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Abstract

We study conservative particle systems on W°, where S is countable and W =
{0,..., N} or W = IN, where the generator reads

Lf(m) = p(@,y)b(nz,my) (f (0 — 80 + 64) — F(0)).

Under assumptions on b and the assumption that p is finite range, which allow for
the exclusion, zero range and misanthrope processes, we determine exactly what the
stationary product measures are.

Furthermore, under the condition that p + p*, p*(z,y) := p(y, ), is irreducible, we
show that a stationary measure p is ergodic if and only if the tail sigma algebra of
the partial sums is trivial under p. This is a consequence of a more general result on
interacting particle systems that shows that a stationary measure is ergodic if and
only if the sigma algebra of sets invariant under the transformations of the process
is trivial. We apply this result combined with a coupling argument to the stationary
product measures to determine which product measures are ergodic. For the case
that W is finite, this gives a complete characterisation.

In the case that W = NN, it holds for nearly all functions b that a stationary product
measure is ergodic if and only if it is supported by configurations with an infinite
amount of particles. We show that this picture is not complete. We give an example
of a system where b is such that there is a stationary product measure which is not
ergodic, even though it concentrates on configurations with an infinite number of
particles.
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1 Introduction

For the exclusion, inclusion, zero range, and misanthrope process [12, 5, 3, 7] there
is a long history of research into the stationary and ergodic measures. For the exclusion
process, it is known for a long time that the model has invariant product measures which
are indexed by the particle density per site. It was shown that the model has stationary
measures which have a constant density and that there are measures which are indexed
with some parameter (A;)zes, Pln. = 1] = 5 ix that is reversible with respect to the
random walk kernel p, i.e. A\;p(z,y) = A\yp(y, x), see e.g. [12].

A similar picture was shown to be true for other models as well [5, 7]. For the zero
range process, however, this picture was not complete as was shown by Andjel [3].
The underlying parameters A for a product measure in case of the zero range process
were only required to satisfy > A.p(z,y) = Ay. In 2005, Bramson and Liggett [4]
extended the picture for the exclusion process by showing that product measures for
which (\;).es satisfies > A\op(z,y) = Ay and if A\yp(z,y) # A\yp(y, ), then A\, = A, are
stationary as well.

The problem of finding all ergodic measures for such systems is still open. Progress
has been made to classify which stationary product measures are ergodic. For the
exclusion process, this problem was solved in Jung [10]. For the zero range process,
the problem was solved by Sethuraman [17] under some additional conditions on the
interaction function g. Similar issues have been studied for the misanthrope process
and the inclusion process [2, 7]. For different models, different methods are being
used. Sethuraman [17], however, uses an approach that works for a range of models.

In this paper, we show that these questions can dealt with regardless of the spe-
cific model, i.e. we will work with systems with a generator of the form Lf(n) =
> ey P(@,y)b(nz,my) (f(n — 0z + 6y) — f(n)) where p is finite range and where function
b depends on the model that we are working with. We will take b bounded for conve-
nience, but the methods are not restricted to this case.

We start in section 2 by proving that a stationary measure p is ergodic if and only if
the tail sigma algebra of the partial sums is trivial under u. In fact, this is a consequence
of a result that is valid for more general interacting particle systems(IPS). We will show
that a stationary measure p for a general IPS is ergodic if and only if the sigma algebra
of sets that are invariant under the possible transformations of the system is trivial
under p. This result also shows that stationary measures for Glauber dynamics are
ergodic if and only if they are tail trivial.

In section 3, we will address the question of stationarity of product measures. We
show that the idea of Bramson and Liggett [4] extends to other models and that the
structure of the set of stationary invariant measures depends crucially on the structure
of the function b.

After that, we apply these results in section 4 to show which product measures are
ergodic. We use a coupling proof to extend the results of Jung [10] to the case where
W ={0,..., N}, which completely resolves the question if W is finite. We use the same
techniques to show similar results for the case that W = IN. In this case however,
we find interesting behaviour. For most functions b, we see that a product measure
is ergodic if it has zero mass on configurations with a finite number of particles. This
behaviour is consistent with the behaviour found for the zero range process [17]. For
certain functions b, however, this behaviour breaks down, as we illustrate in section
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5 with an example of a system where we have a stationary, but non ergodic, product
measure which concentrates on configurations with an infinite amount of particles, but
which follows a certain increasing deterministic profile.

1.1 Main Results

Let E = W¥ be the set of configurations (7,).cs for a countable set W and a count-
able set S. Let B be the product o-algebra. For example, the exclusion process is
defined on {0, 1}5, the zero range process on IN°, and the stochastic Ising model on
{—1,1}%. By n(t) = (n(t))ics we describe the configuration of the process at time . We
order S by a bijection ¢ : S — NN, so i < j if ¢(i) < ¢(j). Using this ordering, define
Sp={zeS : ¢(x)<n}and B, =0{n; : i € S,}. Define

Ag(i) == sup{|f(n) — f(O)] : forj#i: n;=(}

the variation of f at i € S. Define the space of test functions by

D := {fer(E) A ::ZAf(x)<oo}. (1.1)

€S

Define "¥ = n — 6, + d, and let V, , f(n) = f(n*Y) — f(n) For f € D, we define

L2 F(n) =Y p(, )b, 0y) Vay f ().

Note that for W = {0,1} and b(n, k) = n(1 — k) we obtain the exclusion process and that
for W = N and b(n, k) = g(n) we obtain the zero range process. We will refer to b as
the rate function and to this class of processes by the name product type processes. We
will assume that

Assumption 1.1. p is finite range and

sup > (@, y) +p(y,x)) = Cp < 0.

We also make the following assumption. Denote with p*(z,y) := p(y, ).

Assumption 1.2. p+p* is irreducible and b is positive except for the two cases b(0,-) = 0
and if W ={0,...,N}: b(-,N) = 0.

In the case that W is a finite set, we know by theorem 1.3.9 in Liggett[12] that there
exists a process 7(t) and semigroup S; : C(E) — C(E) corresponding to L*P. With
the same techniques it is not hard to show that there is a process 7(t) and semigroup
S; : D — D in the case that W = IN and b is bounded. In both cases D is a core for
L>P. Note that in the case that W = NN it is not the case that D = C(F). It seems that
D which is the uniform closure of bounded local functions is the natural space to work
with.

The zero range process has been constructed also for unbounded b in Andjel [3], the
results that we obtain in this article do not improve upon the results of Sethuraman [17]
with respect to the zero range process, so we will not deal with with this construction.
The methods developed here apply to the zero range process as the methods are valid
regardless of the structure of b.

For a more general interacting particle system, we follow the notation of Liggett
[12]. For T a finite subset of S and ¢ € W7 let cr(n, () be the rate at which the system
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makes a transformation from configuration 7 to configuration 6 (n) which is defined

by
n ifig¢T
0 =
T,C(n)z {Cz fieT

and put ¢z := sup{cr(n, WT) : n € E}. Lastly, define

Vo fn) = frc(n) — f(n).
For functions f € D, define L by putting Lf to be

Lfm) =% / er(n,d0) Ve /(). (1.2)
T

If we assume W to be finite, theorem 1.3.9 in Liggett [12] gives that L generates a
Markov process 7(t) and semigroup S; : C(E) — C(FE) for which D is a core.

Assumption 1.3. For general interacting particle systems, we work under the condi-
tions of theorem 1.3.9 in Liggett [12]. In particular we assume that

suchT:C<oo. (1.3)
z TSz

We have stated assumption (1.3) as it is needed for the proof of proposition 2.2. Note
that in the particular case of product type systems, assumption 1.1 implies assumption
1.3.

Furthermore, we define the set of stationary measures for the process generated by
L by Z(L). Proposition 4.9.2 in Ethier and Kurtz [6] shows that

I(L):{u: /Lfduzo erD}. (1.4)
We start with stating the result on ergodicity.

1.2 Ergodic measures for general IPS

In this section, we work with a generator L that is given by equation (1.2). For the
results that follow, we need the following assumption.

Assumption 1.4. Forn € E, T C S a finite set, ( € W7 such that c7(n, () > 0 there is a
n € IN, there are finite sets T},...,T,, C S and (; € W™, ..., ¢, € W such that for all
1 < n:
cry (0T1—17C1—1 0---0 9T17C1 o 0T,C(77)7 Cl) >0
and
01, © 0016, 007¢(n) =1

This assumptions states that if the Markov process allows the transformation from 7
to 07 ¢(n), then there is a sequence of possible transformations that returns the config-
uration to 7. Under this assumption, we can define the following o-algebra.

