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Abstract

Local perturbations in conservative particle systems can have a
non-local influence on the stationary measure. To capture this phe-
nomenon, we analyze in this paper two toy models. We study the
symmetric exclusion process on a countable set of sites V' with a source
at a given point (called the origin), starting from a Bernoulli product
measure with density p. We prove that when the underlying random
walk on V is recurrent, then the system evolves towards full occupa-
tion, whereas in the transient case we obtain a limiting distribution
which is not product and has long-range correlations. For independent
random walkers on V', we analyze the same problem, starting from
a Poissonian measure. Via intertwining with a system of ODE’s, we
prove that the distribution is Poissonian at all later times ¢ > 0, and
that the system “explodes” in the limit ¢ — oo if and only if the un-
derlying random walk is recurrent. In the transient case, the limiting
density is a simple function of the Green’s function of the random walk.

1 Introduction

Introducing local perturbations in conservative particle systems can have
a drastic, i.e., non-local influence on the stationary measure, which can
change from a product form to a measure with long-range correlations. This

*Email: F.H.J.Redig@tudelft.nl
"Email: ellen.saada@mi.parisdescartes.fr



has already been studied in [4, [7] where anisotropic perturbations of the
symmetric exclusion process were shown to exhibit long-range correlations,
using a formal series expansion method. See also the more recent work [§],
where an exclusion process with a driven bond is studied, and [5] where
the growth of the total number of particles in a symmetric exclusion process
with source is studied. The abelian sandpile model [1] is another well-known
important example showing that a conservative diffusive dynamics combined
with sources leads to a self-organized critical state, i.e., a stationary measure
which has power law decay of correlations.

To capture this phenomenon, we analyze in this paper two toy models.
We first consider the symmetric exclusion process with a source at the ori-
gin, in the setting of an infinite graph, and start it from a Bernoulli product
measure of constant density, which is the stationary probability measure for
the dynamics without source. In case the underlying random walk of the
exclusion process is recurrent, we show that the system becomes fully oc-
cupied, whereas in the transient case, a limiting measure is obtained. This
measure is the microscopic analogue of the solution of the Poisson equation,
and it is shown to have long-range correlations. We then study a similar
setting where the source at the origin is replaced by the combination of a
source and a sink, which can be thought of as a coupling to a reservoir. For
the density corresponding to the reservoir density the stationary measure
is a product measure, but for other initial densities, in the transient case
another limiting measure (with identical limiting density) with long-range
correlations is obtained. Finally, we consider the same setting in the case
of independent random walkers, where we show that starting from a homo-
geneous product of Poissonian distributions, the distribution at any later
time is still a Poisson product measure, with a density which diverges in the
recurrent case, and has a limit in the transient case. The main tool for the
proof is an intertwining between the independent walkers with a source and
a deterministic system of coupled linear differential equations which can be
solved explicitly.

The rest of our paper is organized as follows. In section [2] we introduce
the exclusion process with source (and possibly sink) at the origin, and
explain the main questions. In section [3| we state and prove the main result,
that is, about invariant measures for the exclusion processes with source or
with source and sink. In section [4] we prove more on these measures for
the process with a source, namely negative correlations and computation
of covariances. In section [5| we consider the case of independent random
walkers.



2 Setting, notations and definitions

Let V' denote a countable set of vertices and (p(x,y),x,y € V) irreducible
and symmetric random walk transition rates on V, i.e., for every x,y € V,
p(z,y) = p(y, ) > 0, and there exists n € N such that p(™(z,y) > 0, where
p™ (z,y) denotes the corresponding n-step transition rate, i.e.,

Py = > plz).plea1,y)

21520 —1€V

Note that we do not assume a priori that (p(z,y),z,y € V) is a probability
transition. In order to avoid existence problems, we will assume that

sup > p(,y) < o0
xeV yev

2.1 Single particle dynamics

We denote by {X; : t > 0} a continuous-time random walk moving with rate
(p(z,y) : x,y € V) over the (oriented) edge zy, i.e., the random walk on V'
with generator

Lawf(x) = > plw,y)(f(y) — f(x)) (1)

yeVv

for a function f : V — R. We denote by EEW expectation for this random
walk starting at Xg = z.

