - - - car (1)
positive constant depending on p and p and determined uniquely by the
relation EYP-»[n,] = p, where E¥»» denotes the expectation under the
law vy ,. Clearly E¥»»[€;] = p. The lattice gas is reversible relative to
the measures v, , (namely Ly is symmetric relative to each of them).

It is convenient to introduce the transformations S°, b = (z,y) which
acts on n € XN according to

Sb if¢&, =0
b, __ exT] Yy ’
S"‘{ Sy ifE, =1,

for all z. Here Z) := 1+ 3 1o,

and A(p,p) is a

and the operators
I"b =€:1:7Tb+1(77:c Z 2)Vb (b: (l',y))

The latter may also be defined by T'y f() = f(Sn)— f(n) (f € C(&N)).
Let 7,m be the configuration n € X viewed from z, namely (7,7), =
Ne+y- We let it also act on a function f of n according to 7, f(n) =

f(1zn). Setting

co1(1) = Cex(M0)(1 = &1) + car(m0)é1;
610(77) - Cex(nl)(l - §0) + Czr(nl)go;

and Cz,z+1 = TzC01, Cx+1,z = TzC10, WE Call write

Lb = Cbe.
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The Dirichlet form is then given by

DPe{f} = Y E'»*[(Tyf)’c).

beT,

(Functions f of configuration n will be always real in this article.)
Diffusion Coefficient Matriz.

Following Varadhan [7] we define the diffusion coefficient matrix.
First we introduce some notations. Let X denote Zf_, the set of all
configurations on Z and F, the set of all local functions on X' (namely,
f € F. if f depends only on a finite number of coordinates of n € X).
For f € F. we use the symbol f to represent the formal sum > 7. f. It
has meaning if I'y; is acted:

Tof = ZFmef = ZTsz,I—I—lf;

where the infinite sums are actually finite sums. Let x(p, p) denote the
covariance matrix of £y and 7y under v, ,:

x(p; p) = ( (1-pp  (1=p)p )

(L—p)p E¥Peing — pf?

For each 0 < p < 1,p > p, let &(p,p) = (¢"9(p,p))1<ij<2 denote a
2 x 2 symmetric matrix whose quadratic form is defined by the following
variational formula:

a-épp)a = & (p p)a’ +28%(p, p)af + & (p, p)
L\ 2
= o e |(r ) o
flélfc or{ado + B0+ f}) co
where o = (a,3)%, a two-dimensional real column vector (T indicates

the transpose), and - indicates the inner product in R x R. Then the
diffusion coeflicient matrix is defined by

D(p, p) = é(p, p)x " (p, p),

where x ~1(p, p) is the inverse matrix of x(p, p). The two eigen-values of
D are positive (cf. Section 5) and D is diagonalizable.
Let V7¢ and V™7 be the particle and energy gradients:

V=& —-& and Vip=n—m
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and wt; and wl| the particle and energy currents, respectively, from the
site 0 to the site 1 :

wm —L{o 1}{50} and w01 _—L{o 1}{7)0}

Here Lo 1y = Lo1 + L1o. The explicit form of the currents are

why = Cex(M0)(1 = &1) — Cex(m)(1 — &)

w(ﬁ Cex(ﬂo)(l - 51)770 + Czr(ﬂo)‘fl - Cex(ﬁl)(l —&o)m — Czr(m)ﬁo-

I

We can show that

Wiy AARS LfY . s
(w(%)_D(p’p)(V—n) € {(sz) : f1, f2 € FK for some K € N} :

where {- - - }p’p is the closure relative to the central limit theorem variance
VPP (see Section 3). This would lead one to expect that the hydrody-
namic equation for the limit densities p = p(t, ) and p = p(t, ) should

be
0 (p 0 o (p
Bt (p) a6 P )39< )

Unfortunately in deriving this equation there arises serious difficulty
due to the unboundedness of the spin values. While the marginal of
our grandcanonical measure is roughly Poisson, the energy current wg;
involves the term cex(n0)no that is bounded below by énZ (§ > 0) and
cannot be controlled by the grandcanonical measure as in the case of
Ginzburg-Landau model, the logarithm of the Poisson density function
being of the order O(nglogng). Nagahata [3] studies a similar model
and derives a system of diffusion equations of the same form as above:
his model is the same as the present one except that the energy values
are bounded by a constant.