Definition 1.5. For a generator L, define the o-algebra Gj of sets that are invariant
under transformations of the process generated by L. That means that if G € G and
n€ G, T C S finite, ¢ € WT such that cr(n,¢) > 0 then 07.¢(n) € G.

Note that by assumption 1.4, G, is a o-algebra. We now state the main theorem of

this section.
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Theorem 1.6. If L generates a Markov process and u € Z(L), then p is ergodic if and
only if Gy, is trivial under p.

We give two corollaries to this theorem regarding two examples, see corollary 1.11
below. The first class of examples are spin flip systems, with a generators that read

Lf(n) = r(@,n)(f(n") = f(n))

x

for some rate function r, where W = {-1,1} and nj = 7, if y # = and 7y = —n,.
Important examples are stochastic Ising models.

The second class of examples are conservative systems, of which the product type
systems are a special case. The generator is given by

Lf(n) =Y r(@,y,m)Vayf(n).

Also Kawasaki dynamics belongs to this case.

Under some small assumptions, we identify the ¢ algebra G;, for these two types of
systems.

Definition 1.7. Define the following o-algebras.

(a) The tail o-algebra:

T:zﬂa (ny : « € S such that ¢(z) > n).

(b) The tail o-algebra of the partial sums:

H::ﬂ’;‘—lnzzﬂa Z Ny : M>MN

n d(z)<m

(c) A, the o-algebra of events that are invariant under moving particles from one site to
another. In other words, A is the collection of sets A such that ifn € A andx,y € S,
such that n, > 0, and in the case that W = {0,..., N}, n, < N, then also n*¥ € A.

First, we show that the last two o-algebras are equal.
Lemma 1.8. It holds that A = H.

We use this information combined with the following irreducibility assumptions to
obtain corollary 1.11.

Assumption 1.9. In the case that we are working with a conservative particle sys-

tem, we assume that c is irreducible. This means that if we have two configurations n

and 7 such that there is a finite box B C S such that ) agrees with 1) outside B and

> wen e = 2 _ucp e then there exists a sequence of configurations 1g = 1,...,M, = 1,
Ti—1,Ti

so that we have a sequence of sites in S: xy, ...z, such thatn; = n;'; and jump rate
T("Eifl, i, T]ifl) > 0.

Consider for example a product type conservative particle system, then this assump-
tion is satisfied if p is irreducible and b is positive except for the two cases b(0,:) = 0
and if W = {0,...,N}: b(-,N) = 0. It is easy to see that this assumption implies that
ng,p - A =H.
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Assumption 1.10. In the case that we are working with a spin flip system, we assume
that
inf r(z,n) >0
z,m
Under this assumption, we see that G;, = 7. In fact, we have this equality under
weaker assumptions on r, but we do not consider this here, as this result will not be
used for the rest of the paper.

Corollary 1.11. (a) If L generates a spin flip system and p € Z(L), then G, = T.
Hence, 11 is ergodic if and only if T is trivial under p.

H.

(b) If L generates a conservative particle system and p € Z(L) then G, = A
Hence, 1 is ergodic if and only if H is trivial under p.

Remark 1.12. (b) holds under condition 1.9. In the case that we are working with a
product type system, irreducibility of c is implied by the irreducibility of p. We would
like to obtain this result for stationary product measures under the condition that p+ p*
is irreducible, i.e. condition 1.2. In corollary 1.19, we will show that this relaxation is
possible.

The use of theorem 1.6 is not restricted to these cases however. For example it can
also be applied to the tagged particle process [13, 16, 15]. These models are just like
the product type IPS, but now one is interested in the properties of a single particle, the
tagged particle. One starts the dynamics from a translation invariant stationary product
measure. Important information can be obtained by looking at the environment as seen
from this tagged particle: the environment process. It is proven that the environment
process also has a stationary product measure, see e.g. [13], proposition III.4.3, or
[16], proposition 7. One would like to prove that this measure is ergodic, see [13],
proposition II1.4.8. The results in this paper give with minor adaptations a shorter
proof of this proposition. First of all a stationary measure v is ergodic if and only if
A N Z is trivial under v, where 7 is the o-algebra of shift invariant sets. The results
below in theorem 1.20 show under which conditions .4, hence ANZ, is trivial under p.

1.3 Results on product measures for product type conservative particle sys-
tems

We return to product type systems where the generator reads

L () = D pl. )b, 1) Vi f ().

For the existence of product stationary measures we make the following two assump-
tions.

Assumption 1.13. For alli,57 € W we have
b(i+1,57—1) b(1,7—1)b(i+1,0)

b(j.0)  b(5.0)  b(1,9)

This property ensures that we obtain a set of invariant product measures and can be
traced back to Cocozza-Thivent [5]. A second assumption is needed for the case W = IN
and will be explained below.

Assumption 1.14. If W = N we assume that

wf b(i +1,0)

=1 .
i b(1,1) >0
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Under these assumptions, the process generated by L”? has a natural class of in-
variant product measures. These are defined in the following way.

=0
(1.5)
Z)\ = Zak)\k
k
oy D+ 1,0)
)\ = hrnilnf W

A* is the radius of convergence of the formal sum Z,, so for A < \*, we have that
Zy < co. Note that if we are working with W = {0,..., N}, then we only define a;, for
k < N and as a consequence, \* is infinite. Because of assumption 1.14, we know that
A* > 1 > 0. This is also the reason for assumption 1.14. It can only be violated in two
ways, either A\* = 0, or there is an ¢ > 1 such that b(¢,0) = 0, which gives problems when
defining a for k > i.

Extend ) to have one value for each point in S, so A € [0, \*)°.
Definition 1.15. Let \ € [0,\*)®. Forz € S, define the marginal
pa, (n) = Z3 lan ;.
The measure 1 is defined as the product measure on W*:

px = Qzespn,-

The set of measures of this type is denoted by
P@(b) = {/.LA P AE [0,/\*)5} .

We see that given a function b, we obtain the set of measures Pg (b). Note however
that different b’s can lead to the same set of probability measures. We identify the
stationary product measures of this type.

Proposition 1.16. Let A\ be a solution of )~ A.p(z,y) = A\, >, p(y,z). Depending on
the structure of b, we have the following:

(a) If for all k it holds that b(n,k) = b(n,0), i.e. the zero range process, then u, €
Z(LbP).

(b) If b(n, k) — b(k,n) = b(n,0) — b(k,0) and A is such that if A\;p(z,y) # Ayp(y, ), then
Az = A\, , then it holds that i, € Z(LbP).
(c) If \up(z,y) = A\yp(y, ) for all z and y then uy € Z(L*P).

Furthermore, an invariant measure ) in the set Pg(b) must be of one of these three
types, i.e. X is a solution of ) A,p(x,y) = A\, >_. p(y,x) and the pair (A, b) satisfies (a),
(b) or (c).

Remark 1.17. Note that the condition b(n, k) — b(k,n) = b(n,0) — b(k,0) is equivalent
to b(n, k) = r(n) + s(n, k) where s is symmetric. Choose for example r(n) = b(n,0).

Remark 1.18. Furthermore, it is an interesting question whether these results can be
extended to infinite range p.
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Now that we know what the class of invariant product measures is, we can apply
corollary 1.11. But first, we show that irreducibility of p can be relaxed to irreducibility
of p+p*.

Corollary 1.19. Ifp + p* is irreducible and p € Z(L*P?) N Pg (b) then u is ergodic if and
only if ‘H is trivial under p.

A coupling argument is used to prove the following theorem. For a fixed generator
LbP pick py € Z(LPP) N Pg(b).

Theorem 1.20. Suppose W = {0,..., N}, then p, is ergodic if and only if ) ;.\ _; Ai +

Zm,,; % = 0.
Suppose that W = IN and that one of the following holds.
(a) \* < oo

(b) \* = oo and there exists a finite set ® = {d1,...,d,} so that gcd(®D) = 1 such that

2 bk+itLk—i—1
@C{alZl:supaksupl_[(+Z+7 : )<oo .

k Qk—d0k+td k bk —i,k+1)

(©) Din<rNit 2>t ,\L =00
Then it holds that py is ergodic if and only if ), \; = oo.