2.2 Exclusion process

Next, we consider the symmetric exclusion process on V based on (p(z,y) :
x,y € V), which intuitively speaking consists of independent walkers moving
each one according to the generator Lrw and subject to the restriction that
at any instant of time multiple occupancies are forbidden, i.e., all jumps
leading to more than one particle per site are forbidden.

We thus consider configurations of particles with at most one particle
per site and denote the corresponding configuration space by Q = {0,1}".
Elements of ) are denoted by n,&,(, and for n € Q we denote by 7, the
occupation at vertex x € V, i.e, n, = 1 (resp. 1, = 0) means x is occupied

(resp. empty).



The exclusion process based on (p(z,y) : z,y € V) is then defined as the
unique Markov process {n(t) : t > 0} on {0,1}" with generator given by

Lsgpf(n) = > pla,y)na(1 —ny)(f(n™¥) — f(n)) (2)

z,yeV

for a local function f: Q — R (i.e., depending on a finite number of coordi-
nates 1,1 € V'), where n™¥ is the configuration obtained from 1 by removing
a particle at x and putting it at y, that is,

ne—1 ifz=z
()= qm+1 ifz=y (3)
i otherwise

The existence of this process is proved in [6, Chapter VIII], that also contains
many properties of the process, including self-duality (see next subsection).
The interpretation of the generator is that particles move in continuous time
according to the hopping rates (p(z,y) : z,y € V) but jumps to already
occupied sites are suppressed.

If in the exclusion process we start from a finite number of particles,
initially located at sites in a set A = {z1,...,2,} C V then at any later
time, the set of occupied vertices is a finite set A(t) = {z1(t),...,z,(t)}.
For n = 2 we write A = {z,y}, A(t) = {z(¢),y(t)}. Thus we equivalently
consider the exclusion process as taking values in the set of finite subsets of
V and (with an abuse of notation) we may write its generator also as

Lsppf(A) = Y pla.y)l(z € Ay ¢ A)(F(A™) - f(4)) (4)

z,yeV

for a local function f, where I denotes the indicator function and A*Y is
the set obtained by removing = from A and adding y to A. We denote by
ESEF the expectation in the process {A(t),t > 0}, by IEQSHEPI” expectation,
by ¥, the generator and by V,,(¢) the semi-group in the corresponding la-
beled process (z1(t),...,zy(t)), where we choose the initial labels, which are

preserved in the course of time. We thus write, for a local function f,

Vo) f(z1,... x0) = Egﬁ?wnf(xl(t), )

A function of the configuration 7n(t) can then alternatively be viewed as a
symmetric function of x1(t),...,x,(t).



For n independent random walkers (each one with generator ), we
denote respectively by %, Uy,(t) and IEEfW% the corresponding genera-
tor, semi-group and expectation. More generally, the independent random

walkers process is then a process on NV with formal generator

Liwwf(n) = Y p(x,y) ((F1") = f(0) +my(F0") = f(m)  (5)

z,yeV

working on local functions f : NV — R. We denote by E%RW the correspond-
ing expectation, when starting from the configuration 7.

2.3 Self-duality for exclusion and random walkers

An important property of the (symmetric) exclusion process is self-duality
(see [6l, Chapter VIII]), which is formulated as follows. Let £ € 2 denote a
finite configuration, i.e., > & < 0o, and, for n € €2, define

D(&,n) = 1(§ <n) (6)

where £ < 7 refers to coordinatewise order, i.e., if there is a particle in £ at
a site x, then there must also be a particle in 1 at . Then we have, for any
finite configuration &, for any n € Q and ¢t > 0

ESFPD(¢, (1)) = EEFP D((£(1), ) (7)

Let us denote by £ = e, the configuration with a single particle at x and no
particles elsewhere, then, under the exclusion process {£(t),t > 0} = {ex;, :
t > 0}, where X is the random walk with generator Lrw of , the duality
relation reads

ESPP () = ERY (1,

The symmetric exclusion process has as reversible probability measures
homogeneous Bernoulli product measures. We denote these reversible prod-
uct measures by

vp, p€0,1], withv,(n,=1)=p, forallzeV (8)

Similarly, there is a self-duality relation for independent random walkers,
which reads as follows. Define the polynomials

.u
Dirw (&) = 1€ <) [ —2—
1w ;;I/(Ui—fi)!



where ¢ € NV is a finite configuration of the independent random walkers
process, and 1 € NV. Then we have

Ey™ (Dirw (&, (1)) = Ef™ (Drrw (£(#), 1)) (9)

For the proof of this self-duality relation, we refer to [2].