In the rest of this article we shall state some results on the equilib-
rium fluctuations and the central limit theorem variances without proof,
and give certain asymptotic estimates for the density-density correlation
coeflicients and for the least upper bound of the spectrum of an operator
of the form Vi + L as consequences of these results. In the last part of

the paper some upper and lower bounds of the diffusion matrix will be
given.
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§2. Density-Density Correlation Function

Consider an infinite particle system on the whole lattice Z whose
formal generator is L = Y ¢pI'y. It is well defined on F:

Lf(m) =Y amTef(n), fe€Fe

beZ~

Let . be the set of all f € F. such that both f and Lf are in
L?*(vpp,X). Then the operator L with the domain F? is a symmet-
ric and non-negative transformation in L?(v, ,, X). Clearly F¢ is dense
in L?(v, 5, X). Hence L has the Friedrichs extension, which we denote
by £: namely L is the smallest self-adjoint extension of L. The following
theorem is a consequence from the standard theory on the semigroup of
operators. Let Ax be the finite interval {—K,... ,K} and L k) the

generator of the lattice gas on Ak, namely

Laky = Z Ly;
beA~(K)

also put X (k) = ZQ(K). Here A(K) is used in stead of Ag in sub- or
superscripts and A*(K) = (A(K))* (the set of all oriented bonds in A).

Theorem 1. The operator L generates a strongly continuous
Markov semigroup on L*(vp ,,X). Denote by S(t), t > 0 this semi-
group, and by Sk (t) the semigroup on LZ(XA(K)) generated by L (k).
Then

Jim Sk () f(nla)) = SE)f(m), feFg,

strongly in L?(vp ,, X). The convergence is locally uniform in t.

Fix 0 < p <1 and p > p. Let n(t) be a Markov process on X whose
infinitesimal generator and initial distribution are £ and v, ,, respec-
tively. Denote the probability law of the process n(t) by Peq =
and the expectation relative to it by F,
processes Y;f) N and Y;{EN by

eq(p,p)

a(p,p)- Define the fluctuation

Y (J) = V—lﬁ S J(@/N)E(N) —p), T € CT(R),
TEZ

Y (J) = % ;J(x/N)(nm(Nzt) ~p), JECPR)

respectively. (C§°(R) is the set of smooth functions with compact sup-
ports.) Under the equilibrium measure Peg(p,p) the process Y; y =
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(Y/y,YEy) converges in the sense of finite dimensional distributions,
namely for each set of Jq,...,Jr € C§°(R) and tq,... ,tx € [0,00), the
joint distribution of Y, n(J1),...,Y:, n(Jx) converges ([6]). The limit
process Y; = (Y,F',Y,F) is an infinite dimensional Ornstein-Uhlenbeck
process. The distribution of Y; is described as follows.

Let Kp denote the fundamental solution for the heat equation

and U; a matrix of corresponding convolution operators:
U,J(8) = / Kp(t,0 — 0)J(8)d8,

where J = (J},J?)T € C°(R) x C°(R). Let J, and J, be vector
functions of the same kind. Then the distribution of the limit process
Y; is given by

. . 1 [t 1
E[eZ(YOaJ_l)eZ(Yt’J'2)] = €xp l— '2’/0 Q{Url2}d"" - 502{Utlz +ll}1;
in particular

(4) E[(Yo,J,)(Y:,Jdy)] = Uz(Utiz,lﬂ = (x(p, P)Utt_].z,ll)B(R)-

Here F denotes the expectation by the probability law of the limit
process and

Q{J} =2(J" e N2y, o2 {J} = (L, x)r2m)-

(Also (¥, ) = Y (1) + YE(), (s Jo)uacey = Ju (T3 + J2I3)d6:
é = &(p, p) is the matrix appearing in the definition of D = D(p, p); J' is
the (component-wise) derivative of J; o2(-, ) is the bilinear form associ-
ated with the quadratic form 02{-}.) The kernel Kp may be explicitly
written down in the form

Kp(t,0) = %;/ exp{—tA2DT}e=*d\

= V4mtDT - exp{—6%(4tDT)"1}.

