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0 Introduction

The fundamental quest of statistical mechanics is to understand the macroscopic
laws of thermodynamics from the microscopic world of interacting particles. In equi-
librium statistical mechanics, the transition from the microworld to the macroworld
is conceptually well understood. The macroscopic equilibrium properties can be ob-
tained by studying the Boltzmann-Gibbs distribution as a function of temperature and

other parameters such as external fields.

The Gibbs formalism, i.e., the study of Boltzmann-Gibbs distributions in the ther-
modynamic limit has been rigorously formulated in the so-called DLR (Dobrushin-
Lanford-Ruelle) formalism. Within this framework, one can rigorously understand
macroscopic equilibrium phenomena such as phase transitions and the laws of equilib-
rium thermodynamics. Even if the equilibrium formalism is well-established, it is still
rarely the case that models in this framework are exactly solvable, i.e., that one has
e.g. explicit expressions for the free energy. Exactly solvable models such as the Ising
model serve as paradigmatic examples where fine details such as correlation functions

even at the critical point can be computed.

In non-equilibrium statistical mechanics, there is no analogue of the Gibbs formal-
ism, i.e., there is no general formalism that gives the distribution of microstates even
for a “simple” non-equilibrium scenario such as a system in contact with two heat reser-
voirs at different temperatures or with two particle reservoirs with different chemical
potentials. Only close to equilibrium there is the general theory of linear response that

relates currents to equilibrium correlation functions.

One problem with the theory of non-equilibrium is the diversity of phenomena it is
supposed to describe, as John Von Neumann once put it: “theory of non-elephants”.
In this work, we therefore want to focus on the simplest possible non-equilibrium
systems, which are systems in contact with two different reservoirs. The aim is to derive
rigorous and exact properties of the so-called non-equilibrium steady state (NESS).
This is the stationary measure of such a system, which, although stationary, is non-
equilibrium because of the non-equilibrium constraints imposed by the reservoirs. In
other words, the stationary measure will be non-reversible, and the system will have a
strictly positive stationary entropy production. Typically the non-reversible character

is clearly visible in the presence of a stationary current.

The nature of NESS is quite different from that of an equilibrium measure. E.g.
quite generically long-range correlations are expected (see [4],[7]), whereas in equi-

librium systems, they usually appear only at the critical point. These long-range



correlations are also manifest in the large deviations from the NESS temperature or
density profile. Generically, the associated free energy is a non-local function [4]. From
a macroscopic point of view, i.e., starting from the hydrodynamic limit and associated
large deviations, Bertini, Jona-Lasinio, Landim et al [1, 2, 3, 4] developed a quite
general theory predicting the non-equilibrium density or temperature profile, as well
as large deviations, i.e., the leading order of the exponentially small probability of

deviations from this profile.

Our aim is to study models where in the NESS the profile can be computed exactly,
as well as correlation functions, such as the two-point function. The obtained expres-
sions can then be used to test general non-equilibrium theories, such as the formalism
developed in [1], or the theory of McLennan ensembles [18]. The models studied in this
thesis belong to the class of interacting particle systems, or systems of interacting dif-
fusions. Interacting particle systems (IPS) are systems of particles moving on a lattice
and interacting with each other according to stochastic rules. Their study started in
the early seventies in papers by Spitzer [25] and Dobrushin [5]. A standard reference is
Liggett [15]. A famous and thoroughly studied example of IPS is the exclusion process
(EP) where particles move on a lattice according to independent random walks with
the additional constraint that each lattice site is occupied by at most one particle.
Interacting diffusion models come up naturally if one wants to model heat conduction,

or energy transport.

The basic technical tool developed to study the models in this thesis is duality.
Via duality, we connect models of interacting diffusions to simpler interacting particle
systems, both in equilibrium and non-equilibrium setting. Because duality is such a
powerful method, part of the thesis is also devoted to develop a general formalism that
can be used to produce dual processes and associated duality functions or self-duality
functions. In the following we give an overview of the results and models introduced
and studied in this thesis. In the first section we define and shortly review the Brownian
Momentum Process (aka BMP) and its dual, the Symmetric Inclusion Process (aka SIP,
which is a new interacting particle system). Although we also consider several other
models in detail in later chapters and give many statements and theorems that are
equally applicable to a wider class of models, these two models and their generalizations
are an essential starting point in our work and are used extensively as illustrating
examples. After that we give a review of the chapters in the thesis in a way to

emphasize the link between the different chapters rather than the details. Finally we



0 Introduction

give some future research directions.

0.1 BMP and its relation with SIP

Heat conduction is an example of a non-equilibrium phenomenon closely related to
mass transport. In a given microscopic model, it is of interest to know the temperature
profile in the non-equilibrium steady state (NESS) for specific boundary conditions.
One aim is to derive the Fourier’s law from the microscopic model. Fourier’s law is
a macroscopic phenomenological law which tells that the heat current is proportional
to the temperature difference across the boundaries and the proportionality constant
is independent of the temperature. Besides showing the Fourier’s law one wants to
understand better the correlation structure of the microscopic degrees of freedom in
the NESS. It is expected that non-equilibrium systems exhibit generically long range
correlations in the steady state, related to the inverse of the Laplacian (Dirichlet
Green’s function), see [4], [7] and [17]. Therefore it is important to have microscopic
models where the two-point function and possibly higher order correlation functions
can be computed explicitly.

The Brownian Momentum Process (aka BMP) is a model of heat conduction with
stochastic diffusion of energy analyzed in [8]. To each site i of a lattice we associate a
continuous degree of freedom x; which has to be thought of as momentum. Between
every two adjacent sites (4,7 + 1) and for every small time interval there is a random
exchange of momentum that leaves the total energy of the two sites {z7 + 27}

invariant.

More precisely, the model is defined as a Markov diffusion process on the configura-
tion space of N-dimensional vectors (z1,...,2x) € RY, interpreted as the momenta
associated to the lattice sites {1,..., N}. The boundary sites 1 and N are in contact

with heat baths at temperatures 77, and Tr respectively.
The generator of BMP working on the core of smooth functions is:

N-1

L=DB,+By+ Z Liit1. (0.1.1)

i=1

Here
Liyj = (:Czaj — zj&-)Q

10



0.2 Duality

represents the exchange of momentum in the bulk part of the system. The operators
By and By are the generator of the Ornstein-Uhlenbeck processes representing the

coupling to the heat baths at temperatures 77, and Tr and are given by

B1 = TLa% — 56181

BN = TRGJQV —xNGN.

One way to intuitively understand the effect of the bulk part of the generator is to

consider the operator

o 9\’
A =x— —y— 0.1.2
(z 2y ax) 0.12)
In the polar coordinates where x = r cos and y = rsin 0, this operator reduces to
62
A = —
062

which is the generator of a Brownian process for the variable §. This means that in
the process (x(t), y(t)) with generator (0.1.2) we will have r(¢) = 7(0) unchanged and
0(t) will be a Brownian motion on the interval [0, 27]. This provides for the mixing of
the values of the (x(t),y(t)) while the value of r(¢)? (total energy) remains preserved,
thus providing an energy-conserving mechanism for the transport of momentum in the

model.

This diffusive exchange of momentum between adjacent sites is different from the
energy transport mechanism in the well known KMP model [6]. The later is a model of
energy transport where energy is exchanged randomly at discrete random times. The
two models are however closely related. One can obtain KMP via the ‘instantaneous
thermalization’ limit [9] of the Brownian Energy Process which is directly related to
BMP ( see chapter 1 for more details).

0.2 Duality

Duality is a powerful tool in the study of Markov processes. It has played a funda-
mental role in the study of interacting particle systems and in models of population

dynamics [19]. For example in the context of the Symmetric Exclusion Process (aka

11
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SEP) it has been the crucial tool in order to obtain the complete ergodic theory of

this process (see [15], chapters 2 and 8).
Two Markov processes {x; : t > 0} and {& : t > 0} with state spaces €, resp. €

and with generators L, resp. £ are called dual to each other if there exist a duality
function D : ' x © — R such that

LD(¢,7) = ZD(¢, ) (0.2.1)

where in the lhs of (0.2.1) the operator L is working on the # variable, and in the rhs
the operator . is working on the & variable (here we implicitly assume that D(E,.)
is in the domain of L and D(., %) is in domain of .#’). This relation then lifts to the
semigroups (which arise by exponentiation of the generator) and to the processes. This

then yields the duality relation between the processes:
Ez[D(S, £(t)] = Ee[D(E(t), )] (0.2.2)

This relation is useful in the case that the {x; : ¢ > 0} is ‘complicated’ and the
{& :t >0} is ‘easy’ and the set of dual functions is sufficiently rich. For instance one

can think of £ being discrete objects indexing polynomials in Z.

In case that Q = R, if the equations for the evolution of correlation functions of
degree n for the x process are closed (i.e. there is no polynomial of higher order than
n involved), that can be a hint to the existence of the duality property where the dual

process will then be a particle system where the number of particles is not increasing.

0.3 Duality between BMP and SIP

In the study of BMP, a crucial ingredient is that it is dual to a discrete particle system
with absorbing left and right boundaries. The configuration space of this particle
system is © = NV+2. We interpret £ € Q = NV*+2 as prescribing the number of
particles in each lattice site i € {0,..., N + 1}.

The dual process is as follows. A configuration & = (§p,...,{n+1) represents K
particles (or walkers) on {0,1,..., N + 1} with K = S !

i=0 Si-

jump to neighboring sites and are stuck when arriving to sites 0 or N + 1. The

The walkers can only

rate at which there is a jump of a walker depends on how many walkers there are at

neighboring sites. If we have & walkers at site ¢, £_1 walkers at site ¢ — 1 and &; 41

12



0.4 Duality and symmetry

walkers at site ¢ + 1 (for ¢ = 2,... N — 1) then each of the walkers at site ¢ jumps to
site  — 1 at rate 2(2&;—1 + 1) and to site 7 + 1 at rate 2(2&;41 + 1).