In the case that W = {0, 1} this result was proved also by Jung [10]. His condition
Dow (14\%)2 = oo seems different but is equivalent to the one given here.

Remark 1.21. Condition (b) is satisfied for example if it holds that sup,, % < o0.
Remark 1.22. In the case that W = N, one might think that it is possible to prove that
Ei \; = oo implies that i) is ergodic, without any further conditions like (a), (b), or (c).
We show that this is not possible in section 5. We give an example of a system where b
and p have a specific structure such that there exists a product measures of the given
type such that ), \; = oo, while i is not ergodic.

This raises the question under which additional assumptions ) . \; = oo implies
ergodicity. The proof in the case that W = IN shows some analogy with the proof of
theorem 1.8 in Aldous and Pitman [1] and the open question we see here is similar to
the open question in [1], see theorem 1.8 and example 7.5 in that article.

Remark 1.23. We give an explanation for the symmetric nature of theorem 1.20 in the
case that W is a finite set. We will see that the condition for ergodicity means that the
measure concentrates on configurations which have an infinite number of particles i.e.
> mi = oo, but also such that ) . (N — ;) = oo, i.e. infinitely many anti-particles. We
give a more intuitive view on this by the following approach. Instead of saying that a
particle moves from site x to site y with rate p(x, y)b(ns,n,), one could say that an empty
spot, or anti-particle moves from site y to site x with rate p(y, a:)l;(N — 1y, N —n,), where

b(n,k) =b(N —k, N —n),
15('7;7 y) = p(y’ ‘r)

For more details on this rewrite, see section 6 below.
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2 Proof of theorem 1.6 and lemma 1.8

We start with the proof of lemma 1.8, which states that .A = H. We refer to the point
#~1(0) as the origin.

Proof of lemma 1.8. Let A € A and fix n, we show that A € H,,. By the defining property
of A, we see that A does not depend on the exact configuration of 7 in S,, given its
configuration on S¢, but just on the sum of the values in S5,,. We elaborate on this
argument a little for the case that W = IN. If one understands the argument for this
case then it is clear for the finite case too. Suppose that we have a configuration n € A.
We see that the configuration 7(n); = (3_,cg, 7j)0¢-1(0)(1) + X2;¢s, m0;(¢) is in A too,
because A € A. So any configuration that is equal to 1 outside S,, and has } . s, i
of particles in §,, is in A. This means that given the configuration outside S,,, 14 only
depends on this )}, ¢ 7;. Hence A € 1, but n was arbitrary, so A € H.

Let A € H. Pickan € A, we show that for « and y so that n, > 0 that ¥ € A. Pick a
n so that n > ¢(x), ¢(y). We know that A € H,, so A does not depend on the exact values
in S,, but only on the sum ), es, i which is not changed by moving a particle from xz to
y, therefore n*¥ € A. This yields A € A. O

We start with proving theorem 1.6, but for this we need some machinery. Fix a
measure pu € Z(L).

Proposition 2.1. The semigroup S; on D extends to a semigroup S} on Lo(y). This
in turn defines a unbounded operator L*, with domain D(L*) which is the closure L in
Lo(w). D is also a core for L*.

We denote the norm on Lo(u) by |-[,. The proof is rather standard, but we give it for
sake of completeness in our general setting.

Proof. By invariance of i, we obtain that
2 2
ISef1, < 11 -

Hence, we see that S; viewed as a operator on the subset D C Ly(u) is a contraction.
We now prove that D is dense in £5(1). Clearly, D contains all local bounded functions,
which implies that its closure in £5(y) contains all local functions in £5(p). We prove
that all local bounded functions in £2(:) are dense in Lo(p).

Recall the definitions of B,,. Pick a bounded f € £5(u) and define the local functions
fn = E[f | By]. As taking a conditional expectation is a projection in a L2 space, we
see that |f,[, < [f],. Furthermore, the sequence f, is a martingale with respect to the
filtration (B, ),>0. By martingale convergence, f, converges to f in L£o(4).

By a truncation argument, we see that the bounded functions are dense in £2(u), so
indeed D is dense in La(p).

So, S;, being a contraction with respect to the Hilbert space norm on D C La(p),
defines by a continuous extension a linear operator S!' on L£o(x). This also defines a
generator L* with domain

Sif—f

D(L*) = {feﬁg(u) : ltijl})l t ;

exists in LQ(,U,)} .

As we clearly have that ||, < ||, it holds that L" is the closure of L and D C D(L").
As D is a core for L, we obtain that D is a core for L* as well.
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This last statement is obtained by using proposition 3.1 from Ethier and Kurtz [6].
This proposition shows that R(\ — L) is dense in D for some A > 0. We know that D is
dense in L£5(p), hence R(A — L*) is dense in £5(u). The same proposition yields that D
is a core for L*.

O

We now give a technical result which helps us to analyse the structure of the set Z.
Define in the spirit of lemma IV.4.3 of Liggett [12] and Sethuraman [17] the following
two quadratic forms, for f for which they are finite:

Q(f) = —Eu[fL"f]
1
R() = 3 5B | [ ernao) Tty
T
Liggett defines bilinear forms instead of quadratic ones, we will not do that here
because the following result is only true for quadratic forms. Below we will show that

equality for bilinear forms is possible only in the case that the underlying measure p is
reversible with respect to the dynamics.

Proposition 2.2. For f € D(L"):

Proof. The proof is analogous to that of lemma IV.4.3 in Liggett [12]. We will not repeat
the proof here, the key step that is different is to note that for f € D it holds that

1
E,(fLAf] = Bul/ L f] = SE,(L" ).
After that simply work out the right hand side and plug in the arguments from [12]. O

The same techniques can be used to prove that for f,g € D(L*)

B[+ gLt = S, [ [ a0V res @) (Vr.catn)

by using that E,[fL*g + gL" f] = E,[fL"g + gL" f — L*(fg)]. This shows that we have
equality for bilinear forms only when p is reversible with respect to the dynamics.

For the proof of theorem 1.6, we introduce approximating Markov processes. Recall
the definition of S,,. Define for f € D

Lo f) = 3 / er(n, ) (F (Or.c(m) — F(m))-

TCSn

Because S, is a finite set, L(™) is a bounded operator which therefore generates a
Markov Jump process with semigroup S;(n). This semigroup also extends to S (n) on
Lo(p).

Proof of theorem 1.6. Suppose that u is ergodic. Pick a set A € G;, we need to show
that u(A) € {0,1} or equivalently that the function 1,4 is constant u almost surely.
Intuitively one would like to say that L#1 4 = 0, because clearly for every n, finite T' C S
and ¢ € WT it holds that V7.1 4(n) = 0, hence S}'1 4 = 14 for all ¢, hence by ergodicity
14 is constant y almost surely.

EJP 18 (2013), paper 88. ejp.ejpecp.org
Page 10/33


http://dx.doi.org/10.1214/EJP.v18-2513
http://ejp.ejpecp.org/

Stationary product measures for conservative particle systems and ergodicity criteria

This reasoning is not rigorous, as we do not know whether 14 € D(L*). However, by
corollary 1.3.14 in Liggett [12] we obtain that S}'(n)f — S f for all f € L(u), uniformly
for ¢t in compact intervals.

The set A € Gy is invariant under finitely many transformations of the form 7 to
Or ¢(n) for T and ¢ so that ¢r(n,¢) > 0. Denote the Markov process generated by L™
by 1, (t). Under the law of this Markov process, the set on which there are only a finite
number of allowed transitions by time ¢ has probability 1. This means that for any start-
ing configuration 7, ¢ > 0 and n € IN it holds that S}’ (n)1a(n) = E,[La(n,(t))] = La(n).
Hence, for every t and n it holds that S{'(n)14 = 14 in the space L5(p). Furthermore,
St (n)1 a4 — Si'1 4, implying that S{'14 = 14 in Lo(u) for every ¢.

Now we can use the ergodicity of p with respect to the Markov process to obtain
that 14 is p constant almost surely, which implies that u(A4) € {0,1}. Since A € Gy, is
arbitrary, we see that G, is trivial under p.