2.4 The model with a source (or with source and sink)

To define the process with a source (or a source and a sink), we fix a vertex
0 € V, that we call the origin, and call the process symmetric exclusion
process with source at 0, of intensity A > 0 the process with generator

Lsgp.of(n) = > p(@, y)na(1—ny)(fF(7") = F(0)) + M1 =n0)(f(n°) = f(n))
.y
(10)
for a local function f, where n° is the configuration obtained from 7 by
flipping the occupation variable at the origin, that is,

(770) _ 1— o if2=0 (11)
: N otherwise

In other words: particles move according to the symmetric exclusion process,
and whenever the origin is empty at rate A a particle is added. We denote
by So(t) the semi-group of this process. We start the process with source at
0 from v, (defined in (8)), we denote by v,o(t) := v,5(t) the measure at
time ¢ > 0.

Note that we use the sub-index 0 to refer that the process has a source
at the origin; later on, we will use the sub-index 1 for the process with a
source and a sink.

We then study the following two questions.

1. When is lim¢—,o0 v,0(t) equal to 01, the Dirac measure concentrated
on the fully occupied configuration (that is, such that 1(z) = 1 for any
site z € V)7

2. If limy 00 v, 0(t) # d1, what is the limiting measure? What is its
density, and are there non-trivial correlations?

The same questions will also be asked for a model with a source and a sink
at 0, i.e., the process with generator

Lsepif(m) = > p@,y)n.(1—n,)(f(n") = f(n))

x7y

+ AL =n0)(F(1°) = F(m) + pno(f(n°) = f(n))  (12)



for an intensity p > 0, for a local function f. We denote by S1(¢) the semi-
group of this process. We start the process with source and sink at 0 from
vp, we denote by v, 1(t) := 1,51(t) the measure at time ¢ > 0. Notice that
for this process the Bernoulli product measure with density

A

PR= ST (13)
is reversible, but this fact does not imply that this measure is the only
invariant probability measure, i.e., the two questions asked for the models
with source can be asked for the model with source and sink as well. The
idea is that the source and sink site corresponds to a “reservoir” and that
in the transient case the system can “miss the reservoir”, and therefore
converge to a limiting density different from the density pr imposed by the
reservoir.

3 Invariant measures

Consider the process with a source, that is, with generator , and denote
by [, expectation in this process starting from configuration n € Q2. We de-
note by E,, = [ E,v,(dn) expectation starting from an initial configuration
n which is v, distributed. First we show the existence of lim;_o, ,S0(t) =:
tpo- This is proved with the help of a dual process, where particles are
moving according to an exclusion process with a sink at the origin.

3.1 Two duals of the model with source and convergence to
an invariant measure

In this subsection we introduce two alternative duality relations for the
process with a source, analogous to the ones introduced in [6, Chapter I1]]
for spin systems. For the first one, that is a “killed random walkers dual”,
denote, for A C V a finite set,

H(A,n) = H N (14)
€A
with the convention H((,n) = 1. Then, we compute
A1 =m0) (H(A,n°) = H(A,n)) = M (0 € A)(H(A\{0},7) — H(A,n)) (15)
where we used
H(A,n) if0g A

<Hr¢0m€A ’71’) (1—mn9) if0cA (16)

H(AJ?O) = {

7



By combining f with the self-duality relation (7)) of the symmet-

ric exclusion process we find
LsppoH(A,n) = ZLH(A,1n) (17)

where the generator .Z works on the A-variable (i.e., on finite subsets of V)
and is given by