The duality function relating BMP to this dual particle system is a polynomial
indexed by the particle configuration £ = (&g, ...,&{n+1), & € N explicitly given by
D(&,&) = TOTH ﬁ o

’ bR (26 — i

i=1

(0.3.1)

where k!l = H?Zl (25 — 1). Due to the symmetry of the generator only even powers of

x; need to be considered here.

In the dual process particles tend to jump with higher rates to the neighbors which
contain more particles. This causes an attractive interaction between the particles,
hence we choose the name Symmetric Inclusion Process (aka SIP) for this process.
This has to be seen in contrast to the repulsive interaction in the exclusion process

(SEP) where there is at most one particle per site..

At the boundaries each of the & walkers at site 1 is absorbed at site 0 at rate 2 and
it jumps to site 2 at rate 2(2&2 + 1); each of the £y walkers at site N is absorbed at site
N + 1 at rate 2 and it jumps to site N — 1 at rate 2(2{x_1 + 1). So particles that are
absorbed at the 0 and N + 1 boundary sites do not interact with each other and with
other particles. An important property of this process is that it conserves the total
number of particles and that starting from any initial configuration, all of the particles
will be ultimately absorbed at either one of the boundaries. Duality between BMP and
SIP has been used to obtain the temperature profile, exact expressions for the two-
point correlation functions, proofs that the equilibrium (77, = Tr) is Gaussian and of
the existence of a unique stationary measure in the non-equilibrium case (T, # Tr)

[8].

0.4 Duality and symmetry

If two Markov process are dual to each other, then the probabilistic properties of
one can be obtained through the study of the other, given that the duality functions
constitute a sufficiently rich (e.g. measure determining) class. This is specially useful

if one of the processes is easier to study than the other.

Duality has been used in the probabilistic literature and particularly in interacting

particle systems since Spitzer [25] used it to study symmetric exclusion process (SEP)

13



0 Introduction

and independent random walkers. Ligget [15] used duality systematically for studying
the ergodic properties of spin systems, the SEP and the voter model. Duality has
also been useful in the context of transport models and non-equilibrium statistical
mechanics. For instance, Spohn used duality in the study of SEP in contact with
particle reservoirs at different chemical potentials [26], showing the existence of long-
range correlations. Further applications of duality are in models of energy transport
like the Kipnis-Marchioro-Presutti (KMP) model [14] for heat conduction and also
for other models like BMP and BEP [8]. Duality has also been used in the study of
biological population models, see for example [19].

However, in general there has been no systematic way to show that there is a duality
between two Markov processes, neither a method to construct a (new) dual process for
a given Markov process. Duality between two Markov processes is usually obtained in

an ad-hoc manner, i.e. by an explicit ansatz for a duality function.

We consider two different cases of duality. The duality between two different Markov
processes as introduced before, but also the duality of a Markov process with itself,
called self-duality. The use of self-duality comes from the fact that the dual process
(which is just a copy of of the original process) is often running on a smaller portion of
the state space than the original process, which means that probabilistic properties of
a larger system can be obtained via study of a smaller system. This is most manifest
in the case that the original state space is infinite and the dual state space is finite,
which allows to fully understand the behavior of a system of possibly infinitely many

particles in terms of the behavior of the same system with only finitely many particles.

In chapter one we show that self-duality is directly related to the non-abelian symme-
tries of the generator of the Markov process (we say that an operator S is a symmetry
of the generator L if they commute S.L = L.S). In fact for every symmetry of the
generator there is a duality function associated and for every duality function there is a
corresponding symmetry of the generator. In the case of duality between two different
Markov processes, duality requires a conjugacy relation between the two corresponding
generators. So duality between two different processes can be viewed as a change of

representation of the generator.

One way to think about duality and symmetry is to think of a generator L as being
composed of ‘abstract operators’ (like for example creation and annihilation operators)
which generate an algebra with specific commutation relations. Then for every different

representation of this algebra we can obtain different time evolutions, not necessarily

14



0.5 SIP and its comparison to SEP; correlation inequalities

Markov processes, which are dual to each other.

So it turns out that duality is directly related to different representations of an
algebra. Notice however that such a change of representation of the algebra does not
necessarily transform the generator to a new Markov generator. In the case of finite
state spaces, one can already see that a change of basis does not necessarily preserve
the fact that off-diagonal elements are non-negative which is a necessary property of a
Markov generator. Only when after a change of representation the Markov generator is
transformed into a Markov generator, we are in the situation of two Markov processes

related by duality.
Sandow and Schutz [23] were the first to notice the relation between SU(2) sym-

metry of the SEP and its self-duality, by rewriting its generator in terms of quantum
spin operators. In chapter one we show in much greater generality the relation be-
tween self-dualities and symmetries and give several new examples. For interacting
particle systems used as transport models such as BMP we show how to modify the
duality functions in order to include the effect of the reservoirs at the boundaries. For
energy transport models we uncover a hidden SU(1,1) symmetry in a large class of
models (including BMP, KMP model) which explains their duality property, as the
SU(2) does for the SEP process. We also show the SU(1,1) symmetry of SIP and the

corresponding self-duality.

0.5 SIP and its comparison to SEP; correlation

inequalities

Particles in the SIP perform two distinct motions. In addition to a symmetric and inde-
pendent random walk, they jump to neighboring sites with a rate which is proportional
to the number of particles at that site (inclusion jumps, or jumps by ‘invitation’). The
jump rate for a particle from site ¢ to ¢ + 1 is 2&;(1 + 2&;11) which can be interpreted
as follows. Every particle at site ¢ performs a random walk jump to site 7 + 1 at rate
2 and additionally every particle at site ¢ + 1 invites every particle at i at rate 4 (the

inclusion jumps from i to i + 1).

These inclusion moves result in a net attractive interaction between particles. This
has to be compared to SEP where particles tend to effectively repel each other (by

not being allowed to be at the same site) in addition to their symmetric random walk.

15
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In physical terminology, one can therefore think of SIP as the bosonic counterpart of
the fermionic SEP. Intuitively, particles in SIP starting from any configuration tend to
gather and to be less spread out than independent symmetric random walks starting
from the same configuration. Comparison inequalities (as introduced in Liggett [15]
for SEP versus independent random walks) are a rigorous way of describing this idea.

In chapter 2 we analyze SIP in detail and prove the analogue of Liggets comparison
inequality for it. From the comparison inequality, we deduce a series of correlation
inequalities. As expected intuitively, the correlations turn from negative in SEP to
positive in SIP. This is from another point of view quite remarkable because since the
SIP is not a monotone process and positive correlations are in no way related to a FKG
property, such as in the case of ferromagnetic Glauber dynamics. Since the SIP is dual
to the heat conduction model it is immediate to extend those correlation inequalities to
the Brownian momentum process and the Brownian energy process. We also consider
the more general non-equilibrium case in which the system is in contact with boundary
particle reservoirs where we use the self-duality property of SIP to obtain a correlation

inequality.

0.6 Condensation in SIP and other models

Condensation phenomena in particle systems can be described as follows; in a given
finite system we take the limit as the number of particles goes to infinity, if in the
steady state almost all of the particles get concentrated on a finite number of sites ,
i.e. if all sites have a finite number of particles except a few (these few turn out to be
the site(s) where the marginal of the reversible measure has the heaviest tail) , then

the system exhibits condensation.

The attractive interaction between the particles in the SIP makes it a natural candi-
date to study for condensation phenomena. Condensation can arise due to the presence
of sub-exponential tails resulting from a strong particle attraction, as has been shown
in detail in the context of zero-range processes [12] .

In chapter 3 we show that SIP exhibits exponential tails, and thus the attraction
between particles alone is not strong enough and a second contributing factor is re-
quired for condensation. One such factor can be spatial inhomogeneities (or also an
asymmetry in a finite or semi-infinite system). Another possibility for condensation in

SIP is to introduce a parameter m defined as the rate of random walks jumps while the

16



0.7 Weak coupling to the heat bath of BMP

rates of inclusion jumps are kept unchanged. Thus for example setting m = 0 would
result in a pure inclusion process. We show that in the limit as m — 0, SIP exhibits
condensation. We also show parallel condensation phenomena in the Brownian En-
ergy Process (derived from BMP and thus related to SIP), which gives an interesting

example of condensation for continuous variables.

0.7 Weak coupling to the heat bath of BMP

In chapter 4 we study the BMP in close-to-equilibrium conditions. One way of achiev-
ing such conditions is to make the system in contact with two heat baths at the
boundaries such that the temperatures of the two baths are different but very close.
In this case we show that the distance between the local equilibrium measure and the
true non- equilibrium steady state is of order at most the square of the temperature
difference between the two baths, which is in agreement with the theory of McLennan

ensembles [16].

An alternative way to achieve close to equilibrium conditions is to fix the temper-
atures of the two heat baths to arbitrary non-equal temperatures but modify and
weaken the coupling of the bulk system to the heat bath with a parameter A. We
then study the behavior of the non-equilibrium steady state measure for small values
of coupling constant A. In particular we show which equilibrium measure is selected
as A — 0.

For both cases the temperature profile turn out to be linear in the bulk system. We
also give exact computations for the two-point correlation functions for some small
finite size systems and discuss their generic form and we show that they are generally

not multi-linear.

0.8 (Self)-dualities with SU(3)/SU(n) symmetry; future

plans
An interesting future line of research is to find new particle systems or Markov pro-
cesses that exhibit new kinds of symmetries and corresponding (self-)duality proper-

ties. Natural examples are symmetric exclusion type processes with several types of

particles. In the case of two type of particles its natural to expect SU(3) symmetry

17



0 Introduction

for appropriate choices of jump rates. More generally if one considers n — 1 types of

particles we expect having SU(n) symmetries.

It is an interesting problem to find the necessary and sufficient conditions on the
rates and allowed transitions in a specific process such that it will have a particular
symmetry and be thus an ‘exactly solvable’ model.