For the second implication assume that Gy, is trivial under u. Fix A € B and assume
that S/l 4 = 14 p a.s. for all ¢ > 0. We will show that there is a set A, € G, such that
w(A) = u(A). First note that 14 € D(L*) and L*1 4 = 0. Hence, by proposition 2.2 we
see that R(f) = 0. This in turn implies that the set B, defined by

{n : 3T C S finite,( € W”, such that cr(n,{) > 0,1a(n) # La(07.c(n))}

has y measure zero. Let Ag = A. Define A; = Ap \ By and note that 14, = 14, p a.s.
because u(By) = 0. This means that

S#]lAl = S#]IAO = ]le = ]lAl M a.s.
This yields that the set B; defined by
{n : 3T C S finite ,( € W', such that e (n,¢) > 0,14,(n) # La, (07.c(n))}

has measure 0. Define A; = A; \ B;. We can repeat this step and construct As, Ay, ....
Note that A, 11 C A, and p(A,+1) = u(Ay) for all n. Define A, =(),, A, and note that

p(Aso) = p(A).

We show that A, € Gr. Suppose € Ao, T C S finite and ¢ € W* such that
cr(n,¢) > 0, we must prove that 07 () € As. This is not to difficult, suppose that
Or¢(n) ¢ A, then there is a N > 0 so that for all n > N 67(n) ¢ A,,, but then for all
n> N n¢ A,, so that it follows that ¢ A which is a contradiction.

This means that u(A) = (Ax) € {0, 1}, because of triviality of Gz, under . O

3 Proof of corollary 1.19 and proposition 1.16

First, we give a consequence of the definition of the product measures in Pg(b). Let
A be the set defined by

A d >0k {n <N} W ={0,...,N}
-\ {ny, >0} if W =N,

On the set A, define ;¥ to be the measure obtained from g by the transformation
n = Y7, de. Lapf"(dn) = Lapr(dn¥®).
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Lemma 3.1. For ), the Radon-Nikodym derivative corresponding to the change of
variables n¥"* to n is given by

dpx b(nz +1,my — 1) Ay

Proof. The transformation n — n¥%® only affects two coordinates. Hence,

dp3” Ay 1 ny—1 Ao
A dpin (n) = 1A27%W)‘7y
(L) b0) Al
b(ne +1,0) b(1,my — 1) Ay
_ blgyme)  As
B b(nz +1,my — 1) )‘y.

In the last line we use assumption 1.13. O

Using this information, we take a look at proposition 2.2 and theorem 1.6 in the case
that 4 = p), a stationary product measure.

Corollary 3.2. For u) a stationary product measure, it follows that

bp Y) + 320" (2, y) 5
E,, [fL"?f] = ZEM 5 b(nz,1y) (Ve f (1)

Furthermore, if i) a stationary product measure for L*P, then i is ergodic if and only
if Grv.(prp*) is trivial under .

This strengthening is useful, because the fact that p + p* is irreducible implies that

‘H = Grv.(r1p*), Which effectively proves corollary 1.19.

Proof. By proposition 2.2, we know that
2
E,, [fL'7f] = Z By [P 9)b(0, 1) (T ()]

Pick =,y € S, then we obtain by lemma 3.1 that

By [, )01 1) (Ve £ 01))°]

= [ pla,y)b(ne,ny) (F™Y) — f(n))? paldn)

()b ™) (f () = f(n"))* wX " (dn)

Pl ) 300y, me) (1) — F(m)* ()

Y

I
\\\

=E,, [( y)iyb(ny,m)(V;L,,wf(n))2
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This implies that

5 ZEM [P )b0 1) (V1)
- ;Em [
+ ;EM
3 ZEM

This equality implies that we can redo the proof of theorem 1.6 by using G (p+p*) in-
stead of G;»,» to obtain that u) is ergodic if and only if G; v (p+p) is trivial under py. O

Y b 10my) <vx,yf<n>>ﬂ

Az
(J], y)r

pTyb(ny, ) (Ve f(0))?

LA e (Vm,yf(n))gl .

Define the relation = ~ y if A;p(z,y) = A\yp(y,x). We start the proof of proposition
1.16 with:

Lemma 3.3. Let A : S — R" be a solution of ) A\,;p(z,y) = >, \yp(y,z) and suppose
that if A\;p(z,y) # A\yp(y, x), then X\, = \,. Then it holds that

> p(a,y) =Y ply.x)

Ty Ty

Proof. This is a short calculation.

j{:Ayp(yvx):: EE:Amp($7y)
::ji:‘xzp(x7y)*‘jg:‘xxp(fyy)

T~y Ty
=3 Aoy z) + > Aypl(x,y)
T~y Ty

Proof of proposition 1.16. Fix L”? and pick a measure p € Pg(b).
Let f € D. We are allowed to rearrange the terms in the next calculation, because f
is a local function and p is finite range.

/ Lfdps = / S pa, )b, my) () — F(0))pia ()
/ Zp:cy = ) F () ()

- / ZP(%y)b(nx,ny)f(n)m(dn)

(3.1)
/Zp (z y b(1y, 112) f (1) i ()
- / Zp(a?,y)b(nx,ny)f(n)m(dn)
T,y
Ay
/ Zb (N ) [ y,2) 3 = p(,y) | paldn)
EJP 18 (2013), paper 88. ejp.ejpecp.org
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We arrive at the fourth line by using lemma 3.1 on the first term. We obtain the last
expression by changing the roles of x and y in the first term.

Clearly, if for all z,y it holds that = ~ y then the integral is 0. This is case (c). Now
suppose that this is not the case and we have a pair 4, j such that A\;p(,j) # A;p(j, ).
Then the above argument does not work. Note that if we can prove that that for all
Nz, 1y it holds that >, b(n, ny)[p(y, )— —p(z,y)] = 0, then we are done. We start with
1.15(b), suppose that 1f x ~ythen \, = /\

ani,ny{ )iT p(x,y)]
:ZZb Nz, M) [P(Y, ) — p(z, y)]

Zwly; b(11z, 1y )P (Y @ ZE:; Ny y)P(T, Y)
—Zyzo;bﬂz»ﬂy Zyzo;b (ny12)P(y, )
—Zygb (112277 )P Zy:zjb (12 72)0(¥, @)
= ;ém,x)[b(m, my) — b(nz,mn
Zy;p% b(ns, 0) — b(11,.0)]

= %::;b(nz»O)@(y, z) — p(z,y)]

—Z;mm ; p(y. x) — p(z,y)

=0

In line five we use that ~ is a symmetric relation. In line seven we use the second item
in the assumptions. and in line eight we switch back the way we switched forward in
lines two to five. In the last line we use lemma 3.3.

For the proof of item (a), note that the method above does not work in this case as
we cannot use reversibility or the relation ~. However, b(n, k) reduces to b(n,0). We

check again that 3 b(1.,7,)[p(y, )* —p(z,y)] = 0.
Z b Nz, 77y |: Y, )iz

)\"/
= b(n.,0)) {p(yw)/\'z —p(%y)}

=0

- p(z, y)]

The last equality is due to the primary assumption on X: Y A;p(z,y) = Ay >, p(y, ).

We now prove that an invariant measure in the set Pg(b) must be of one of the
three given types. Pick a point z € S and a finite set B(z) containing z such that if
x ¢ B(z), then p(z,z) = p(z,z) = 0, i.e. B(z) contains all points that can be reached
by p from z. Let F(z) = {n : ifxz € B(z)\ {z} thenn, = 0}. Furthermore, let
F*(z) = {n : ifx € B(z)thenn, = 0}. Note that 1.y and 1p.(.) are local bounded
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functions, hence in D. Now fix some generator L = LYP for which we know p, but do
not know the specific form of b.

Suppose that we have a product measure u) € Pg(b), for a non-zero A and suppose
that p is invariant for the process generated by L"P?. This yields f L1p)dpx = 0 and
Ik L1 p«(;ydpx = 0 by equation (1.4). We now look at these integrals. First, note that by
definition of our indicator function we only have to look at couples where z or y is in
B(z). The third equality is due to a calculation similar to the one in equation (3.1).