ZIA) = Y pley)l(ee Ay ¢ A)(FA™) - f(4))

z,yeVv

+A(0 € A)(f(AN{0}) — f(A)) (18)

for a local function f. The dual process {A(t),t > 0} with generator Z is a
process taking values in the set of finite subsets of V', and can be described
as follows: particles initially located at the sites of A perform the symmetric
exclusion process starting from A (i.e., there are particles at the sites of A
and no particles elsewhere), and are killed with rate A when they are at the
origin. Let us denote Effl““l expectation in this process starting from A, and
further denote p(A, B) the transition probability in this dual process to go
from A to B in time t; hence note that here, as each time we introduce a
transition py(.,.), either for exclusion or for random walker, we assume that
(p(z,y),x,y € V) is a probability transition.

As a consequence, we have the following.

THEOREM 3.1. Let A C V be a finite set. Then we have, for everyt > 0

/ H(A,mpot)(dn) = Y A, BBl + p(A,0) = B4l (o401

BCV
|BI<|A[,B#D

(19)
and as t — oo the limiting measure 1,0 = lim; o0 V)0 (t) exists, is invariant
and satisfies

/ H(A,m)ppo(dn) = EF (o1 (20)
where |Aso| = limy_,o0 |A(t)].
PROOF. By the duality relation we obtain

E, H(A,n(t)) = B4 H(A(L), n) (21)

Integrating this relation over v, (in the n-variable) yields . The limit
t — oo is well-defined because the cardinality of A(t) is non-increasing in ¢.



The invariance of p, o follows because it is equal to the limit lim;_,o0 v,,0(%)
(by [6l Chapter I, Proposition 1.8]). [

There is also an alternative duality relation with a Feynman-Kac term,
that can be obtained as follows. If we define, for A C V a finite set,

H(Am) =[]0 -n) (22)

then we find B B
LsgpoH (A, -)(n) = ZH(-,1)(A)

where the operator & is in Schrédinger operator form and given by
Rf(A)= > IweAy¢ Ap(w,y)(f(A"Y) - f(A) = M(0 € A)f(A)
z,yeV

for a local function f. As a consequence of the Feynman-Kac formula we
then have

By H(A, (1) = B (7o 10CAO (A1), ) (23)

Upon integrating (23|) over the Bernoulli measure v, gives

/ ﬁ(A»W)Vp,o(t)(dn)=(1—p)'A'E§;EP< —A [y I(0€A(s )ds)

Then we have the following result on the limiting measure p, o for the
dynamics with a source, as well as on p, 1 for the dynamics with source and
sink.

THEOREM 3.2. [) The model with source. Let {n(t),t > 0} denote
the process with generator .

1. If (p(x,y) : x,y € V) is recurrent then p,o = 61. Moreover for
any configuration n € Q, we have lim;_,o 6,50(t) = 01, where &,
denotes the Dirac measure on configuration n. As a consequence
in that case 01 is the unique invariant probability measure.

2. If (p(z,y) : x,y € V) is transient then limy_oc V5 0(t) = pp0 with
the following properties

a) Limiting density:
lim El,p(l —nz(t)) = (1 — p)Efc{We—’\ J5  6x4,0 ds (24)
t—00

where ¢.. denotes the Kronecker symbol.



b) Covariances:

covy,, o ('r]xvny) = (1 — p)2 (Eggpe_)‘fooo(6m(s)70+5y(s)70) ds

—ERW Ao 0t vi0) ds) (25)

II) The model with source and sink. Let {n(t),t > 0} denote the
process with generator ((12]).

1. If (p(x,y) : @,y € V) is recurrent then limy o0 V) 1(t) = Vpp
(recall ) The same holds for any initial configuration, i.e.,
limy o0 0y (t) = v,y for every n € Q.