In search for new processes and their corresponding dualities, the the idea of the
abstract generator we discussed earlier will be useful. One can start from an abstract
generator of a Markov process that is composed of operators that obey a particular al-
gebra. Different representations of the operators in the algebra will then yield different

process interrelated via duality.

Moreover, as is the case for symmetric exclusion process, one can hope that appro-
priate asymmetric modifications of such processes are associated to the deformations
of the corresponding algebras, as has been established in the case of the asymmetric

exclusion process, [24] and [13].
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1 Duality and hidden symmetries in interacting particle systems

1.0 Abstract

In the context of Markov processes, both in discrete and continuous setting, we show
a general relation between duality functions and symmetries of the generator. If the
generator can be written in the form of a Hamiltonian of a quantum spin system, then
the “hidden” symmetries are easily derived. We illustrate our approach in processes of
symmetric exclusion type, in which the symmetry is of SU(2) type, as well as for the
Kipnis-Marchioro-Presutti (KMP) model for which we unveil its SU(1, 1) symmetry.
The KMP model is in turn an instantaneous thermalization limit of the energy process
associated to a large family of models of interacting diffusions, which we call Brownian
energy process (BEP) and which all possess the SU(1, 1) symmetry. We treat in detail
the case where the system is in contact with reservoirs and the dual process becomes

absorbing.

1.1 Introduction

Duality is a technique developed in the probabilistic literature that allows to obtain
elegant and general solutions of some problems in interacting particle systems. One
transforms the evaluation of a correlation function in the original model to a simpler

quantity in the dual one.

The basic idea of duality in interacting particle systems goes back to Spitzer [11] who
introduced it for symmetric exclusion process (SEP) and independent random walkers
to characterize the stationary distribution. Later, Ligget [8] systematically introduced
duality for spin systems and used it, among others, for the complete characteriza-
tion of ergodic properties of SEP, voter model, etc. Duality property might also be
useful in the context of transport models and non-equilibrium statistical mechanics,
that is when the bulk particle systems is in contact at its boundaries with reservoirs
working at different values of their parameters. For instance, considering again the
symmetric exclusion process in contact with particle reservoirs at different chemical
potentials, Spohn used duality to compute the 2-point correlation function [12], show-
ing the existence of long-range correlations in non-equilibrium systems. In the case
of energy transport, i.e. interacting particle systems with a continuous dynamical
variable (the energy) connected at their boundaries to thermal reservoirs working at

different temperatures, duality has been constructed for the Kipnis-Marchioro-Presutti
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1.1 Introduction

(KMP) model [7] for heat conduction and also for other models [6]. Consequences of
duality include the possibility to express the n-point energy correlation functions in
terms of n (interacting) random walkers. Duality has also been used in the study of

biological population models, see [9] and references therein.

One should notice that the construction of a dual process is usually performed with
an ad-hoc procedure which requires the ansatz of a proper duality function on which
the duality property can be established. The closure of n-point correlations functions
at each order might be an indication that a dual process exists. However in the
general case the closure property is neither sufficient nor necessary to construct the
dual process. In this paper we present a general procedure to derive a duality function
and a dual process from the symmetries of the original process. When applied to
transport models, our theorems allow to identify the source of the existence of a dual
process with the non-abelian symmetries of the evolution operator. The idea is simple:
transport models have in the bulk a symmetry associated with a conserved quantity,
the one that is transported. It may happen in some cases that this symmetry is a
subgroup of a larger group, i.e. that extra (less obvious) symmetry are present. In
that case, one can describe the same physical situation as the transport of another
quantity (another element of the group), and in some cases this makes the problem
simpler. In the physics literature Sandow and Schutz [10] realized that this is case for
the SEP process, whose SU(2) symmetry they made explicit by writing the evolution
operator in quantum spin notation. In this paper we study in full generality the relation
between duality and symmetries. We give a general scheme for constructing duality for
continuous time Markov processes whose generator has a symmetry. For interacting
particle systems used as transport models we detail the effect of the reservoirs. For
particle transport models we generalize the symmetric exclusion process to a situation
where each site can accommodate up to 2j particles, with j € N/2. For energy
transport models we uncover a hidden SU(1,1) symmetry in a large class of models
for energy transport (including KMP model) which explains their duality property, as
the SU(2) does for the SEP process.
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1 Duality and hidden symmetries in interacting particle systems

1.2 Definitions and Results

1.2.1 Generalities

Let (n:)1>0 denote a Markov process on a state space €. Elements of the state space
are denoted by 7, &, (,.. The probability measure on path space starting from 7 is called
P,,, and E,, denotes expectation with respect to P,;. In the whole of this paper, we will
restrict to Feller processes. In that case, to the process (1:)¢>o there corresponds a
strongly continuous, positivity-preserving, contraction semigroup A; : €(Q) — €(Q)
with domain the set €' (Q2) of continuous functions f: Q — R

At (1) = B f () = E(f ()0 = m) = / £ o, diy) (12.1)

where p:(n,dn’) is the transition kernel of the process. The infinitesimal generator of
the semigroup is denoted by L,
Lf =lim M
t—0 t
and is defined on its natural domain, i.e. the set of functions f :  — R for which the
limit in the r.h.s. exists in the uniform metric. We also consider the adjoint of the
semigroup, with domain .Z () the set of signed finite Borel measures, A} : .Z () —
A (), defined by
< fLAipn>=<Afu>

where the pairing < -,- >: €(Q) x .#(Q) — R is given by

< fip >=/fdu

The processes which appear in our applications will always be either jump process or

diffusions.

Example 1.2.1. In the case that the Markov process (n;)i>0 is a pure jump process

and the state space §2 is finite or countable then the generator is of the form
Lf(n) =Y cn.n)(F(r) = ()
UESY.
where ¢(n,n') > 0 is the rate for a transition from configuration n to configuration n'.

Equivalently we can write

Lf(n)=">_ Lln,n)f(n)

n' €N
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1.2 Definitions and Results

where L(n,n') is a matriz having positive off-diagonal elements and rows sum equal to
zero, namely
N _ cmn’) if n#Fn
L(nv 77 ) - VZi 3 o
=) if n=mn
In the context of a countable state space ) we have the usual exponential of a matrix,
so that

(oo}

Ay =e't = (kL) /il

=0

and Ay = AT where the superscript T denotes transposition.

Example 1.2.2. General diffusion processes with state space 2 = RN are also con-
sidered here. In this case the generator take the form of a differential operator of the

second order
N

N 2
Lf= Z a(z;, z;) o/ : +Zb(:ci)

of
al'i

(see [13] for general conditions which guarantees that L satisfy the maximum principle

and thus generate a positivity preserving semigroup).

1.2.2 Duality and Self-duality

Definition 1.2.3 (self-duality). Consider two independent copies (nt)i>0 and (&)i>o0
of a continuous time Markov processes on a state space 2. We say that the process is
self-dual with self-duality function D : Q x Q — R if for all (n,£) € Q x Q, we have

EyD(ne, &) = EeD(n, &) (1.2.2)

Definition 1.2.4 (duality). Consider two continuous time Markov processes: (n¢)i>o0
on a state space 2 and (&)i>0 on a state space Qguar. We say that (&)i>o is the dual
of (nt)e>0 with duality function D : Q X Qaya — R if for alln € Q, £ € Qauar we have

E,D(n:,€) = EE*“'D(n, &) (1.2.3)

If A; denotes the semigroup of the original process (1:)i>0 and A% denotes the
semigroup of the related dual process (& );>0 then, using Eq. (1.2.1), the definition
1.2.4 is equivalent to

A:D(n,€) = AL D(1,€) (1.2.4)
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1 Duality and hidden symmetries in interacting particle systems

where it is understood that on the Lh.s. of (1.2.4) the operator A; works on the 7

variable, while on the r.h.s. the operator Af“? works on the ¢ variable.

If the original process (1;)¢>0 and the dual process (& )¢>o are Markov processes with
finite or countably infinite state space €2, resp. Qguar, (cfr. Example 1.2.1) property
(1.2.4) is equivalent with its “infinitesimal version” in terms of the generators

S L )D€ = Laua(€,€)D(n,¢) (1.2.5)

n'en £en

In matrix notation, this reads

LD =DL ., (1.2.6)

where D is the matrix with elements D(n, &) and (1,€) € Q X Qguq- Remark that in
this case D is not necessarily a square matrix, because the state spaces Q and Qgyq;

are not necessarily equal and or of equal cardinality.

When Q = Qgua and A; = Af“al, then an equivalent condition for self-duality (cfr.
(1.2.2)) is
LD =DL" (1.2.7)

1.2.3 Duality and Symmetries

We first discuss self-duality and then duality. We consider the simple context of
finite or countably infinite state space Markov processes. In many cases of interacting
particle systems, the generator is a sum of operators working only on a finite set of
coordinates of the configuration. Therefore, showing (self)-duality reduces to showing
(self)-duality for the individual terms appearing in this sum, which is a finite state

space situation.

Definition 1.2.5. Let A and B be two matrices having the same dimension. We say
that A is a symmetry of B if A commutes with B, i.e.

AB = BA (1.2.8)

The first theorem shows that self-duality functions and symmetries are in one-to-one
correspondence, provided L and L7 are similar matrices, which is automatically the

case in the finite state space context.
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1.2 Definitions and Results

Theorem 1.2.6. Let L be the generator of a finite or countable state space Markov

process. Let @ be a matrix such that
LT =QLQ—". (1.2.9)

Then we have
1. If S is a symmetry of the generator, then SQ™' is a self-duality function.
2. If D is a self-duality function, then DQ is a symmetry of the generator.
3. If S is a symmetry of LT, then Q~'S is a self-duality function
4. If D is a self-duality function, then QD commutes with LT.