Here DT is the transpose of D; for a 2x 2 real matrix A whose eigenvalues
are positive,

_ 1 [ _p2 A1
ﬂ.—ﬁ[mexp{ 0°A~"}1de,
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which is a real matrix having positive eigenvalues such that A = (v/A)2.

Define the symmetric matrix ¥(z,t) with parameters (z,t) € Z x
[0,00) by

o S(z,1)a = Beggpp e (0, 0)ua (2, )]

where uy(z,t) = (&, (t) — p) + B(n2(t) — p).

Since Peq(p,p) is invariant under the translation, ¥(z,t) is the covari-
ance matrix of (£;(s),n.(s)) and its space-time translation (§z4,(s +
t), Nzt+y(s +t)). Hence if we define

R(z,t) := X(z,t)x~ ' (p, p),

then R(xz—y,t—s) is the space-time correlation coefficient of (£, (%), 7z (t)).
The next theorem states that R(x,t) behaves like R(x,t) ~ Kp(t,x) as
x,t — oo, as being expected ([5]).

Theorem 2. For J = (J',J?)T € C§°(R) x C°(R)
hm ZR(ZB N?t)J(z/N) = / Kp(t,0)J(0)deo
mEZ

Theorem 2 is deduced from (4). Indeed by (4),

c
B
|
I~
<
~
2
=X
5

|
=

Z
=
<
&
2
~
2

because the formula under the limit on the left side equals E[(Yp v, J;)
(Yin,J5)]. I the delta function could be taken for J,, the relation of
Theorem 2 would come out. For justification we take Fourier transform
in (5). To this end let R be the Fourier series with coefficients R:

RN = S(A\H)x Y, AeR
)3

M) = ) e S(x, ).
T€EZ

Lemma 3.
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Proof. If a, = e**¥(z, t), then

k—1 k-1

2k
Y oaya= Y (2k—|ul)ay.

r=—ky=—k u=—2k

The right-hand side divided by 2k converges, as k — oo, to 2()\, t). Since
S(t) is a symmetric operator, the first diagonal component of a,_, may
be expressed in the form

all, = Bvee [eMS(t/2){8 - phe P S(t/2){6 — Y],

and similarly for the other components; hence

2
. 1
B\ e = lim —— B

k—oo

k—1
5(t/2) { > eMa(é —p) + B(ne — p)]}

rz=—k

The inequalities of the lemma now follow from the fact that S(¢) is
contraction in L?(v, ,). Q.E.D.

Proof of Theorem 2. Rewriting the relation (5) by means of R, we have

Nrmo N . N
gm [, (A) - R(V/N,N?t)J, (=A)dA
(6) = [ A0 LN
Here
IO =5 2, i) = [ seea,

By the Poisson summation formula, iN(x\) = zcz J(A+27Nz). The
class of Ji (i = 1,2) in (6) may be extended to the set of rapidly
decreasing functions. Let § > 0, g5(0) = (4m8)~1/2e=9°/(48) and J,(0) =
gs(0)a. Then, gs(A) = e~**" and

26—6(7rN)2

—622 ~N —822
e <95 (A)<e + 1 e 6(rN)2

(1Al < N);

and writing J for J, in (6), we infer that

N~
lim e o ROVN, N28)J" (=A)dx
—J_N=w

= / e Mg e"t’\2DTi(—>\)d)\.

— 00
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On taking the limit as § | O this relation is also valid for § = 0. The
proof is complete. Q.E.D.