2. If (p(z,y) : x,y € V) is transient then v, 1(t) — pp1 with the
following properties

a) Limiting density:

lim E,, (n4(t)) = pr+(p — pr) ERW e~ (M) J5™ 8x00 ds (96)

t—o00

b) We have the following formula for the covariances
Coy‘upyl(nz’ ny) = (p — pR)2 (Eigpe_Afooo(‘sz(s),0+5y(s),0) ds

_Eilzwe*Afow(5Xs,0+5Ys,o) dS) (27)

ProOF. Part I, case 1. Let us start by the computation starting from
the generator forxz eV,

Lsepo(l —na) = Y p(z,y)((1 —1y) = (1= 1)) = Mool —1s)  (28)

yev
Denoting
Y(x,m) = (1 —nx), e =P(x,-) (29)
we can write in the form
Lsgpothe = »_ (@, )y — ¥u) — A 0ha (30)
yev

Let us denote &7 the operator working on the z-variable as

do(x) =Y plz,y)(ey) — o(x)) — Ay 00()
yeVv

10



which is the sum of the random walk generator Lrw and a multiplication
operator with the “potential” —\d, 0. As a consequence, by the Feynman-
Kac formula we obtain

e p(w) = BRW (e7Moxen B X))
This identity, combined with gives

By(1 = 1a(t) = e () (@) = BRW (e Mioxe (1 —ny))  (31)

Integrating over v, gives

J G R G I

Taking the limit t — oo gives statements 1 (because the integral on the right
hand side of goes to +00), and 2a) of Part I of Theorem

Part II, case 1. To prove the case with source and sink, start again
from the computation of Lsgp, 17, for the generator and z € V; we get,
with the notation x, = 7,

LsgpiXz = Zp(xa Y) (Xy —Xz) — (A + 1)02,0Xa + Az (33)
yev

Let us consider the equation
%QO(JJ, t) = <@90(7 t)(l‘) + >\5x,0 (34)
where

Bf(x) =Y pl@,y)(f(y) = f(2)) = (A + p)de0f ().

yeV

Then by the variation of constants method, we find the solution

— t —
o(z,t) = P p(z,0) —1—/0 =75, 4 ds (35)

B B

where % as well as e'” work on the z-variable. Because the semigroup e’
can be computed using the Feynman-Kac formula we obtain, combining

11



with
Ey(n2(t))
t ¢ s
_ ]E?W <€,()\+u) Jo 0x4.0 dSnXt> + )\/ E?W <e*()\+#) Jo 0x,0 dT(sXS,O) ds

0
_ EEW (e*()”ru) J30x4.0 dSUXt> ds

A ¢ s
tip ) B (e (i ) ds

t
_ E};{W <6—(>\+u)fg(5xs,o dsnXt) dS+pR/0 (—1>i(65‘%1)(1’)

ds
= ERW <6—<A+u> Jo 5x0 dsnxt) ds
1R (1 — ERW (e*(/\ﬂi) Jo x50 dS)) (36)
which yields items 1 and 2a) of Part II of Theorem

Part I, case 2. We now focus on the transient case and prove statement
2b) of part I of Theorem We compute the expectation

By (¢ (2, n(8)) ¢ (y, n(t)))

for z € V, where we remind the reader the notation . First, a generator
computation yields, using self-duality of the symmetric exclusion process

(see ), for z,y € V,
mewy - %waﬂ/}y - /\(6x,0 + 5y,0)¢mwy (37)

for x € V, where ¥ denotes the generator of two exclusion particles initially
starting from x,y (cf. subsection [2.2]). Using once more the Feynman-Kac
formula, this leads to

Ey (v, n(6)) ey, n(1))) = B (7o atortuian) By (), myu(y(t), m) )
(38)
Integrating this equality over v, (in the n-variable) gives

[ Ealn(e) 0t n(0)) widn) = (1= pESF (N ota) &)

(39)
Taking the limit ¢ — oo gives

tim [ By (e, m(t)) by, 1)) vp(d) = (1-p)ESP (500t 0) )

t—o00

12



which proves 2b) of part I of the theorem. Item 2b) of part II is proved
along the same lines. O

Using the alternative duality relation , we can prove the following more
general statement

COROLLARY 3.1. Let (p(x,y) : x,y € V) be transient, then for p,o =
limy—s00 ,50(t) we have the following. For all x1,...,2,, n distinct points
m V', we have