ProOF. The proof is elementary. We show items 1 and 2 (item 3 and 4 are obtained

in a similar manner). Combining (1.2.9) with (1.2.8), we find
L(SQ™Y) =(sQ~HL” (1.2.10)

ie., D= SQ!is a self-duality function (see Eq. (1.2.7)). Conversely, if D is a self-
duality function, then combining (1.2.9) with (1.2.7) one proves (1.2.8) for S = DQ.
O

Remark 1.2.7. Self-duality functions are mot unique, i.e. there might exist several
self-duality functions for a process. This is evident from the fact that if D is a duality
function for self-duality, and S is a symmetry, then SD 1is also a duality function
for self-duality. An interesting question is to study the vector space of self-duality
functions, its dimension, etc. However this question is not addressed in this paper.
See [9] for a discussion of this issue and some examples in the context of Markov

processes with discrete state space.

Remark 1.2.8. In the finite state space context, L and LT are always similar matrices
[14], i.e., there exists a conjugation matriz Q such that LT = QLQ™!. In interacting
particle system the matriz QQ can usually be easily constructed. As an example, in the

case that £ has a reversible measure, i.e., a probability measure p on S such that

u(m)L(n,n') = p(')L(n',n) (1.2.11)

for all n, € Q, then a diagonal conjugation matriz Q) is given by

Q. ') = 1(n)dn.y (1.2.12)
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1 Duality and hidden symmetries in interacting particle systems

In general, if v is a stationary measure then

L(&,m)u(n)
(&)

is the generator of the time-reversed process, which is clearly similar to LT . Therefore,

Lrev(na 5) =

the similarity of L and LT is equivalent with the similarity of the generator and the

time-reversed generator.

Self-duality is a particular case of duality. To generalize Theorem 1.2.6 to the context

of (general) duality we need the notion of conjugation between two matrices.

Definition 1.2.9. Let A be a matriz of dimension m X m and let B be a matriz of
dimension n X n. A and B are called conjugate if there exist matrices C of dimension

m x n and C of dimension n x m such that

AC = OB, CA= BC (1.2.13)

We then have the following analogue of Theorem 1.2.6.

Theorem 1.2.10. Let L and Lgyq be generators of finite or countable state space

Markov chains. Then we have the following.

1. If Q is the matrix that gives the similarity

Lgual = QLdualQ71 (1214)

and C and C are the matrices gwing the conjugacy between L and Lgua in the
sense of definition 1.2.9, then:
a) For any symmetry S of the generator L, D = SCQ™1 is a duality function.
b) If D is a duality function, then S = DQC is a symmetry of L.
2. If Q is the matrix that gives the similarity

LT =QLQ— (1.2.15)

and C and C are the matrices giving the conjugacy between LT and Lgual in the
sense of definition 1.2.9, then:

a) For any symmetry S of the transposed generator LT, Q=1SC is a duality

function.
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1.3 Examples with two sites

b) If D is a duality function, then QDC commutes with LT.
Proor. The proof of item 1(a) is given by the following series of equalities
L(SCQ™) = SLCQ™ ' = SCL3uaQ ' = (SCQ™ )L, (1.2.16)

The first equality uses the hypothesis of S being a symmetry of the generator L, the
second comes from the conjugation of the generators, the third is obtained from the
similarity transformation (1.2.14). If one recall (1.2.6) then Eq.(1.2.16) shows that
D = SCQ~! is a duality function. The proof of the other items follow from a similar

argument. (|

1.3 Examples with two sites

In this section we present a series of examples where particles jump on two lattice sites.
We wish to show how (self)-duality can be established by making use of the previous
theorems. To identify the symmetries we will rewrite the stochastic generator, or its
adjoint, in terms of generators of some symmetry group. Some of the examples will be
useful later for the study of transport models. In fact, many transport models such as
the exclusion process have a generator that is written as the sum of operators working

on two sites.

1.3.1 Self-duality for symmetric exclusion

We first recover the classical self-duality for symmetric exclusion [8]. One has two sites
(labeled 1,2) and configurations have at most one particle at each site. Particles hop
at rate one from one site to another, and jumps leading to more than one particle at a
site are suppressed. As usual we write 0,1 for absence resp. presence of particle. The
state space is then @ = {00,01,10,11}. Elements in the state space are denoted as
17 = (mn2). The matrix elements of the generator are given by Loi,10 = Lipo1 = 1=

—Lo1,00 = —L10,10, and all other elements are zero.

To apply Theorem 1.2.6 we need to identify a symmetry S of the generator. The

transposed of the generator can be written as

1
LT:JfF®J2_+Jf®J2++2J?®J§—§]ll®]lg (1.3.1)
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1 Duality and hidden symmetries in interacting particle systems

where the operators J® with i € {1,2} and a € {+,—,0} act on a 2-dimensional
Hilbert space, with basis |0) = (g),[1) = (}), as

w-(00) w=(0h) () e

and 1; is the identity matrix. The operators J® with a € {4, —, 0} satisfy the SU(2)

commutation relations:

2 TE = I
J7,J = =27 (1.3.3)

from which we deduce (cfr (1.3.1)) that LT commutes with the three generators of
the SU(2) group, J* = J¢ ® 1o + 11 ® J¢ for a € {+,—,0}. A possible choice for
the symmetry of L7 is then obtained by considering the creation operator J* and

exponentiating in order to have a factorized form

+ + + + +
S = e.] — 6']1 ®L2+11®J; _ 6']1 ® er =5, ® 5,

More explicitly, in the basis |0) ® |0),]0) ® |1),]1) ® [0),|1) ® |1), the matrix S is

(1))

We also need the similarity transformation between L and L”. The matrix Q, relating

_= = O O
_ o O O

0
1
0
1

e e

L to its transposed, is the identity since L is symmetric. A duality function for self-
duality is thus given by D = Q'S = S. Notice that D can also be written as

Dimme,&&) = [

ie{1,2}:6,=1

which is the usual self-duality function of [8].

1.3.2 Self-duality for 2j-symmetric exclusion

Now we consider two sites with at most 2j particles on each site, with j € N/2. The

state space is © = Qq x Qo where Q; = {0,1,...25}. The rates for transitions are
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1.3 Examples with two sites

the following: if there are 7, particles at site 1 and 7 particles at site 2, a particle is
moved from 1 to 2 at rate 11 (2§ — n2) and from 2 to 1 at rate 12(2j — 71). So in this

case the generator is given by

L(mmnz,mns) = 0125 = 12)0n, 1.0, 0o 1.my + 1225 = 11)00, 41,7 0o 1.4
—(m(25 = n2) +12(25 — 1)) 0y 0 O

The transposed of this generator can also be expressed as the scalar product between

two spin operators satisfying the SU(2) algebra, namely
L' =Jre@Jy +J7 @ Jf +2J0 @ JY — 2521, @ 1, (1.3.4)

where the J#, i € {1,2} and a € {+, —,0}, act on a (25 + 1)-dimensional Hilbert space
with orthonormal basis |0), |1),...]2j) as

Jmy) = (25 —m)ni+1)
Jilmi) = milni — 1)
Ky = (=) (1.3.5)

The standard symmetric exclusion process of the previous section is recovered when

j = 1/2. Reasoning as above, a symmetry of the generator is
S=85®8 = @es

which has matrix elements S(n112, £1&2) = S1(n1,&1)S2(n2, &2) with

&) = <2j m) (1.3.6)

Si iy Qi) — ier
(i, &) = (nil n—

where we adopt the convention (:L) =0 for m > n.

To detect the matrix @ giving the similarity transform between L and LT (notice
that L is not symmetric anymore for j # 1/2) we make use of remark 1.2.8 and use the
fact that the invariant measures of the 2j-symmetric exclusion process are products of
binomials Bin(2j, p), with a free parameter 0 < p < 1 (this will be proved in Theorem
1.4.2). Therefore, if we choose p = 1/2 then a possible choise is Q = Q1 ® Q2 with

2j
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1 Duality and hidden symmetries in interacting particle systems

Combining (1.3.6) and (1.3.7), Theorem 1.2.6 then implies that a duality function for
self-duality is given by

D=D;®Dy=Q7'S1 ®Q;" S
with _
(&)
(&)

Later, in Theorem 1.4.2, we will give a probabilistic interpretation of this function.

Di(ni, &) = (Q; 'Si)(mi, &) = (1.3.8)

1.3.3 Self-duality for the dual-BEP

This is a process that can be viewed as a “bosonic” analogue of the SEP (particles
attract each other rather than repel with the exclusion hard core constraint). The
state space is 2 = Q1 x Q5 with ; = N, i.e. we have two sites each of which can
accommodate an unlimited number of particles. For n; particles at site 1, 12 particles
at site 2, the rate of putting a particle from 1 to 2 is given by 27; (272 + 1) and the rate
of moving a particle from 2 to 1 is given by 2n2(2n; + 1) . We will see later how this
process arises naturally as a dual of the Brownian Energy Process (BEP), see Section
1.5 below.

The matrix of the generator is given by

L(mnz2,mims) = 201202 + 1)dy; 5,105 ma+1 + 202(201 + 1)1y 41005 01
—(8m1im2 + 201 + 212)0y, 1 Ong s - (1.3.9)

The transposed of the generator can be written in terms of generators of a SU(1,1)
algebra as follows. On each site ¢ € {1,2} we consider operators K¢ with a € {+, —,0}

given by
K m) = (ni+1/2)ni+1)
K; i) = milni —1)
Kllni) = (mi+1/4)n:) (1.3.10)

They satisfy the commutation relations of SU(1,1):
KO KF] =+

K, K] = 2K} (1.3.11)
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1.3 Examples with two sites

The transposed of the generator then reads
1
LT:4(K1+®K2 +K1®K;—2K?®KS+§]11®12) (1.3.12)

From the commutation relations, it is easy to see that LT commutes with K¢ =
K{® 1y + 1; ® K¢, for a € {+,—,0}. A possible symmetry is then given by the
matrix

S=5®8; = @k
which has matrix elements S(n112,£1&2) = S1(n1,£1)52(n2, £2) with
(26 — DN (m; — &) 2m—&

A similarity transformation LT = Q7' LQ to pass to the transposed is suggested (re-

Si(mir &) = (m:le®T1&;) = (1.3.13)

mark 1.2.8) by the knowledge of the stationary measure of the dual-BEP (see Theorem
1.5.1)

Q(mmn2, nins) = Q1(m,n1)Qz2(n2,m5)
with

| -1
Qi(mi, &) = Oni g (ﬁf’) (1.3.14)

The self-duality function corresponding to S of (1.3.13) and @ of (1.3.14) then reads

D(mmn2,&1&2) = D1(n1,&1)Da(n2, &2)

1
Di(ni, &) = Q" (miymi) Si(mi, &) = 2% = &)?(12& YT (1.3.15)

1.3.4 Self-duality for independent random walkers

This is a classical example which is included here for the sake of completeness. We
have two site 1 and 2, and particles hop independently from 1 to 2 and from 2 to 1 at
rate one. So the rate to put a particle from 1 to 2 in a configuration with 7; particles

at 1 and 7y particles at 2 is simply n;. The generator is given by the matrix

L(m1n2, 77/177/2) = 7725n1,n3715n2,n§+1 + 7715n1,n{+15772m§71 + (=m — 772)5771,77{5772,77;
A self-duality function is D = D ® Dy with

7;!