Oz/L]lF ydpi

:/ > b0 ny)p(,y) (Lpe (™) = L) (n)) pa(dn)

x or yeB(z)

= [t X 600) o013 ~ )] st

yEB(2)

F e T3 600 bl sl e

zng(z) YyEB(2)

(3.2)

When using the same methods on the function 1z« (;)ux (7. = 0)~!, we obtain
0=pa(n. =0)"" /L]lF*(z)dMA
A
=07 [ e X5 80,0 o003 ol )] st
©¢B(2) y€B(2) ’

We know that u) is a product measure and in the last line the only term involving the
integral over 7, is the function 1p.(,), but clearly 1p-(,) = 1p(;)1y, —o}. Hence, we
can first integrate over 7, such that the normalising term disappears and then add the
integral over 7., because it integrates to 1:

0=pr: =0 [Lreo) 33 8000 o3 ~ o) s

x¢B(z) yeB(z)

(3.3)
A
(1o X3 00 [p0)3 st ma(an
«¢B(z) y€B(2) N
Combining (3.2) and (3.3), we obtain that
Oz/llF ) D b(n (9 2)2L — plzy) | 1a(dn) (3.4)
(Z) Z’ Y, >\z )

yEB(z)

After integrating over 7., we obtain that 3, {p(y, z)f\—y —p(z, y)} = 0. Hence, \ solves

>y APy, 2) = A 30, (2, ).

For the subdivision into items (a), (b), and (c), we adapt the above argument by look-
ing at two sites. Pick two distinct sites z and w such that p(z,w) or p(w, z) is non-zero.
Fix a finite set B(z,w) C S containing z and w such that if y ¢ B(z,w), then p(z,y) =
p(y,2) = p(w,y) = p(w,y) = 0. Let F(z,w) ={n : ifzx € B(z,w) \ {z,w} thenn, =
0,17, = n,ny = k} and let F*(z,w) = {n : ifz € B(z,w) then n, = 0}. We do a similar
calculation.

EJP 18 (2013), paper 88. ejp.ejpecp.org
Page 15/33


http://dx.doi.org/10.1214/EJP.v18-2513
http://ejp.ejpecp.org/

Stationary product measures for conservative particle systems and ergodicity criteria

L1 (. wydpn

o= |
= /llp () (MD(02, 1) [p(wﬁ)il: —p(W)] px(dn)
- / Lpcw® Y. b=y [P(ZJ’Z);Z p(z y)] 1 (dn)
yeB(zw)\{w}

+

w

Rt (000012 |1l 0)3 = 90, 2) | s ()
Ay

+

— —

L) Y b))

yEB(z,w)\{z}

+/1F(zw Yo > bmy) [(y,w)iz—p(x,y)} ()

¢ B(z,w) yeB(z,w)

We clarify the last expression. We have split the sum over z and y into a number of
parts, in the first two lines x = z, in the second two lines £ = w and in the last line we
sum over z ¢ B(z,w). The sum over = € B(z,w) \ {2z, w} does not play a role because on
the set F'(z,w) we integrate over b(0,-) = 0. The term in the last line is 0 because it is

equal to
z = w = k
(= = n) (i = k) /LllF*(z,U,)dm,
pA(n: = 0) pA (1w = 0)
just like in the argument where we singled out only one point in S. We obtain that

0= b(n,0) [p(y, Z)% —p(z,y)]

yFw

+3 " b(k,0) [p(y, w)% - p(w, y)}

y#£z
0 ol )3 = ple)]
#blk) [0 3= = (w2

Now, we add the terms missing from the first two sums and subtract them from the

last two sums:

0="b(n,0)" [p(y, z);\\—z —p(z, y)]

Y

+b(k,0)) [p(% w) i” —p(w, y)]
#1000 ) = 60,0 [plw. )3 (e

w

00k m) = (8 0)] [ )3 2

Note that the first 2 lines are zero, because )\ satisfies

D Aap(a,y) =D Ap(y, )
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Therefore, we obtain

0= b — b O)] )5 )]
: (3.5)

Az
+ [b(k,n) — b(k,0)] [p(z,w) S p(w, z)] .
From equation (3.5), we can derive necessary conditions for A\ to yield an invariant
measure for a certain b.

Suppose that b does not depend on the second variable, b(n, k) = b(n,0), then we see
that this yields 0 in equation (3.5). This is option (a) in the proposition. Now suppose
that we have a k so that b(n, k) # b(n,0). We can rewrite equation (3.5) as the following
equality:

30, (.00 0, 2) 32 s, 0]

As
Az

= 32 Bk = 0080 ol )32 — p(e)]

This gives by the assumption that p(z, w) + p(w, z) > 0 either

b(n, k) — b(n,0) = i— [b(k,n) — b(k,0)] (3.6)
or \
p(w, z)% —p(z,w) =0. (3.7)

Now we can simply take A to be reversible, which is exactly equation (3.7). This is
option (c) in the proposition. Suppose that we have two sites z and w so that A is not
reversible: p(w, z) ;\z — p(z,w) # 0, then equation (3.6) must hold.

Consider the situation where iu = ¢ # 1, then b(n, k) — b(n,0) = c(b(k,n) — b(k,0)).
Note that because b(n, k) # b(n,0), clearly b(k,n) # b(k,0), so we could have made the
same argument with n and & the other way around to obtain that b(n, k) — b(n,0) =
¢ 1(b(k,n) — b(k,0)), a contradiction. Hence the assumption that p(w, z)f\— —p(z,w) #0
leads to the fact that A, = \,. And this in turn leads by equation (3.6) to b(n,k) —
b(k,n) = b(n,0) — b(k,0). This is option (b) in the proposition.

O

4 Proof of theorem 1.20

We prove the following two theorems, which imply theorem 1.20 by using corollary
1.11. Let py € Z(L*P) N Pg(b), and X not identically 0. We will denote sy by P in this
section.

Theorem 4.1. In the case that W = {0, ..., N} the following are equivalent.

1. A is trivial.
2. Zmi<1 P[n; > 0] + Zi:)\iZI P[n; < N] =00

3 X< Nt i Ai =

Remark 4.2. In items (2) and (3), an element of the sequence i is either in the first or
in the second sum depending on whether \; > 1. In fact, the constant 1 is arbitrary and
can be replaced by any other c > 0.
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In the case that W = IN there is no maximum number of particles, so we need to
adjust (2) and (3).

Theorem 4.3. Suppose that W = IN, and that one of the following assumptions holds.

(a) \* < oo

(b) \* = oo and there exists a finite set ® = {d1, ...,d,} so that gcd(®) = 1 such that

2 d—1 . .
a bk+i+1,k—i—1)
Dcid>1: sup—=E— =su 2 : <00yp.
{ - kpak—dak+d kpg) b(k —i, k+1) }

(©) D in<cr Nt i1 ,\% =00
Then, we have the following equivalence.
1. A is trivial.
2. >, Pn; > 0] = occ.
3.3, A =o0.
We cut the proofs of both theorems up in three parts. Note that we only need the

extra assumptions in theorem 4.3 to prove the implication (2) to (1). We start with
showing the equivalence of (2) and (3).

Proof of the equivalence of (2) and (3) in theorems 4.1 and 4.3.
For the case that W = {0,..., N}, we obtain by elementary calculations using the defi-
nition of the measure P = p that

X NS Y P0s Y

A <1 A <1 <1
and
N-1
anN_1 1 —o dk 1
— )TS Ip[m<N]§D€70§ T
Doh=0k a1 M e AN a1 M

In the situation where W = IN, the situation is slightly more difficult. First, use the
fact that Z, > Z; = 1 to obtain

ZP[W >0] < Z]P[m‘ =1]
Ai

= Z 7

<> A

For a bound in the other direction, we use the fact that assumption 1.14 implies that

ag b(k+1,0)
= >1>0.
Q41 b(Lk)
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Using this lower bound, we find

ZP[W >00=> Y Py =k+1]

i k=0

_ZZ U NPy = k]

Q41
>IZ)\ ZIP
_IZ)\

Proof that (1) implies (2) in theorems 4.1 and 4.3.
We start with theorem 4.3 and argue by contradiction. Suppose that ), P[; > 0] < oo,
then by Borel-Cantelli it follows that

Plzi:m<oo] =1.

Define for every n € IN the set A, = {n : >, n; = n} and note that A4,, € A. It follows
by (1), that for every n it holds that P[A,] € {0,1}. Therefore, there is a n* such that
P[A,-] = 1. Clearly, we must have that P[A,+41] = 0. Fix some site s € S and consider
the set A,+ as the disjoint union over sets that specify the number of particles at s.