/ T11 = me)mpoldn) - ] / (1= e )pipo(dn)
=1 =1

= (1-p)" (ESEP e A S5 Gayo0ds _ RIRW AN f5° azi@),ods)

Z1505Tn ZT1505Tn

(40)

4 Further properties of the invariant measures

4.1 Negative correlations

To derive more properties of the invariant measure p, 0, we compare the
evolutions of exclusion process and of independent random walkers. We
first prove the following lemma, which will imply negative correlations in
the measure 1, 0. Recall the notation introduced in Subsection

LEMMA 4.1. For allt > 0, and for all x1,...,x,, n distinct points in V

L1y-9Tn L1y--9Tn

(ESEP e AT Jo Suy(y0ds _ RIRW =AY, [y 5%(8),0(13) <0 (41
PROOF. Let us denote ¥(xy,...,2n) = Y iy 0z;,0- Then we have, using
the Feynman-Kac formula

<ESEP e A0 Jo Suy(s),0ds _ IRW e—AZ?:lféézmods)

T1,eeyTp T1,eeesTp

(eTnt )] — MGt () )
t
= / (W=t W) (g — 9 et (24, .. )ds (42)
0

Because the function 1 is positive definite, and the semigroup (e*(%+¥)1) (a1, ...

factorizes, i.e.,

@@ @y, wn) = Y [ Esla 2)

2140520 1=1

13



where

ks(% v) — E{LRW (e—Afot 5x(s),o](m(t) — v))

we have that (e*(%*t¥)1)(z,...,x,) is a positive definite symmetric func-
tion of z1,...,x,. Therefore, by Liggett’s inequality (see [6l, Chapter VIII,
Proposition 1.7]), we have (%, — %,)e*%+t¥)1)(x1, ..., x,) < 0. The result
then follows from using that e(t=5)("ntY) ig g positive semigroup (i.e.,
maps non-negative functions to non-negative functions). O

Then we have the following corollary for the process with a source.

PROPOSITION 4.1 (Negative correlations). Let (p(z,y) : xz,y € V) be
transient, then for p,o = limy_oov,S0(t) we have the following. For all
T1i,...,Tn, n distinct points in V, we have

n n
J T = nmaotan) =TT [ = naupatin) <0 (13)
=1 =1
PROOF. This follows by combining Corollary [3.1] with Lemma [4.1 O

To complement this result, we show that in general j1, o is not a product
measure.

PROPOSITION 4.2. Let (p(z,y) : z,y € V) be transient, then for 0 < p < 1,
Hp,0 = limy_o0 15 S0(t) is not a product measure.

PrOOF. We have
By, (1= m(t)) = (1 — p)ERY (e7Mo %00 @) —; p(a, 1)
Then h(z,t) satisfies

dh(z,t)
dt

= LRwh(.CE, t) — Aéx,oh(.fv, t)

with h(x,0) = 1—p. As a consequence, u(z) = lim;_,~ h(z,t) exists because
(p(x,y) : x,y € V) is transient, and it satisfies

Lrwu(z) = Az ou(z) (44)
Let us denote by A the product measure with [(1 —7,)A(dn) = u(x). Now

fix z # 0 such that p(0,z) > 0 and compute, using the generator (10)) and

14



(B37)-

/ (Lsepo(l — no)(1 — n0))A(dn)

(
(Lrwu(0))u(z) + (Lrwu(z))u(0) — p(0, z)(u(0) — u(z))® — Au(0)u(z)
—p(0,2)(u(0) — u(x))* # 0

Here in the last step we used (44)). So we conclude that A is not invariant.
Because we proved earlier that 1, ¢ is invariant, it cannot be equal to A. O

4.2 The covariance

To understand better the covariance in the limiting measure f,,0, we approx-
imate (EgEPG_A fooo(éx(s),o"'éy(s),O) ds _ Elxl?;}ve_)‘fooo((sXs,OJ"‘S}%,O) ds) around A\ =

0 up to second order in X (first and zeroth order being zero). In order to
prepare this computation, let us denote by e, + e, the configuration with
one particle at x and one at y. Then 0,50 + dy(s),0 i the occupation at
zero at time s starting from e, + e, initially.