D(ni, &) = &)
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1 Duality and hidden symmetries in interacting particle systems

The invariant measures are product of Poisson distributions and a possible conjugation
is thus given by Q = @1 ® Q2 with
1
Qi (771'7 gz) = 5771'751' -
U
As a consequence, a symmetry of the generator is given by S = S ® S5 with
1

Si(nmi, &) = (DiQi)(mi, &) = &) (1.3.16)

This symmetry comes once more from an underlying structure of creation and annihila-
tion operators satisfying the Heisenberg algebra. Indeed, if one defines for i € {1, 2} op-
erators a; and a; which are represented on an Hilbert space with basis |0), [1),]2), ...

by operators working as
aflmi) = |ni+1)
a; [ni) = milni—1) (1.3.17)
then one easily verifies the commutation relation
[a; 0] =1, .
In terms of these matrices, the transposed of the generator reads

LT=—(af®ly-11®af)(a] @1y —1; ®ay) (1.3.18)

which commutes with a* = a] ® 15 4+ 17 ® ag. The symmetry S in (1.3.16) is then
recognized as S = exp(a]) ® exp(ag ).

1.3.5 Duality between independent random walkers and a
deterministic system

As an example of application of Theorem 1.2.10 we consider again a system of inde-
pendent random walkers jumping between sites 1 and 2. We show that this system is

dual to a deterministic system evolving according to ordinary differential equations.

We consider the “abstract” operator £

L= —(af —af)(ay —a3) (1.3.19)
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1.3 Examples with two sites

T oar

where a;", a; are operators satisfying the canonical commutation relations

af]=26;;1. (1.3.20)

[a j

7
One way to represent the previous operator is by considering

_ 0 )
a; = oz, al =z, ie{1,2}

which obviously satisfy (1.3.20). In this case the operator (1.3.19) takes the form

0 0
L=t (5~ ;)

which is the generator of the deterministic system of differential equations

dl‘l (t) o
dSCQ (t) o
2 = @) —m) (1.3.21)

with solutions

21(0) + 22(0) | 21(0) —22(0) _»

n) = 2 * 2
() = 1(0) 42r 22(0) _ 21(0) ;x2(0)672t (1.3.22)

Another possible way to represent the operator (1.3.19) has just been seen in the pre-
vious paragraph. In this case the creation and annihilation operators are represented
as matrices with elements given by (1.3.17) and then the operator (1.3.19) can be seen

as the transposed of the generator for a system on independent random walkers
LY u=—(®ly—1,®af)o(a] ®1a— 1, ®ay) .
It is immediately checked that the function
D(z,§) = D(z1,&)D(22,&2)

with
D(x, &) = ol

K2

gives a conjugation between L and Lgual, namely

LD(:L',&) = DLgual(zag)
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1 Duality and hidden symmetries in interacting particle systems

In this case, this relation reads more explicitly,

0 0 ny mo
—(71 — 22) <a—$1 - 8—9@) (z1"25?)

—1 1 1 na—1
= npaP el g T2l T — (g 4 ng)atal? (1.3.23)

This implies that 2(¢) and £(¢) are each other’s dual with duality function D and
the following relation holds

21522 (8)% = Ee, g, (21 (0)% W2 (0)20) (1.3.24)

where the expectation in the rhs is over the independent random walkers starting from
initial configuration with n; particles at 1 and 79 particles at 2. We will come back to
this example in section 1.6.4.

Remark 1.3.1. In the last example, we can still use other representations of the

operators ai_,a;-", satisfying the commutation relation [a;,a;'] = 05, such that the
abstract operator (1.3.19) is the generator of a Markovian diffusion process. E.g., if
we choose

+

a; = - x;

* &m + !

0
a. = 1.3.25
Fe o (1.3.25)

then the abstract operator (1.3.19) reads

o o\’ o d
7= (55 am) @ (55 55)

which is the generator of the (degenerate) diffusion: the “coordinate (x1 — x2)/2 un-
dergoes a Brownian motion and (x1+ x2)/2 remains constant. So in that case we also

have duality
By 2 (D(21(t), 1) D(22(t), n2)) = Eny ny (D(21,11(2)) D(32, n2(t)))
where D(x,n) can be found by the recursion
D(xz,n+1) =a"D(z,n)
e.g. the first five polynomials are

D(z,0) =1,D(x,1) = 2,D(x,2) = 2°> —1,D(x,3) = =3z + 2%, D(x,4) = 3 — 62 + z*
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1.4 Symmetric exclusion processes

1.4 Symmetric exclusion processes

In this section we study the 2j-SEP (with j € N/2), i.e. exclusion processes with
at most 2j particles per site, on a graph S. We show how we can understand self-
duality for the 2j-SEP from “classical duality” (in the sense of [8]) of the symmetric
exclusion process on special graphs. We also consider two limits 7 — oo leading to a
deterministic process or a system of independent random walkers. Finally, we consider

the boundary driven case, and show that we have a dual with absorbing boundaries.

1.4.1 Symmetric exclusion on ladder graphs

Consider a countable set ., to be thought of as the underlying lattice, and a finite
set .# with cardinality 25 € N. The set .# is to be thought of as a “ladder” on each

site with 2j levels.

The state space of SEP on the ladder graph . x .# is Q = {0,1}**“. A con-
figuration ¢ € € is called finite if it contains a finite number of particles, i.e., if
> ic.ac.s C(i,@) < oo. The process is described as follows. Let p(i, ) denote a sym-
metric random walk kernel on .7, i.e., p(i,l) = p(l,i) > 0, > ;. p(i,1) = 1. At each
site i € . and level a € Z, there is at most one particle. Each particle attempts to
jump at rate p(i,l) to a site I € . and level 5 € .7.

More formally, the SEP on a ladder graph . x .# is the process with the following

generator on local functions f: Q — R

LEQO = > > pli,D)CEa) (1 =< ANFE D) - f(Q) (14.1)

e a,feES

where ¢(#2)(L6) denotes the configuration obtained from 7 by removing a particle at
site 7 level a and placing it at site [ level 8. Since this process is a symmetric exclusion
process on a special graph, then it is self-dual in the following sense:

Proposition 1.4.1. Define for ¢, € Q, ¢ finite,

D(Caé) = H C(iaa)

i,a:f(i,a):l

then we have the duality relation from [8]

EcD(G, ¢) = EgD(¢: ) (1.4.2)
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1 Duality and hidden symmetries in interacting particle systems

where (y, 5,5 are independent copies of the ladder SEP with generator (1.4.1) starting
from ¢, resp. C.

1.4.2 From the ladder SEP to the 2j-SEP

To define the 25-SEP on a graph . we consider, for a given SEP on a ladder graph
< x & with 2j levels, the process which consists of giving at time ¢ > 0, and each site
1 € . the number of levels (¢, @) which are occupied in ;. More precisely, define the
map 7: Q — QW ={0,1,...,25}”
C—7m(()=n  with n = Z ¢, @) (1.4.3)
aeS
Then we have the following theorem.
Theorem 1.4.2. Let (; be the ladder SEP with generator (1.4.1). Then the following
holds:
a) ny = w(¢t) is a Markov process on QU with generator
LD f) =" p(i, a2 — m)(f (') — () (1.4.4)
€S
This process will be called the 2j-SEP or reduced ladder SEP with 2j levels.
b) The process n: with generator LY) s self-dual with duality function
(&)
D¢ =11 (ﬁ})
i€S \&;

for & < n a configuration with a finite number of particles (D is defined to be

(1.4.5)

zero in other cases). More precisely, we have
EnD(m,€) = EeD(n, &) (1.4.6)
¢) The extremal invariant measures are of the form
v = @iesBin(24, p;)
where p; is harmonic for p(i,1), i.e., such that

> (i, Dpr = ps
l

In particular, if the only bounded harmonic functions are constants, then the only

extremal invariant measures are products of binomials with constant density.
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1.4 Symmetric exclusion processes

ProoF. For point (a) remark that the jump rates in the generator (1.4.4) only depend

on the number of particles at a site, and not on the levels. Therefore, if f: Q — R
depends on ¢ only through n = 7(¢), i.e., if f(¢) =¥ (7(¢)) = ¢ (n), then

Lf(¢) =LYy(n) (1.4.7)

Therefore, for every local function ¢ : Q) — R,

MMQFWW%D*/LmWW«m%:Mi (1.48)

0

is a martingale w.r.t. the filtration .%; = o{7(({)s : 0 < s < ¢}. This shows that 7({;)
is a solution of the martingale problem associated to the generator LU) and hence
coincides with the unique Markov process generated by L) (see Th. 4.1, page 182, of
[4]).