§3. Central Limit Theorem Variance

The canonical measure for the configurations on A,, with the number
of particles m and the total energy F is the conditional law

Upp( - N {Elam) =m, nlam) = B} | Faawm) )
Vp.o(l€lam)y =™, IM|A(m) = E)

Here for A C Z, [£]an = D cp &2 and [n|a = D cp Me; Fa stands for the
o-field in X generated by 71,,y € A. From the reversibility relation it
follows that for any functions f and g of 7 and any bond b € A},

Epm,5es(n) (S°)9(n)] = En,m,5lew (0) f(m)g(S” n)),

where b’ is the bond obtained from b by reversing its direction. The
Dirichlet form for L) accordingly is given by

Dn,m,E{f} = - n,m,E[fLA(n)f]
= EE: ljgﬂnJE{f}

bEA* (n)

Pn,m,E[ : ] =

where D! o 5{f} = 3Enm,el(Tsf)?cs],; the corresponding bilinear form
is given by

1 1

Dg?m,E(fag) = _“2‘ n,m,E[f'(LOI +L10)g] = §En,m,E[(F01f)(F01g)COI]-

We introduce a function space on which the central limit theorem
variance is well defined. The numbers p and p are fixed sothat 0 < p < 1
and p > p unless otherwise specified. They will be dropped from the
notations if used as sub- or superscripts.

Definition 4. Let G denote the linear space of all functions h € F,
of the form
(7) LiH:=Y LH=h,
bel*
where I is an interval of Z and H is a local function such that for some

positive integer K,

®) ST Hm)? < K S 05, ne X,

berl* el
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(This bound, which may be replaced by a weaker one, is adopted only for
convenience sake. We may take I as the minimal of intervals A such

that h € Fy. )
If h € F, satisfies

E¥[h| Fzr Vol{lélr,Inl1}] =0 as.,

then it admits a representation (7) but the condition (8) may fail to
hold. The functions wd;, wk are in G: the requirements are satisfied
with I = {0,1} and H = —&y and H = —no, respectively. For each
positive integer K put

FE={feF: IfmI <K > )"}

|z <K

Then the linear space LFX is obviously included in G.

Let L, m, g denote the restriction of L (,) to the space of functions
on Xy m.e = {N € Xawm) : [{lam) = M, [1nlaw) = E}, and for h, g € G,
define

Vn,m,E(hag) - —1“ n,m,E Z 7—:r:h'(_Ln,'m,E)—l Z Tzg| >

2n
|z|<n’ |z|<n!

where n’ is the maximal integer among those for which both sums in the
brackets are F (,)-measurable.

Theorem 5. For every h,g € G and for every p > 0,p > p, there
ezists a following limit

m/2n—>11i)HE17/2n——>p Vn,m,E(hy g)’

where the limit is taken in such a way that n,m and E are sent to infinity
so that m/2n — p and E/2n — p. The functional defined by this limit
makes a bilinear form on G. If it is denoted by

V(h,g) = VP*(h,g),
then the subspace
Go = {awl, + pwE —Lf:a,B€ R, f € FEX for some K}

is dense in G with respect to the quadratic form VP*{h} .= VPP(h h).
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Theorem 5 says that every A € G can be approximated by an element
of G, in the metric vV VP* as accurately as one needs. To apply this to
the gradients V=& := £, — &; and V™7 := ng — 11, we need the following
lemma (cf. [6]).

Lemma 6. Suppose that (1) and (2) are satisfied. Then both V&
and V™n are in G. Let HY and HE stand for the corresponding H’s
( with I(h) = {0,1} ). Then

FolHP = fO/Cex(TIO) and FOlHE = nO/Cex(nO) Zf 50(1 - 51) =1

and To1 HY = 0 if & (1 — £€1) = 0; moreover there exists a constant § > 0
such that § < T HE < 1/6 whenever 1(ng > 2)§; = 1.

The proof of Theorem 5 may be carried out along the same lines as
in [7] or [8].