Let us denote by pPtF (e, + ey, €u + €y) the transition probability for
two exclusion particles to arrive at time ¢ at the configuration e, + e, when
initially started from e, +e,. and pIRw(ex + ey, €y + €,) for the correspond-
ing independent particles. Let us restrict to the transient case, where the
associated Green’s functions are well defined by

GSEP(-%" Y u, ’U) = / ptSEP(ex + ey, Ou + 51;) dt
0
GIRW(xa Yy u, U) = / p%RW(ex + €y, Ey + ev) dt
0
Gla) = [ mlay) (45)

We then have the following.

PROPOSITION 4.3. Assume that the single particle random walk is tran-
sient. In the notation of , for the symmetric exclusion process with
source at the origin, we have, as A\ — 0,

oV, o (s 1y) = A2 (1 = p)*¥(x,y) + o(A?) (46)
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where

Y(wy) = 2) G0,2) (G (2,4;0,2) = GV (2,4;0,2))
2#0
— 2G(0,0)G"™Y(0,0;z,y) (47)

PROOF. First notice that when initially with two particles at locations
x,y, the expression [;°(8 (5),0 T Oy(s),0)ds can be rewritten as Jo~ mo(s)ds

where 70(s) denotes the number of particles at 0 at time s. Therefore, by

(61(5),0+6y(s),0)d5

expanding the exponential e Mo up to second order in A, we

observe that we have to compute

/ / ESEY, no(s)mo(r) dsdr — / / ERY, no(s)no(r) dsdr
/ / ESEY,, mo(s)mo(s + 1) dsdr — 2 / / ECOY, no(s)no(s + 1) dsdr

(48)

For the symmetric exclusion process, by self-duality (see ), and using also
that 1o(s)? = 1o(s) because no(s) € {0,1}, we obtain the following.

2, mo(s)mo(s + 1)

= Y pr(0,2)BEL, (no(s)n:(s)) + pr(0, 0)EZ, (o(s))
z€V,z#0

= > p(0,2)p5 (ex + eyie0 + €2)
z€V,z#0

+ pr(0,0)(ps(0,2) + ps(0,9)) (49)
By self-duality of independent random walkers (see Subsection we have

ELYY., (no(s)no(s + 7))
= Y pr(0,2)BEY, (n0(s)n:(5)) + pr(0,0ELY, (mo(s)no(s))

2€V,z#0
= > pr(0,2)p ™ (er + €430, 2) + p,(0,0ELY, (m0(s) (mo(s) — 1))
z€V,z#0

+ pr(0,0)(ps(0,2) + ps(0,9))

= Y pe(0,2)p (2, 5;0, 2) + pr(0,0)(pFV (0,0 2, y))
z€V,z#0

+ pr(0,0)(ps(0,2) 4+ ps(0,9)) (50)
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Subtracting (50| from (49| @ gives

/ / Effey (s)no dsdr—/ / IEE;{YFV% o($)no(r)) dsdr

= Z G O,Z) (GSEP(J"7y; 0, Z) _GIRW(‘T’y; 0, Z))
z€V,z#0
= G(0,0)G™ (0,02, 9) (51)

O]

REMARK 4.1. Proposition [4.5 shows that the correlations in the limiting
measure have long-range character, because G(0,0)G™WV(0,0; 2, ) decays as
a power law when |z|,|y| — oo, which suggests that the stationary measure
Hp,0 has properties of a self-organized critical state.

5 Independent random walkers

In this section, we consider the same problem of adding a source in the
context of independent random walkers. When initially started from a ho-
mogeneous Poisson measure, we show that at any later time ¢ > 0, we still
have a Poisson measure, and depending on the transience/recurrence of the
underlying random walkers, we obtain a limiting non-homogeneous density
profile, or the density (expected number of particles at each site) blows up
in the limit ¢t — oco. This result is proved via an intertwining relation with
a deterministic process, which we believe is of independent interest.