Now we turn to point (b). At each site i € S we choose &; levels at random. For a
given configuration n € Q;, we choose ¢ € () consistent, i.e., such that 7({) = n. Then
the probability (w.r.t. to the random choices) that all chosen levels are occupied in ¢
is exactly equal to D(n,§). As m((;) = n:, the probability that the chosen levels are
occupied at time ¢ (i.e., in ;) is given by E, D(n;,§). By self-duality of the ladder SEP
(Prop. 1.4.1), the event that at time ¢ > 0 the chosen levels are occupied is the same
as the probability that the particles evolving from the chosen levels during a time ¢

find themselves at positions which are occupied in (. The latter probability equals

EeD(&t,m)-

Point ¢) follows from the fact that for the ladder SEP with generator (1.4.1), the
product Bernoulli measures indexed by harmonic functions of p(i, j) are the extremal
invariant measures ( see [8] for details) and the image measure of a product of Bernoulli

measure under 7 is a product of Binomial measures. |

1.4.3 Limiting processes as j — o0

In this section we show that for large j the 2j-SEP converges, when considered on
an appropriate time scale, either to a system of independent random walkers or to a
deterministic limit, depending on the initial density. We remind the reader that for

independent random walkers on a graph S, the configuration space is Q. = N and
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1 Duality and hidden symmetries in interacting particle systems

the generator is given by

Livwf(n) = Y n(@)p(i, )(f(™") = f(n)) (1.4.9)

ies

The stationary measures are products of Poisson measures, and the process with gen-
erator (1.4.9) is self-dual with self-duality function

.|
Diw(n,€) = T —2 (1.4.10)
g (m —&)!

for finite configurations £ <7, and D = 0 otherwise.

The relation with the reduced ladder SEP for large j is given in the following theo-

rem.

Theorem 1.4.3. Consider the process {ngj) :t > 0} with generator (1.4.4) started

from initial configuration n'9) € QU) . Suppose that, as j — oo, n'9) — n € Qu, then
(4)
t/2j
random walkers with generator (1.4.9) and initial configuration 7).

the process {n :t > 0} converges weakly in path space to a system of independent

(9)

TR t > 0} has generator

PROOF. The process {n

1 .
Z =1LV 1.4.11
=5 (1.4.11)
In order to have a sequence of processes all defined on the same sample space Q) we

consider the auxiliary process on N° with generator

20y = 3 pli O (1 - ”—l.) Tin < 2)T0m < 20) (F) — F()) (1.4.12)

ileS 2j

This auxiliary process behaves as the process with generator %»’ except for sites which
have more than 25 particles, which are frozen. Started from an initial configuration
with all sites having at most 2j particles, this process coincides with the process 7;/2;.
For any local function f : N® — R, we then have

i 2/ ) = Jim S a0 (1 ) 100 < 20010 < 20) (F0) - )

j— 29
I iles J
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1.4 Symmetric exclusion processes

Therefore, by the Trotter-Kurtz theorem (see Theorem 2.5 of [4]), this implies that the
corresponding processes 7, /o; converge weakly on path space as j — oo to the process
with generator Z,.,. O
To see that (1.4.10) is (up to a multiplicative consant) a limit of duality functions of
the 2j-SEP, we start from the symmetry (1.3.6) and use the similarity transformation
with QU) given by

QY (n, &) = H QY (1:, &)

i€

) 2j 1\™ 1 2j—mi
i) =bnec 3 ) \ 25 2j

Then the duality functions

with

DU — Q) g
with S defined in (1.3.16), satisfy

lim DY) = eDirw -
J—00
Another possible limit is obtained when the initial condition has a number of par-
ticles that diverges proportional to j. This limit, as can be understood from the law

of large numbers, is deterministic.

Theorem 1.4.4. Consider the process

(9)

@) /24

t) = L2
o0 = 7L

and suppose that xgj)(()) — 2;(0) € [0,1] for all i € . as j — oo. Then we have

that :L'Z(-J)(t) converges to a deterministic system of coupled differential equations with

generator
0 0

i,leS

PROOF. The generator of the process J:Z(-j) (t) reads

2] $(@) =25 3 plis Dan(1 = a)(faH) = FD))
il
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1 Duality and hidden symmetries in interacting particle systems

where z()%! arises from 2() by removing a unit 1/2j from i € .% and putting it at
| € .#. Therefore, for a local smooth function f : [0,1]° — R we have, by Taylor

expansion

Zif(x) = ;p(i,l)xi(l — ) <a% - aii) f(x)+0 (%)

The result then follows once more from the Trotter Kurtz theorem. Since the limiting
generator is a first order differential operator, the corresponding process is determin-
istic. (|

1.4.4 Boundary driven case

We first discuss a duality theorem for standard (i.e. j = 1/2) symmetric exclusion
with extra creation and annihilation of particles at the boundary. The context is a
countable set ., of which we distinguish a subset 0. C . called the boundary. We

then consider the generator

Zfm) = D i, D@ =)0 = f(n) (1.4.15)
i€
+ )@= pan@) (F(r) = £() + pi(1 = (@) (F() = F(m))
€0

where 0 < p; < 1 represent the densities of the particle reservoirs with which the
system is in contact at the boundary sites, and where 1’ is the configuration obtained
from 7 by flipping the occupancy at i.

The first part of the generator represents the hopping of particles on . according
to a symmetric exclusion process, whereas the second part represents creation and
annihilation of particles at the boundary sites.

To introduce duality for this process, we introduce a set 0. of sink sites, and a
bijection ¢ +— i, which associates each site i € 0.7 to a sink site. The dual process will
then be a process that behaves as the exclusion process in the bulk, but particles can
leave the system via boundary sites to sink sites, and will then be stuck at sink sites.

More precisely, a configuration of the dual process is a map

£ S0, - N
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1.4 Symmetric exclusion processes

such that (i) € {0,1} for i € . (only the sink sites can contain more than one
particle). We call Q4,41 the set of all configurations of the dual process.

The duality function is defined as follows: for n € {0,1}”, € € Qqual

D(n,§) = I »o (H pﬁ) (1.4.16)

i€ €(i)=1 i€0..F

The idea here is that we have the ordinary duality function for the sites i € . and
for the sink sites, we replace the variable 7; by its expectation p;, corresponding to the

stationary measure of the boundary generator L;.

The generator of the dual process is then defined as follows:

Lawarf(€) =D pli,NEG L —EM)FE) = £E) + D €6) (FE7) = £(9)

e €0
(1.4.17)

We then have

Theorem 1.4.5. The boundary driven exclusion process (n:)i>o0 with generator £ in
(1.4.15) and the process (&)i>0 with generator Lyyq i (1.4.17) are dual with duality
function D(n, &) given by (1.4.16), i.e.,

EyD(ne,€) = EeD(n, &) (1.4.18)

ProoOF. Abbreviate

Lif(n) = (1= pon(@) (f(n") = fF(m) + pis(1 = n(@)) (f(n") — f(n)) (1.4.19)
and
Lt £(&) = €(0) (£(€") = f(8)) (1.4.20)
For f(n) = n(i) one sees that
Lif(n) = pi —n(i) (1.4.21)

and hence for £ a dual configuration which is non-zero only on the sites i € 0. and

on the corresponding sink site i, € 9..7, we find

LiD(n,€) = pi= (Li (n(D)€@0) + (1 — £(i))))
= £(0)p5 (pi —n(3))
=€) (o™ oo n) = L D(E )
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1 Duality and hidden symmetries in interacting particle systems

From that and the self-duality of the symmetric exclusion process, it follows that
ZLD1,&) = LauarD(1,€) (1.4.22)

O
In order to apply this duality result for the boundary driven process with generator
(1.4.4), we first look at the boundary driven exclusion process on a ladder graph. More

precisely, for ¢ € {0,1}7* we consider the process ({;)¢>o with generator

ZFO = >0 > p,)(C )1 = ¢l BT ED) — £(0)) (1.4.23)
e a,peS

0 Y = a) (FECE) = F(Q) + i1 = G a)) (£ = £(0))
€0 e S

In words, this process is the ladder SEP, with additional boundary driving, where
the creation and annihilation rate of particles at the boundary sites does not depend
on the level. If we consider the reduced process, consisting of counting at each site
i € % how many levels in . are occupied, i.e. 7 = mw({;) then we recover once
again a Markov process (cfr. Theorem 1.4.2). This process, defined on the state space
QU =10,1,...25}” and called the boundary driven 2j-SEP, has generator

Zif) =Y D025 —aO)(f0H) = fn) (1.4.24)
iwles
+ > (1= pi)n(i) (f(n“’“)) — f(n)) +pi(2) —m) (f(n') — f(n))
€0

It turns out that the boundary driven 2j-SEP has a nice dual too. To introduce this
dual, we consider admissible dual configurations as maps & : . U 9. — N such that
0 <&(i) <2j for i € . (only the sink sites can contain more that 2j particles). The
generator of the dual of the boundary driven 2j-SEP is a process on admissible dual

configurations, defined by

i) = N pli, (@25 — ED)FE) — F(©))

ies

+D @) ()~ f9) (1.4.25)

€0

From Theorem 1.4.5 we then infer, in the same way as we derived Theorem 1.4.2 the

following.
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1.5 The Brownian Momentum Process and SU(1,1) symmetry

Theorem 1.4.6. Let (1;);>0 denote the boundary driven 2j-SEP with generator (1.4.24).
Then (n:)i>0 is dual to the process (§;)i>0 with generator (1.4.25) with duality function
given by

pm,& = 1T o 1 ESJ; (1.4.26)
¢

i€0..S i€ \&

PROOF. Denote for i € 0.7,

L) = (1= () (£ ) = F)) + pi(2) = n@) (F) = F(m))
and
LM () = €6) (F(€7") = £(8)

One then easily computes that for ¢ a dual configuration which is non-zero only on

the sites ¢ € 9. and on the corresponding sink site i, € 0..7,

LD(n,§) = PE@%)"Z]((Z))

oo (7)) (2) e-mn ()

ni
= fi(/)fieﬂ - Pz‘)ég—;)

e)

The result then follows from combination of this fact and the duality relation (1.4.6).
O

_ ogidualD(n, €)

1.5 The Brownian Momentum Process and SU(1,1)

symmetry

In this section we study the Brownian momentum process that was introduced in
[5, 2]. We will recover duality [6] in the context of our main Theorems and study the

reversible measures of the dual process.
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1.5.1 Generator and Quantum spin chain

Let . be a countable set and p(i, j) a symmetric random walk transition probability

on .. The Brownian momentum process is a Markov process (z;);>0 on R, with

generator
L= Y pli,j)Li (1.5.1)
i,j€S
where )
0 0
Liij=|viz——2j— 1.5.2
J <:C al'j i axz) ( )

and p(i,7) is a symmetric random walk kernel on .7

The generator L;; conserves the energy =7 + x? and generates a Brownian rotation
of the angle ;; = arctan(x;/xz;). The interpretation of the generator (1.5.1) is then
as follows: each bond independently, at rate p(i, j) undergoes a Brownian rotation of
its angle 6;; = arctan(z;/x;). An important example to keep in mind is .% = Z?, and
p(i,j) the nearest neighbor symmetric random walk.