§4. The Least Upper Bound of Spectrum

In this section we are concerned with the Markov process whose
infinitesimal generator is £, a self-adjoint operator on L?(v,,,) (see The-
orem 1). Let P(X) be the set of all probability measures on X. Define
a functional Z(u) of p € P(X) by

I(n) = EY[p(—L)p], where p = +/du/dv

if p4 is absolutely continuous relative to v = v, , and ¢ is in the domain
of /—L; and I(u) = oo otherwise. For a local function G on X let
Q.{G+ L} denote the least upper bound of the spectrum of the operator
G + L. It has the variational representation

Qo{G+ L} = sup (E"‘ [G] —I(u)).
pEP(X)

Given a positive integer n and h € G, let n’ be the maximal integer
such that 7,h € Fyp(p) if [y| < »/, and define a function G, = G" by

E 'ryh.
yilyl<n/

Theorem 7. Let h € G. Let the interval I = I(h) and the func-
tion H be chosen so that

(9) > (ToH)’c, <A nff

ber* zel
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where & = (n,)X, and A and K are positive constants with K > 1 .
Let G, = G be defined as above. Also define a function (. (n) for1>1

by
1
R K
Cu(m) = 5= Y 0 (ne > D).
z:|z|<n
Then, if A\ € (—1,1), J € C2(R), and C is a positive constant such that
A|I2(1 —278)=t < C, it holds that for all n,l € N,

fm {Z [N/\J(:C/N)Tan - %JQ(:(;/N)H(;] + N1+2M‘,}

N—oo
z€Z

<[Jl[f:  sup  Vumr{h}
m,E:E/m<2l

where ||J||3. = [z J?d0 and the supremum is taken over all couples of
positive integers m and E such that m < E < 2lm.

Proof. The proof is divided into three steps.

Step 1. This step is quite similar to a corresponding argument in
[7], so we provide only an outline. The supremum of the spectrum €,
that is to be estimated may be given by the variational formula

C .
- _]ngC}z] — NYT2AT(p)

Qv = sup FE* {Z [N)‘ijan N

REP(X) zcZ

where we put j, = J(z/N).
Let o = \/Wand DA = > _benr D, then Z(p) = > beze Db {p} =

=3 ez DA™ {1,0}. We substitute this into the variational expression
given above. To compute the expectation appearing in it we first take the
conditional expectation conditioned on w = n|ac. If u(-|w) stands for
this conditional law, then E*[G,] is expressed as an integral of F(w) =
ErC19[G,] by p. We have a similar expression for the form DA™ {p},
which may be naturally restricted to the space LZ(vA(™, Xy(,)) (v is
the product measure on X, with the same common one-site marginal
as that of v = v, ,). Rewriting p for u(-|w) € P(Xa(n)) and taking the

supremum in p, we see that Q is not greater than

C

N1+2)\ .
E* [NAJIG — 3 Jakn — DAl ){so}}

sup { 1
+2A
zn reZ FLGP(XA(n)) N

Decomposing X (,,) into the ergodic classes &), , g we may express

DA(n){(p} in the form DA("){QO} =3 > ePm,EDnm,E{¥m i}, Wwhere
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Pm.E = W(Xn m,g) and @, g is the square root of a probability density
on X, m . As a consequence we see that if

2nj. 2nCj2
Wmee= s { PG - SR B - Dusslid |
then
N1+2)\ N
(10) QN S m Sup QnmEm
-1 ™E

Step 2. Let (- )n m,g stand for the expectation by P, ,, g. For H
introduced in Definition 4 and for any ) ,)-measurable function u, we
have the following identity

(11) (u7‘wh>n,m,E = —% Z <l_‘b+mu . TI(CbeH)>

m,E
bel*(h) i

or in terms of the Dirichlet form

(12) <UT3¢h>n,m,E =- Z thrzz E(u’ TIH)'
bel*(h)

(Here b 4 z is the oriented bond obtained by translating b by x.) From
this it follows that

Eu _—— Z Z th:zE 7‘10)

" |al<n’ beI*(h)

A simple computation verifies that the terms IDfL,m’ £(F,p?)|, where F €
C (X m.E), are bounded by