=Y P> ni=n"—k| Py, =k

k=0 i#s

The same approach for the set A,,-,1 yields

0=P[Ayn] > P n=n"—k| Pl =k+1]

k=0 i#£s

—ZIP anfn — k| Plns = k]As ak“.

k=0 i#s

However, the term on the right is clearly unequal to 0 as A “’“* L > 0 for every k, which
contradicts P[A,+11] = 0.

A similar approach can be used for proving (1) to (2) of theorem 4.1 by considering
the set

Z n; — Z(me)<oo

A <1 A >1

The proof of (3) to (1) in both theorems uses a coupling argument.

From lemma 1.8, we know that A = #, so we look at H instead. As S is a countable
set, we assume for the moment that it is equal to IN to simplify the notation. Define the
partial sums Z,, = Z?:O n;, then H is the tail o-algebra of the Z,,.

EJP 18 (2013), paper 88. ejp.ejpecp.org
Page 19/33


http://dx.doi.org/10.1214/EJP.v18-2513
http://ejp.ejpecp.org/

Stationary product measures for conservative particle systems and ergodicity criteria

Define transition matrices p,, for every n € IN by p,(x,y) = px, (y — x). We see
that the chain (Z,,),>0 is a time inhomogeneous Markov chain with transition matrices
(Pn)n>0- Let p((to, ko), (t, k)) give the probability that the chain that is started at time ¢,
in ko is in k at time ¢, in other words p((to, ko), (¢, k)) = (HfztoJrl pi)(ko, k).

The next theorem is theorem 4 of Iosifescu [8], but can also be derived from theorem
4.1 in Thorisson [19] or from theorem 20.10 in Kallenberg [11].

Theorem 4.4. H is trivial if and only if

nll)IIc}o Z |p((n0, 50)7 (na])) - p((oﬂ 0)7 (nhj))‘ = O

for allng € IN and sg € IN.

Note that if we can prove for all ng, sy € IN that

Jim ST P(Zn, = 3 Ip((n0,50). (1.9)) = p(n0. ), (m. )] = 0

then we satisfy the condition of the theorem. Furthermore, note that for a fixed s the
sum over j is two times the total variation distance between two chains starting at time
no in the point sy and in the point s. So, if we can show that the total variation distance
converges to 0 for any point s then by the dominated convergence theorem also the sum
over s converges to zero.

Corollary 4.5. If we have a successful coupling of two chains starting at time ng at s
and at sy, for every ny, s, sg, then H is trivial.

Proof. Let T be the coupling time. A successful coupling means that P[T < oo] = 1. Let
Y be the chain started at time ng at sy and let Y be the chain that starts at time ng at
site s.

Q‘KL_Yn

TV = Z ‘p((nOv 80)7 (n7])) - p((”Oa S)’ (nv.]))|

By the coupling event inequality which can be found as equation (2.10) in Lindvall [14]
we know that ’

By letting n go to infinity, we obtain the result. O

Yvn*ffn

< 2P[T > n — ng]
TV

We need to construct a successful coupling of two chains starting at time ng at
positions sy and s. We do this by the so called Mineka coupling, which is described in
Lindvall [14]. Let ai = 1/2 (ux, (k) A pa,(k +1)). Let R; and R; be the step sizes of the
coupled random walks, their probabilities are given by:

P[(R;, R;) = (k—1,k)] = aj,_,
P((R;, R;) = (k,k—1)] = aj,_,

P((Ri, Ri) = (k. k)] = pa, (k) — af — .,
Now let Y,, = so + Z?:noﬂ R;and Y, = s + Z?:ngﬂ R; forn > ng as long as Y,, # V.
From the first moment that Y,, = Yn we let Y and Y make the same steps of which the
distribution is given by the measure pu). It is easy to check that the marginals of Y and
Y are correct. If we look at the difference of these two chains V,, = Y,, — Y,,, we see that

V, starts in Y,,, — Y,,, = so — s and (V,,),, makes steps of size one and of size zero only.
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Furthermore, the expectation of steps is zero. As long as V,, has not hit zero yet, then it
will make a random walk given by the transition probabilities for R and R. Tt is a well
known fact that if such a random walk makes an infinite number of non-zero steps, then
it is recurrent, see e.g. example 1.E2 in Spitzer [18]. So, if we can prove that the chain
induced by R and R makes an infinite number of steps, then V' will hit zero eventually
and thus the coupling is successful.

Lemma 4.6. The coupling is successful if

S Py =K AP =k +1] = cc.
) k

Proof. The random walk given by R and R makes an infinite number of non-zero steps
if >, 3=, 2a8 = oo by Borel-Cantelli. But, this is exactly the claim. O

We give a small summary in the form of the next corollary.

Corollary 4.7. A is trivial under the product measure P if

SO Pl =K AP =k +1] = oc. (4.1)
ik
The result can be generalised by using Bezout’s identity. The proof of this lemma is
elementary, see e.g. [9, 20].

Lemma 4.8. For a finite set ® = {d.,...,d,} of positive integers, there are z1,...,xz, €
Z. so that:

ged(D) = z1dy + -+ + xpdp.
Furthermore, ged(®) is the smallest positive integer for which this is possible.
We use it to prove the following theorem.

Theorem 4.9. Suppose that there exists a finite set ® = {di,...,d,} for some p such

that
D C {d>0 : ZZIP[kard}/\IP[mk]oo}
ik

and ged(®) = 1, then A is trivial under the product measure P.

This result is analogous to theorem 1.8 in Aldous and Pitman [1] and is proven by
similar methods.

Proof. We need to couple two walks Y and Y that start at time ng in sgp and s. Let
again V =Y — Y, and denote Vo = so — s the difference. By Bezout’s identity, lemma
4.8, and the fact that gcd(®) = 1, we can write 1 = x1dy + --- + x,d,. Hence, V,, =
Viex1di + - - + Vi xpdp,.

The idea is that we use p different versions of the Mineka coupling, one for each
integer in ©. First we use a coupling so that the difference of the walks makes step
sizes 0, —dy, d;. At a suitable time, we switch to a coupling so that the difference makes
steps of sizes 0, —d», dy and so on. Define for d € D,

0} (d) = & (13, () A ox, (k + ).
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We start the coupling just as in the case where 1 € .

P((Ri, R;) = (k — d1, k)] = o},
P((Ri, R;) = (k, k — dy)] = Z 1(d1)
P[(Ri, ;) = (k, k)] = pi — a(dr) — @y ()
Let Ty = inf{n >ng : V,, = Vyyxada + --- + V,,zpd, }. T1 is almost surely finite because
dy € © and the argument preceding lemma 4.6. Now let Y,, = sg + Zf:nﬁl R; and

Yn =s+ Z?:no 11 Ri until 7;. From time T onwards, we let the walks evolve with steps
of size ds, so:

P((R;, ;) = (k — da, k)] = o (d2)
P((R;, Ri) = (k,k — da)] = af,_;(d2)
P[(R;, Ri) = (k. k)] = p}, — o (d2) — o, (d2)

Conditional on its position at time T3, we define T = inf{n > Ty : V,, =V, x3ds +--- +
VnoTpdy}. Because T is almost surely finite and the fact that dy € D, it holds that 75 is
also almost surely finite.

We repeat the last step for 3 to p and obtain that T, = inf{n > T,y : V,, =0} is
almost surely finite. O

This machinery is sufficient to prove implication (3) to (1) in theorems 4.1 and 4.3.
We start with theorem 4.1.

Proof of (3) to (1) of theorem 4.1. Recall (3) of the theorem:
St X n=e
, Ao
A >1 A <1

First, suppose that ), , _; A\; = co. We check the condition in corollary 4.7. We use the
fact that a; = ag as follows from the definition in equation (1.5).