The processes with generator L can be related to quantum spin chains [6]. Consider

the operators

1 0?
K, = 58—95%
K} = i<a%i(:ci~)+:cia%i) (1.5.3)
which satisfy the commutation relations of SU(1,1):
KK - K
(K K] = 2K} (1.5.4)

Then the negative of the adjoint of the generator L can be seen as the quantum

“Hamiltonian”

1

N S - - -t 070

H=-L ——4-§-€yp(z,]) <K K; +K; K} —2K'K! +§) (1.5.5)
ij

with spin satisfying the SU(1, 1) algebra (in a representation with spin value 1/4).
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1.5 The Brownian Momentum Process and SU(1,1) symmetry

1.5.2 Dual process

In [6] we showed that the process with generator L in (1.5.1) and (1.5.2) has a dual,
which is a system of interacting random walkers on .. We show here how this dual

process comes out of the structure of the Hamiltonian (1.5.5).

We notice that the SU(1,1) group admits a discrete (infinite dimensional) represen-

tation as (unbounded) operators on l(N):

w6 = (3+6)k+D
H1G) = &l&—1)
VAN (éﬁi) [3)) (1.5.6)

where i € . and & € N and |0),]1),]2),... denotes the canonical basis on l3(N). Tt
is immediately checked that the (unbounded) operators in (1.5.6) satisfy the SU(1,1)
commutation relations in (1.5.4). We then define a new generator via the same Hamil-

tonian as in (1.5.5), but now in the representation (1.5.6):

1
Haual = =L = =4 Y pli, §) (Jifiwifj— + . =200 0 + §> (1.5.7)
ijES
From the previous equation and using the representation (1.5.6) we deduce that the

Hamiltonian above defines a Markov process (&;):>0 with state space N and generator
Lauar = Y, p(i, L3 (1.5.8)
i,jE€S

where

Livalfe) = 26,26+ 1)(f(EY) - £(€) +
26;(26 + 1)(f(£7) — £(€)) (1.5.9)

with €7 the configuration obtained from ¢ by removing a particle from ¢ and putting
it at j. Note that, in general, changing a representation does not imply that a gen-
erator continues to be a generator: the fact that H and Hg,, are well-defined as a
Hamiltonian is conserved by similarity transformations (change of representation) but
their property of being (minus) the adjoint of the generator of a Markov process is

dependent on the representation, and needs to be verified by hand.
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1 Duality and hidden symmetries in interacting particle systems

1.5.3 The duality function explained

In [6] we found that L and Lgyq are dual processes, with duality function

D(x,&) = [[ Di(wi,&) (1.5.10)
e
with y
25
Di(xi, &) = m (1.5.11)

We now show how these functions arise from the change of representation. Suppose

that we find a function

C=C(z,€) = H Ci(xi,&)

i€
such that
K}C; = Cpt” (1.5.12)

for a € {+,—,0}, i € . and K¢, resp. J#;* defined in (1.5.3), (1.5.6). The “matrix

product” in the lhs of (1.5.12) is defined as the differential operator K¢ working on

the z;-variable of Cj(z;,&;), and in the ths C; 8% (24, &) = >0 O, §) A (&1, &)
Then for the generators L in (1.5.1),(1.5.2) and the generator Lgyq in (1.5.8), (1.5.9)

we find, as a consequence of (1.5.12) and using that L* = L,
LC=L"C=CL},u (1.5.13)

i.e., such a function C' is a duality function (cfr. (1.2.6)).

The equation (1.5.12) is most easy if a = +, it then reads

%zfci(zi,&') = (% + §i> Ci(w;, & + 1) (1.5.14)

To find Cj(z;,0) we use K; Ci(z;,0) = 0 (that follows from (1.5.6), (1.5.12)) so we
can choose C;(x;,0) =1 and then find, via (1.5.14)
226
(@i, &) = o 1.5.1
Culain6) = Ty (1515)

which is exactly the duality function that we found in [6]. It is then easy to verify that
(1.5.12) is also satisfied for a € {—,0} with the choice (1.5.15).
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1.5 The Brownian Momentum Process and SU(1,1) symmetry

1.5.4 Reversible measures of the dual-BEP

The dual of the BEP, with generator L4y, in (1.5.8) and (1.5.9), is in itself an interact-
ing particle system (particles attract each other), and it can therefore be considered as
a model of independent interest. In some sense, it can be viewed as “the bosonic coun-
terpart” of the SEP. Surprisingly, despite the interaction, the process has reversible
product measures, as is shown below. Remark that, due to the attractive interaction
between the particles, this process does not fall in the class of “misantrope processes”
considered in [1], [3] (where one also has in particular cases stationary product mea-

sures, despite interaction).

Theorem 1.5.1. Consider, for A < 1/2 the translation invariant product measure vy

on N7 with marginals

1 2= .
=k)= —— —°" 1.5.1
Al = K) = 5 (1.5.16)
where the normalization s
= (2 — 1), 1
Zy\ = — NN = 1.5.17
=2 = (15.17)

Then vy is reversible for the process with generator Ly in (1.5.8) and (1.5.9).
ProOOF. From the generator (1.5.8), (1.5.9), we infer that
alaJQz(Qj + 1) - 2(_] + 1)(22 - 1)0(_7‘_,_10(1'_1

is a sufficient condition for detailed balance of a product measure p with marginals

dual

i7", which is sufficient for detailed balance for

w(no = k) = «i for the generator L

Lguar- This leads to )
041 2_7 +1
Oéj 2] + 2
for some positive constant ¢. This in turn gives

25— 1! -
a; = (j%')(gc)aao
7

which is (1.5.16). The explicit expression for Z) can be obtained easily from the

(2¢)

identity

/ a2 e= 2y = v 27(2k — )N
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1 Duality and hidden symmetries in interacting particle systems

1.6 The Brownian Energy Process

As it was done for SEP, it is interesting to consider the Brownian Momentum Process
on ladder graph . x . with |.#| = m € N levels and look at the induced process
which gives the energy at each site.

1.6.1 Generator

Consider the generator, working on local functions f : R¥*¥ — R

L= p(i,j)Lia;s (1.6.1)

i,jE€S a,f=1
where )
0 0
Livig=|Tia=—— —Tig—— | . 1.6.2
,JB (ZL' ) 6353,,6 x]yﬁ 6.1'7;70() ( )

In this section we show that for the process with the generator above, the total energy

per site defined via
m
=y a3, (1.6.3)
a=1
is again a Markov process

Theorem 1.6.1. Consider the process x(t) = (zia(t))ic.s a=1,...m with generator L
of (1.6.1) and (1.6.2). Consider the corresponding process z(t) = (z;(t))ic.s defined
via the mapping (1.6.3). This is a Markov process on Rf with generator

L = N7 pi, )L (1.6.4)
ijeS
with )
L =4z (5 — =) —2mlzi—2) (5 — 2 1.6.
“ . Zj (621 62]) m(z Zj) <621 62]‘ ( 6 5)

and with stationary measures which are product measures with chi-squared marginals.

PrRoOOF. Denote 7 : (Zia)ic”.a=1,..m — (zi)icr. Denote by 0; partial derivative

w.r.t. z; and by 0; o partial derivative w.r.t. ; o. Then, using the identities

Oia = 2ia0;
8, = 20;+427,0}
0i,a0jp = 4i0%;p0;0; (1.6.6)
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1.6 The Brownian Energy Process

we find for a function f : R¥** — R depending on x only through z = 7(z)

Lf o w(a) = (L™ f)(x(a)) (1.6.7)

The proof then proceeds via the martingale problem as in the proof of Theorem 1.4.2.
The stationary measure of the process with generator L™ is deduced from the knowl-
edge of the stationary measure for the process with generator L. Indeed, it is easy
to check that for the process x; o (t), products of Gaussian measures ®;c.o oN(0,0?)
are invariant and ergodic. The image measure under the transformation n(z) = z
are products ®;e.#, x2,(c) where for o = 1, x2,(1) is the chi-squared distribution with

m degrees of freedom, and for general o, follows from scaling x2,(0?) = o2x2,(1). O

1.6.2 Duality

In this section we show that the BEP defined above has a dual process which is again

a jump process.

To construct the dual we follow a procedure similar to the one of the previous
section. Remark that the generator L in (1.6.1) and (1.6.2) can be written in terms of

the operators

=N ke, (1.6.8)
a=1
with a € {4+, —, 0}, where
Kf = L2
i, 9o
1 02
Ko = -2
no 2 axfﬁa
1 0 0
KO . o a—— 1.6.9
fa = 1 () + 05 (169

In other words L is related to a quantum spin chain with Hamiltonian

2
HM = 1 =43 p (K+ () = (m) | g om) b m) g pe0m) 0.(m) m_)
ijeSs 8
(1.6.10)
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1 Duality and hidden symmetries in interacting particle systems

where the K-operators in (1.6.8) and (1.6.9) satisfy the commutation relations of
SU(1,1). Moreover the K operators defined in (1.6.8), (1.6.9), can be rewritten in

z-variables as follows:

i 2
K;(m) = 2251'61-2 + mo;
KO — 94T (1.6.11)

3

4
The generator L™ of (1.6.4) is then simply minus the adjoint of the Hamiltonian

H™) in (1.6.10), rewritten with K-operators in z-variables.