\R [(CoF ey + (T F)ey o)  /Ph o),

where b’ is the bond b but reversely oriented. By employing Schwarz
inequality and the assumption (9) on H it therefore follows that |E*[G,,]|
is at most

— }: Z <Fb+sz Cb+m</92>n . |I*| Dn,m, £{ 0}

lz|<n’ bEI*(R) i

lIl \/A Z < > \/Dn,m,E{80}~

|lz|<n
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By the inequality 2ab — a? < b? this shows that

Mo AlT1%53 K 2
(13) NI+A Eu[Gn] - ’Dn,m,E{SO} < N2+2X <n$ ¥ >'n,,m,E'

|z|<n

Since (m™1 3 n.)¥ < m~1Y_nX, the condition E = Y n, > 2lm
implies the inequality 27¥ S~ 7nX > [Xm, which in turn implies that

ong, =Y nf1ne > 1) > nf —1¥m>1-27%)> k.

This combined with (13) shows that if the constant C' is chosen so that
A|I? < (1 —27%)C, then

QN < 0 whenever E/m > 2,

n,m,E,x

and accordingly that the supremum over the pairs of m and E in (10)
may be restricted to those satisfying E/m < 2l. Consequently

N1+2)\

14 QN < sup Qb .
n,m,E.x
2n = mE:E/m<2l

Step 8. Now we apply the following estimate for the spectrum of the
Schrédinger type operator Ly, g + F with F' € C(Xp m ) satisfying
<F>n,m,E =0:

4
(15) Qo{F + Lum,5} < (F(~Lnme) " Finm,p + ;5||F|Iio7

where K, = Kpm, E is the second eigenvalue of —L,, ,,, g (cf. [7],[1] etc.).
Taking F = (2nj; /N )Gy m.p in (15), where Gpm g = Grlx, .5

Q'r]:,,m,E,.’L‘ < Qo{(znjr/N1+)\)Gn,m,E + Ln,m,E}

jm 4 2n]z||Gn,m,E”oo 3
S (Qn)vn,m,E {]—V—H'—’\h} + ;—2— . l: N1+)\

2nj2 1

From (14) we thus obtain lim QN <|[|J||2: sup  Vy.m e{h}, the
N—oo m,E:E/m<2l
required bound. Q.E.D.

The next theorem is essentially a corollary of Theorem 7.
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Theorem 8. Let h € G and put

FN(n) =vVN Y J(z/N)rh(n).

hASY A

Then there exists a constant C such that for all positive constants 3 and

L

lim E.q
N—oo

< BTIJlIZ.  sup  VPere{h}

PosPo:Po/Po <l

+(log2)/6 + (CB)/L.

T
/ PN (n(N?))dt

Proof. We may replace FN by

FY:=VvNY_ J(ac/N)é% > mh

€l y:ly—z|<n’
In fact if N
Rn=5-3 D, &/N)=Jy/N),
y: ly—z|<n/’

then |a% | < fn/N

o/ |J"”(s + N~'z)|ds and the difference

N
FN—F,ﬁV S Zaffvn’rrh
\/Nzez

is obviously negligible under the equilibrium measure.

Introducing the random variable XV = fOT FN(n(N?t))dt, we may
write Feq| X | for what to estimate. Let K > 1 be a constant for which
the condition (9) is satisfied. Let ¢}, be a function defined in Theorem 7
and put

T
YV = [ 3 /N (N .
o N
T€Z
Then by Jensen’s inequality and the Feynman-Kac formula
Eeq| X ™| = Y]

i/@XN_ﬁzYN] n log2
B

T

C
<3 rgaxszo{ £ BFY - < g;z 18J (/N2 ¢t + NZL} +

< B log I_I{_la_X FEeqle

log 2
5
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According to Theorems 7 and 5, if C' is chosen suitably large, then

. log 2
Im Eeo| |XV|—BYN | <BTIJ)2 sup  VPoPofh} + —o=.
N—oo PosPoiPo/Po<l /B

This gives the required inequality since Eoo[3Y V] < C18/1. Q.E.D.