ZZP[niZk]/\P[m‘ZkJrl]

2
ai
2 Z Pln; :O];AZ
ihi<l 0
> ZL Ai
Lin<t
=00

Now suppose that ZZ A2 Ai = 0o. We split this into two cases, let B = —“5};1 v 1.
First suppose that ¥~ > 1 and

> /\i = o0, 4.2)

i;1§>\i<“fj—§1

then there are infinitely many ¢ such that 1 < \; < ‘12’—‘1 For a given k, the set of
probabilities
an—_
{IP[m — k] : isuchthatl <) < — 1}
an
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is bounded from below by some positive constant. Hence, applying this for both k& and
k+1weobtain ), >, Pln; =k AP =k+1] =00

The other case is that the sum for elements i so that \; > B is infinite:

1
— = o0.
iiA>B "

For \; > B, a small calculation shows that P[n; = N] is bounded from below by C' =

aNBN
ZB ‘
ZZ]P[’% =k AP =k+1]
ik
11
Z (1 A an 1)
\>B anN )\1
- X BT
NoB an )\z
o Z
> ’L
=00
This proves theorem 4.1 (3) to (1). O

Now we prove (3) to (1) for the second theorem. We take two approaches to show
that A is trivial. The first approach resembles the proof of (3) to (1) of theorem 4.1
above. Under the assumption (a) that A* < oo or (¢) that Y7, _; Ai + X5y 57 3 = o0,
this method will show that ) .\, = oo implies that A is trivial under P = p,. The
second and more difficult approach will be used for the case when \* is infinite and
yields results under assumption (b).

Proof of (3) to (1) of theorem 4.3, using assumption (a) or (c).
We start the first approach by analysing the minimum of the two probabilities P[n;, =
k] AP[n; = k + 1]. Recall the definition of I from assumption 1.14, which implies that

Ply; = k] 2 Py = k +1].

> L
A

Therefore,

]
]
=
S
I
=
>
=
I
ol
Jr
M
:
VRS
>|
>
-
N———

—Z(Al) (i > 0]
Z 771>O+IZ Pln; > 0].

A< A>T Ai

As we already know that (2) and (3) are equivalent, (2), and thus (3), implies that
> P[mi > 0] = co. Suppose now that the sum } , _;P[n; > 0] = oo, then we are
done.
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On the other hand, it could be that ), . ; P[n; > 0] = cc. This implies that there are

infinitely many terms ¢ such that A; > I. Note the following for \; > I:

Pln; > 0] =1-P[p; = 0]

Hence, we obtain

As
and note that o S <

I
— Pl >0 > ——
,Z:A M:>]_1+I§:A
A>T N >1

Therefore, if 3., -+ = oo, then
SN Pl =K AP =k+1] =00
ik

This means that we need to check whether } .., - ; + = 0.

However, under condition (a), that A\* < oo, & > 3.

many terms i such that \; > I yields Y, , -, /\i = 0.

The fact that there are infinitely

Under condition (¢), Y., s Ai + Xia,57 3 = 00, the result holds as well. If the
second sum is infinity, the result holds by the discussion above. If the first sum is
infinity then it follows that » , _;P[; > 0] = oo, which also implies that the result
holds.

O
Proof of (3) to (1) of theorem 4.3, using assumption (b).
Recall assumption (b): A\* = oo and there exists a finite set © = {di,...,d,} so that
ged(®) = 1 such that
b(k + i+ 1L,k—i—1)
C dzl:supi <00 yp. (4.3)
{ k Ok—d0k+d Ll:[ (k—i,k+1) }
Start by assuming the special case that © = {1} i.e.
sup ———— < o0
k Qk—10k+1
the proof in full generality is only slightly more difficult and uses similar arguments.
Recall the definition of a; and note that ag = a; = 1. Define the following two sets.
k#0: 21 <gp <2t y{0} ifz<l
M*(z) = e azkl < o o> 1
70 =2 x<aH1 if x> (4.4)
M*(m){k7é0 : ak*l_w ah }
ag Ak+1
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The intuition behind these sets is the following. Fix x and £ > 0. Then it holds that
k € M*(z) if and only if . (k) > p(k — 1) and p,. (k) > p.(k + 1). This can be seen by an
elementary computation, using that

NT(k) _ agk z

po(k—1) ap—1 "’

and
pa (k) _ % l
pa(k + 1) g1 T

For the case that k£ = 0, we have 0 € M*(z) if and only if x,(0) > p,(1). This can be
seen by using

pall) _ @,

142:(0) ao

Similarly, for 2 and k£ > 0 we have k € M, (z) if and only if p,(k) < p.(k — 1) and

We will show that both M*(z) and M, (z) are finite sets, and that the elements of
both sets can be ordered in a sequence such that 0 < up < dy < u; < --- < dp < Up,
where u; € M*(z) and d; € M,(x). The idea is that we look at the sequence “’;—;1 and
look at the locations in this sequence where it crosses = in the upward direction, and
the locations where it crosses x in the downward direction.

The first thing to note is that by assumption \* = lim infy a(:: - = 00. This means that
at some point it holds for every £ that a‘:il > z and thus that the set M*(z) is finite. To
initialise this construction, put ug = 0if x < 1 and if x > 1 put

. ak—1 Qg
ug = inf <z< .
k>1 ag Ak+1

Note that this value is finite, because a;/ap = 1 and A\* = liminfy, a’Zil = oo. By con-

struction uy € M*(z). Furthermore, it is easy to see that elements in M,(z), if they
exist, are bigger than wug.

If inf {k >ug @ Bl > g G } < 00, then define the next downcrossing

k
ag Ak+1

. ap— a
dlzlnf{k>u0: Pl k}
ag Q41

and the subsequent upcrossing

. ag— a
u1:1nf{k>d1: k1§x< k}.
ag ak+1

Note that u; exists and is finite because A\* = liminfy, ‘:j - = 00. Repeat this step and

a
define dy < up < --- < d, < up,, where u, is the last upcrossing of the level x.
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Using this sequence, we rewrite the sum

Zum ) A (k4 1)

ugl

Zﬂz ) A iz (k4 1)

p dqfl uqfl
Y D palk) Apa(k+1)+ Zum ) A i (k + 1)
:1 i=uq71
+ Z iz (B) A e (k4 1)
uofl a
= 3 i) |14 %L
=0 @k
P dg—1 ug—1
ak+1
¥ N P KD T IV
D3| X methen [ 3w 105
= ap 1
+ «(k+1 - A1
Z pal ) |:ak+1 z }
1=Up
By construction of the sequence of v, and d,, we obtain
Z:ufa: ) A pa(k + 1)
wo—1 p dg—1 uq—l foe)
=0 q=1 |i=ug_1 i=up

Careful examination of these sums reveals that for a given k p. (k) occurs twice if
k € M.(z), once if k ¢ M,(x) U M*(z) and not at all if ¥ € M*(x). This shows that

Zﬂw YA pe(k+1) =1 > pe(k)+ Y pa(k). (4.5)

keM*(x) keM, (x)

We work as before, we have assumed that ), \; = oco. First, suppose that

> Ni=o, (4.6)

ZZIP K AP =k+1]> 37 P =1]

Il
‘v
N[>

I
8
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This leaves the case that ), , -, A; = oo. This tells us nothing but the fact that there
are infinitely many sites ¢ so that A\; > 1. We use this to prove divergence of

DD Pl =K AP = k+1].

The sets M* and M, and equation (4.5) allow us to rewrite this sum.

Y D Plhi=kAPH =k+1]

iAi>1 k
= z{: 1- j{: NAi(k)'+ z{: Mki(k)
iA>1 | keM*(X\;) keEM.(N\;)

> 1- j{: ”Ai(k)

A2l | keM*(X;)

So if we can bound ), ;- () M (k) away from 1 uniformly in 4, then this sum is infinite.

For k € M*(x), we see that

2
a a a
< k _ k+1 k

b
ap—1 A QR—10k41

S

which in turn implies that
akxk

Zy
apx

k+1 1

Zy

< Holk+1) [} '

We use this to bound the following conditional probability.

e (F) o ta(k+1) [ ai ]
ﬂr(k) + .ux(k + 1) - ,th(k) + Ux(k + 1) Ap—10k+1

- (1 PR R = 1)) L'ZJ

This yields for C'(k) = [L} that

Ak —10k+1
pa (k) < _Ck)
po(k) + pe(k+1) — 14+ C(k)
Note that bounding the sum 3, /. y,) #a, (k) away from 1 uniformly in i is possible by

bounding away fractions of the type found in equation (4.7) from 1, but this is equivalent
to bounding away C(k) from co. Hence we obtain as a condition that

(4.7)

o
sup — <X
z,k€M* (z) Ak—10k+1

If we fix some z and some k ¢ M*(x) then this fraction is bounded by 1, so it holds

uniformly if
aj
sup —— < Q.
k Ok—1Qk+1
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If we plug in theorem 4.9 instead of corollary 4.7, then we can improve on the last
calculation to obtain (3) to (1) of theorem 4.3.
O

5 A Product measure following a deterministic strictly increasing
profile

In the case that W = N, one might think that ) . \; = oo is enough to prove that A
is trivial. This is not necessarily the case as one can see from the next example. We
construct a particle system and a non-ergodic stationary product measure such that

Construct a conservative product type particle system on NN with the following
properties. First, we define the nearest neighbour transition kernel p, which we take to
satisfy p; i+1 +pii—1 = 1, let po1 = 1 and let p1 » € (0,1). Second, let A\; = (2i? +1)!, then
define the other p; ; by

Dijit1 = X = dic1Pisni A:1p171’2~ (5.1)
7
By induction, using the fact that A\;;1 > X;, we see that indeed p; ;1 € (0,1) for all 4,
so p is irreducible. Furthermore, from equation (5.1), we see that p is reversible with
respect to A, so A is a candidate to generate an invariant measure for conservative
particle systems. Now define the function b:

1

b(n, k) = ﬂ{n>0} m

and note that this function is bounded, so that there is a corresponding Markov process.
Furthermore, assumptions 1.13 and 1.14 are satisfied.