5.1 Independent random walkers: generator

As in the previous section, let V' denote a countable set of vertices and
(p(z,y) : x,y € V) an irreducible and symmetric random walk transition
probability on V. Recall that the independent random walkers process is a
process on NV with formal generator . The independent random walkers
process with source at 0 € V is then defined via the formal generator

Lirwof(n) = Y p(x,y) (F0r"Y) = F) +my (F01"") = F())

z,yeV
+ A(f(n+eo) = f(m) (52)

The generators and can be rewritten in terms of creation and anni-
hilation operators defined as follows. For a function f: N — R we define

af(n)=nf(n—-1)I(n>1), alf(n)=f(n+1) (53)
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For a local function f : NV — R we then define the operators a;, az forieV
as

aif(n) = nif(n—ei)
alf(n) = fn+e) (54)

where n;f(n — e;) is a shorthand for a;f(n) = 0 if n; = 0 and a;f(n) =
1 f(n — e;) otherwise. The generator can then be rewritten as follows

Linwo =— Y, p(x,y)(az — ay)(al —a}) + Maf —Id)  (55)
z,yeV

where Id denotes the identity operator.

5.2 Intertwining operators

In this subsection we prove that the process with generator starting
from v, is intertwined with a deterministic process. This amounts to find
a differential operator representation for the creation and annihilation op-
erators (54)), in the spirit of [3]. In order to define the intertwiner, we first
introduce for a function f : N — R the associated generating function

Gie) =Y fm) e (56)
n=0

where we implicitly assume that the function f is such that the series defin-
ing Gf(z) is absolutely convergent in an open interval around the origin.
Notice that for z > 0, Gf(z) is precisely the expectation of f w.r.t. Poisson
distribution with parameter z. The following proposition collects intertwin-
ing relations between G and the creation and annihilation operators defined
above.

PROPOSITION 5.1. Let a,a’ be defined as above in , and G the gener-
ating function . Then we have

Glaf)(z) = 2Gf(2)

0G
caine = e rase) 67)
PROOF. This follows from a simple computation. ]

We now extend the generating function G to the multi-variate setting by
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tensorization. For f : NV — R a local function depending on 7;,7 € A with
A C V finite, we define

= > H f(mi,i € A) (58)

ni,tEA ZEA

Notice that if z > 0, then ¥ f(z) = v,(f) with v, the product of Poisson
measures with parameter z.

We have the following intertwining relation. Let ) denote the configura-
tion space RY. With small abuse of notation we denote by z configurations
in Q.

Denote, for f local and smooth, and z € 0

L) = > =pa,y) (2 — )0 — 9,) [(2) + A0 f)(2)  (59)

z,yeV

with 0, = az . Then .Z is the generator of a deterministic system of differ-
ential equations

d 2 (
4 Zp x, y Zy — Zx(t)) + )\53670 (60)
yeVvV

using the generator and the associated semi-group, we can rewrite ((60)
as follows
dz, (1)

dt

This is an equation which can be solved by the classical variation of constants
method, which gives

= (Lrw2)2(t) + Az (61)

2x(t) = Ep(2x,(0)) + )\/0 E.(6x,0)ds (62)

Using proposition we then obtain the following intertwining relation and
as a consequence evolution of Poisson product measures.

PROPOSITION 5.2. Let Lirw,o denote the generator of the independent ran-
dom walkers with source at the origin given in and £ the generator
of the deterministic system given in . Then we have, for every local
function f: NV — R, such that G f exists and is smoothly depending on z:

GLirwof = ZL9f (63)
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As a consequence for any p : V. — [0,00), if we denote v, the product of
Poisson measures with parameter p(x) at x € V, and v,(t) the measure
obtained at time t when starting the Markov process with generator ,
then we have

Vp<t) = Vp; (64)
with

pi() = Ealp(X0) + /O E. (5x. 0)ds (65)

the solution of with initial condition z,(0) = p(x). The density pi(x)
diverges as t — oo if and only if the random walk with generator Lrw is
recurrent. If this random walk is transient, starting from a homogeneous
Poisson product measure with density p, v,(t) converges, ast — oo to the
Poisson product measure with density

po(T) = p+ A / 2(0x,.0)d
which is a solution of the equation

Lrw f(x) = Az
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