§5. Upper and Lower Bounds For D(p, p)

Let k = k(p, p) and k& = K(p, p) stand for the eigen-values of D(p, p)
such that k < k. We here prove that for some positive constants m and

M,
m

p+(1+ )1

where A = A(p, p) is the parameter appearing in the definition of v, ,.

<ESRESMA+N) (p>p>0),

Proof of the upper bound. We shall apply the fact that if ¢, is a sym-
metric 2 X 2 matrix and & > ¢, then Tr(éox 1) > Tr(éx™!). Let (-)
indicate the expectation under v, ,. Then

a-é(p,p)a < <(F01 {ako + /3770})2601>
= ({ago + Am}(1 - &1)cex(m0) ) + B (Eokacur(m)

In view of the conditions (2) and (3), cex(10) < Clczr(n0)+1(no = 1)]. By
combining this with the relations (c,:(70)) = pA, (Mocz(Mm0)) = (p + p)A
and (n2cz(m0)) = ((ng) + 2p + p))\, the last line above is dominated by
B2p? ) plus a constant multiple of

(1—p)le®pA+2a8(p +p)A+ B2((n5) + 20+ p)A + (a+ B8)*(1(no = 1))].

Recalling what is remarked at the beginning of this proof, noticing
det x = (p(n3) — p*)(1 — p) so that

1 ( (ng) — p* —(1—p)p>

p(nd) —p>)1—-p) \ —(1—plp (1 -plp

and carrying out simple computations, we see that

Te(ex™") < Ca[A +p* (W) (p(ng) — ") ™" + Al

X (p,p) = (

Since &+ £ = Tr(éx™!), these yield the required upper bound, if we can
find a positive constant 6 so that

(16) p(ng) — p* > 6p*X.
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(This is certainly true for A < 1.) To this end set £ = £()\) = max{k :

cu(k) < A} and pr = vp,{n : Mo = k}/p. Noticing that pgt1/px =
A e (k + 1), we infer from |c, (k) — ¢ (€)] < aq]k — £ that for all

sufficiently large A,
pr > peexp{—ai(k — £)2/\} if |k — € <2V,

or, what we are about to apply, min{} >, ,_ /x Pk, D pssrvx Pk} = 6
with some constant 6 > 0 independent of A\. Hence

(m)/p—(p/p)? = E"*[lno—p/p|* |no > 0]
> APYe||no — p/p| = VA M0 > 0] > 6.

Thus we have shown (16).

Proof of the lower bound. Let A = A(p,p) be a 2 X 2 symmetric matrix
whose quadratic form is

a-Aa=V{aV~{+ BV}

Then D(p, p) = x(p, p)A~1(p, p) and it holds that V{aV~£ 4+ V™ n} <

{(TCor{aH? + ﬁHE}) co1) (cf. [6]), where HY and HF are functions
introduced in Lemma 6. We shall apply the inequality

det(xA™') 1
o 52 (A T) T Tr(x A)

By employing Lemma 6 as well as the conditions (1) through (3) we see
that for some constant C,

a-Aa < ((F01{C¥HP+BHE})2CO1)

< o 2UZ 80t + om0 ) + CB(€scum).

One observes that the right-hand side equals C times
a?(1 - )I;\ (1 - Zi> + 2a6(1 —p)——
1—
#5 (F52 (- &) 4572 ).
Noticing that Zy = 1+ A/cx(2) + O(A%) as A | 0 and v, ,{no = 2} =

pA/c,r(2)Zy, and applying the inequality used in the preceding proof,
we infer that

(18) det(x)Tr(x *4) < C'p*(1 —p)A for 0< A< 1.
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For large values of A we make an elementary computation (as we did for
the upper bound) to see that det(x)Tr(x~'A) is at most C times

L2 ppind) - )+ CTET LoDy 2y (1o

Hence, in view of (16),
1
Tr(x"'4) < C’ [X +p] (A >1).

This together with (17) and (18) concludes the asserted lower bound of
K.
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