Define the product invariant measure P = ;) on INN associated to A by giving the
coefficients ay,

The one site marginal is as before P[n; = k] = ax\¥/Z,,. A small calculation shows that

]P[??k =K%+ n] 1
P, = k2] (2k2 4+ 2)"
P, = k* — n] 1
Pl = #] QR+ D7

Note that the sequence % is decreasing. A moments thought shows that in this
case corollary 4.7 is in fact the strongest case of theorem 4.9.
Hence, by equation (4.5), we see that

SN Pl =n] APl =n+1 =3 1Py = k7
k n k
=Y Plm # k).
k

By Borel-Cantelli and corollary 4.7, we see that P[nj;, # k? infinitely often] = 1 implies
that A is trivial under u). We now show that we can reverse the implication as well.
Suppose that P[n, # k? infinitely often] = 0. Define 4, = {n : >, (m — k*) = n}
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and note that A, € A. Furthermore, a calculation shows that these sets have positive
uy measure, so indeed A is not trivial. So in this case we obtain a strengthening of
corollary 4.7 to

Ais trivial under 4 <  P[n # k? infinitely often] = 1. (5.2)

We check which of the two possibilities is the case here.

> 1Py, = k7]
B

=SS Pl =k —n)+ > Pl =k + 1
k

1<n<k n>1

, 1 1
<P 3 GEiy L g

1<n<k n>1

1 2k%+1 1 2k%+2
= Pln. = k2
Zk: [ ]{2k2+1 2?2 +2k2+22k2+1]
1
<22 5
k

< o0

So we see that A is not trivial which in turn implies that u) is not extremal and can be
disintegrated into measures (™) supported on the sets A, = {5 : Sou(me — k%) =n}:

neZ

where py(4,) > 0 for all n.

6 Anti-particle perspective

In this section, we elaborate on the symmetric nature of theorem 1.20 in the case
that W ={0,..., N}. We work with a system where

LPf(n) =Y p(a,y)b(12,1y) Ve y f (0)-

z,y

In the process particles jump from z to y with rate p(z, y)b(n,,n,). Instead of saying
that a particle jumps from z to y, one could say that an anti-particle jumps from y to x.
The next step is to forget about the motion of the particles, and only look at the motion
of the anti-particles. It is clear that this motion contains exactly the same information as
the motion of the particles. This way of looking at the system has some consequences.
Define the transformation 6 and the following adapted versions of b and p:

(977)1 =N-1n,
b(n,k) =b(N —k, N —n)
f)(x,y) zp(y,a“)

The motion of the antiparticles can be described by these adapted versions. Clearly, if
there are n particles at some site, then there are N — n antiparticles, this explains the
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definition of §. A transition of a particle from z to y with rate p(x, y)b(n,, n,) corresponds
to the transition of an anti-particle from y to = with rate p(x,y)b(n,,7,). We would like
to rewrite this rate in such a way that we recognize it in a familiar form. First of all,
the anti-particle moves from y to  so we turn p around: p. Also, we must write 7, and
7y in anti-particle form, and we must write it in such a way that the first coordinate
describes the number of anti-particles at the site of departure. This leads us to the rate
of moving an anti-particle from y to « with rate p(x, y)b(nz,7y) = (v, :v)INJ(N—ny7 N—n;) =
P(y, )b((61)y, (#1).). Thus, this model can be described by the generator

L"%g(6 ZP 2, 9)b((00), (00)) Va,y9(0n), (6.1)

which is exactly the form we are used to. Note that the assumptions that hold for the
model associated with L'? also hold for L'?, Hence, L'? generates a semigroup 5.
Without to much work we see that equation (6.1) leads to L*?(f o §)(n) = L»P f(6n).

We restate the results in theorem 6.1.

Theorem 6.1. For f € D, it holds that

LYP(f 0 0)(n) = LY f(6n).

For f € D = C(E), it holds that

Se(f 0 8)(n) = S.f(6n).

As a consequence, we obtain that if {5(¢) : ¢ > 0} is the Markov process generated
by L¥?, then {(6n)(t) : t > 0} is the process with generator L7,

6.1 Anti-particle perspective on product measures

We look at how to interpret proposition 1.16 from this perspective.

We start by looking at the case that b is independent of the second variable, the case
corresponding to proposition 1.16 (a) where b(n, k) = b(n,0) for all n and k. These b are
not suitable for the case that W is a finite set, because we need the fact that (-, N) = 0.

For the cases (b) and (c) in proposition 1.16, the A that generate invariant measures
satisfy one of the following two conditions.

e If x ¢y then Ay = Ay.
e For all z and y it holds that x ~ y.

Denote by m = £ for some ¢ > 0. Suppose that A solves
> Aap(@y) =N > ply, @
Then it is an easy calculation that 7 solves

Zﬂ-xﬁ(x7y> = 7Ty Zﬁ(ywr

Furthermore, if ) is reversible with respect to p then « is reversible with respect to p
and the property that: if  and y are such that A;p(x,y) # A\yp(y,x), then A\, = A, is
turned into: if « and y are such that 7,p(z,y) # 7,p(y, z), then 7, = .
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We look at how the second item in proposition 1.16 should be interpreted for the anti-
particle model. One would think that the anti-particle perspective would give invariant
measures for functions b so that b(n,k) — b(k,n) = b(N,k) — b(N,n), but notice that a
small calculation using assumption 1.13 yields that b(N, k) — b(V, n) = b(n,0) — b(k, 0).

The associated product measures must change too. Denote the values a,, analogous
to the values of a,,:

dozl
H z+10
Z

k

and define the product measure v, by its marginals v, (n) = Eznng;xl. One would hope
that an invariant product measure for LPP given by p, is also given by the invariant
measure for L"? written by v, for some suitable 7. This is indeed the case.

Proposition 6.2. Let m = % ;72 then it holds that 11, (dn) = v (dfn).

Proof. We only need to prove the statement for a single marginal. So we assume that
A and 7 only have one index and prove that py(N — n) = v;(n). Recall assumption 1.13
which we use to obtain the third line in the following computation.

. _"1:[1 b(1,4)
! Z.OB(@'+10)
BN —i,N 1)
LLB(N, N —i— 1)

B N —i,0) b(1,N —1)
_Hb N —i—1) b(N,0)

:<W) nHlb —z—)1>

-1
b(1, N —1)\" —1,0) —1,0)
:< b(N,0) ) [H b1N—z—1HHb —1—1)]

It follows that
o b(L, N —1)\" _; 1 b(N,0) "
anmT = —_— a an— e ——
" b(N,0) NEN= A XB(L,N = 1)

N\
:ax,laN_n)\an (/\) .

So if we use this information to calculate the probabilities we obtain

Anm™  an_p AV
va(n) = T = N (N ),
Zn AN
which is what we wanted to prove. O
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Lastly we comment on the symmetric nature of the first part of theorem 1.20. Using
bN0) _ the rewrite using the antiparticle model gives

b(1,N-1)”
Z Ai + Z %:c Z %—i—c‘l Z T = 00

A <1 A >1 T >C i <c

which is equivalent to

1
g ™ + E — =00
) . T
dim; <1 By >1

The sum over the A\; where \; < 1 turns to the sum over the ;" ! where 7 > 1. The sum
over the )\;1 where \; > 1 turns to the sum over the m; where 7= < 1.
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