At this point it is important to remark that the SU(1, 1) group admits a family of
discrete infinite dimensional discrete representation labeled by m € N given by
AT Mgy = (G 46 l6+1)
A Me) = ale—1)
AMe) = (T &)k (1.6.12)
where i € . and & € N and |0),|1),]2),... denotes the canonical basis on I3(N). We

then define a new generator via the same Hamiltonian as in (1.6.10), but now in the

representation (1.6.12):

HYYY = —Lia (1.6.13)
2
N () (%+,<m>%/j,<m> o ) g g 0im) ) %)
ijes

Using the representation (1.6.12) we deduce that the Hamiltonian above defines a

Markov process (£ );>0 with state space N and generator

m .. m),dual
Ly, = > pli, )L (1.6.14)
i,jES

where

Lol ey — 26,26, +m)(F(6) — £(9)) +
26;(26 +m)(F(€91) — £()) (1.6.15)

The duality function is given in the following theorem.
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1.6 The Brownian Energy Process

Theorem 1.6.2. The processes with generator L™ and Lgﬁzl are each others dual,

with duality function

D(z,8) =[] Di(=,&) (1.6.16)
i€
where
D;(2:,&) = z&i (1.6.17)

RT3+ E)

with T(t) = [ '~ 'e""dx the gamma function.

PROOF. Let

T(m
Ci(zi, &) = Zfl#
T3 +6)
One verifies easily that
Kf’(m)Ci — Ci%a’(m)

for a = 4+, —,0. The proof then continues as in section 1.5.3. O

1.6.3 The instantaneous thermalization limit and the KMP process

In the KMP model, introduced in [7], the energies E; of different sites i € . are
updated by selecting a pair of lattice sites (i, j) and uniformly redistributing the energy
under the constraint of conserving F; + F;. In this section we show that the KMP
model arises by taking what we call here an instantaneous thermalization limit of the

process with generator L™, for the case m = 2.
(m)

We start by computing the stationary measure of the process with generator L;;

Lemma 1.6.3. Let (z;(t), z;(t)) be the Markov process with generator LZ(-;n), starting
from an initial condition (z;(0),z;(0)) with z;(0) + 2z;(0) = E. Then in the limit
t — oo the distribution of (zi(t),z;(t)) converges to the distribution of the couple
((E+¢€)/2,(FE —€)/2) where € has probability density

fle)=Cpn(E* —eH)2 ! (1.6.18)

—F <e< FE and f =0 otherwise, and where C,, is the normalizing constant.
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1 Duality and hidden symmetries in interacting particle systems

Proo¥. Define (E(t),e(t)) = (zi(t) + zj(t), zi(t) — 2z;(t)). Then simple rewriting of
LE}n) in the new variables yields that (E(t), e(t)) is a Markov process with generator

L = A(E? — 2)0? — 4med. (1.6.19)

From the form of %’ we see immediately that E is conserved and that for given E,

e(t) is an ergodic diffusion process with stationary measure solving
O2(A(E* — A f) + 0. (4mef) =0 (1.6.20)
Now notice that the rhs of (1.6.18) solves
O(4(E?* — ) f) + (4mef) =0

and hence (1.6.20). O
Denote by 7, the distribution of ((E + €)/2, (E — €)/2). We can now define what we

mean by instantaneous thermalization.

Definition 1.6.4. Let f : [0,00)” — R. For e = (&;)ic.r a configuration of energies,
(i,7) € & x 7, (e}, €}) € [0,00) x [0,00) we denote by t(e, e}, e}) the configuration
obtained from e by replacing e; by e and e; by e;-. The instantaneous thermalization

of a pair (i,7) € & x .7 is defined by
f(m)f /f e,e“ej d’ym(e/i,e;) (1.6.21)

The instantaneously thermalized version of the Brownian energy process is then

defined as the process with generator

LT i) = 3 pi )T f(e) ~ f(e) (1.6.22)

ij€S
This means that with rate p(ij) a pair (i,j) € ¥ x . is chosen and the energy is
instantaneously thermalized according to the measure 7,,. From (1.6.18) one sees that,

for m = 2, the uniform redistribution of the KMP model is recovered.

It is interesting to consider the dual of the instantaneous thermalization process
for general m € N. From the previous discussion one knows that in the case m = 2
this is just the dual of the KMP model. However, the model with generator has for
general m a dual with different duality functions as is shown in Theorem 1.6.6 below.

To introduce this dual, we remind the reader that the Brownian energy process with
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1.6 The Brownian Energy Process

generator L("™) is dual to the discrete particle jump process with generator LSZ(EZ. The

following lemma gives the stationary measure of the dual BEP, which is needed in the

construction of the instantaneous thermalized version of the dual BEP.

Lemma 1.6.5. Let (k¢,l;) evolve according to the generator Xdiial,

initially ko + lo = N, then in the limit t — oo, (k¢,li) converges in distribution to
(N +A)/2,(N — A)/2) where A has distribution p on {—N,—N +2,..., N} with

and suppose that

pwAd) (N—A+D((N+A—1+m)
pWA=2)  (N+A)N-A+m) (1.6.23)

In particular for m = 2, (k1) converges to the uniform measure on the set {(a,b) €
{0,...,N}:a+b=N}.

Proor. The process (N, Ay) := (ki + Uy, ke — I¢) performs transitions (N,A) —
(N,A —2) at rate (N + A)(N — A +m) and (N,A) — (N, A +2) at rate (N —
A)(N+A+m). The marginal A, is then an irreducible continuous-time Markov chain
on the set {—N,—N +2,..., N}, and hence has a unique stationary measure. Since it
is a pure birth and death chain, this measure is also reversible. The recursion (1.6.23)
then follows from detailed balance. [

We denote by 4,,,(k, 1) the stationary distribution of lemma (1.6.5). For £ € N, and
(i,j) € & x 7, (§,€;) € Nx N we denote by t({,£],&}) the configuration obtained
from ¢ by replacing the value at i by & and at j by £;. We then define the dual
thermalization by

Z& M =Y €L €)m(ELE) (1.6.24)
€.€) EHE=E+E;

and the dual instantaneously thermalized energy process as the process with generator

IT,(m dual,(m
L) = 3 (Z5 M Fe) - £(6)) (1.6.25)
ije€S
Theorem 1.6.6. Consider the instantaneously thermalized version of the Brownian

energy process, with generator 1T . This process is dual to the process with generator

fdﬁl’l(m) with duality function given by

D(e,€) =[] Piten &) (1.6.26)
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1 Duality and hidden symmetries in interacting particle systems

Di(es &) = €5 L(m/2)

PrRoOOF. By the duality result for the Brownian energy process, Theorem 1.6.2, we
have for all (i,j) € ¥ x .7

(m) 7 (m),dual
Lij D(e,§) = L;; D(e,€) (1.6.28)
therefore,
lim (25" — id)D(e, &) = lim (%5 """ —id)D(e,€) . (1.6.29)
t—o0 ’ t—o00 ’

The result then follows from the definition of the processes, together with lemma 1.6.3
and lemma 1.6.5. (|

1.6.4 Limiting processes as m — oo

As it was done for the 2j-SEP, we study here the limiting behavior of the m-BEP
process for large m.

Theorem 1.6.7. Consider the process {z,gm) :t > 0} with generator L™ and initial
condition 2™ € RY and its dual {§t(m) : t > 0} with generator L;Zgl and initial
condition €™ € N7 Suppose that, as m — oo, 2™ — 2 € Rf and €M) — ¢ € N7,
Then:

1. the process {zt(;nni 1t > 0} converges to the process, (zt)i>0 started from z, with

generator

L= pli,j)Li

ijes

0 0
Lij = =20z = %) (a - 5)
i J
)

2. the process {557;} converges to a system of independent random walkers (& )e>0

started from &, with generator

Ldual = Z p(iaj)L;'ijual
ijes

Lyt = 26(f(€7) — f(€) +2&(f(€7) — f(€))
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1.6 The Brownian Energy Process

3. The two limiting processes (x;)i>0 and (§)i>0 above are each other’s dual, with
duality function
D(x,&) =[] =%
i€
ProOF. The proof of items 1. and 2. proceeds like in Theorem 1.4.3. For item 3.

compare to example in section 1.3.5. (|

1.6.5 Boundary driven process

In this last section we consider the m-BEP process in contact at its boundary to
energy reservoirs of the Ornstein-Uhlenbeck type. A duality result for the Brownian
Momentum Process with reservoirs was already proven in [6]. Here we generalize this
result to the general Brownian energy process for arbitrary m € N. We start from the
momentum process {(z(t); o) : 1 € L, a=1,...,m,t > 0} on a ladder graph with m
levels and all levels at sites i € 0.9 connected to a thermalizing Ornstein-Uhlenbeck

process which parameter T;, to be thought as the temperature. The generator reads

e o o \*
L = Z p(i,7) Z (wi,am—%‘,ﬂ%>
i,jES a,B=1 ’ ’
s 0? 0
+ DD Tiga —Tiag (1.6.30)
i€8.7 a=1 B0 hex

If we now consider the induced process {z;(t) : i € ., ¢ > 0} measuring the energy at

m
_ E 2
Zi = zi,a ’
a=1

then, using the identities (1.6.6), we find the generator

each site via the map

o RS .
i,jES
0 0? 0
2T; 22i—= | — 22— 1.6.31
o 3o o) e 031

Introducing as usual a set 0..7 of sink sites and a bijection ¢ +— i, which associate each

boundary site i € 0.7 to a sink site i, € 0..%, we have the following duality theorem:
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1 Duality and hidden symmetries in interacting particle systems

Theorem 1.6.8. Let (z;)¢>0 denote the boundary driven m-BEP with generator (1.6.31).

Then (z)i>0 is dual to the process (& )i>0 with generator
Lawarf(€) = Y p(6,5)26(2& + m)(f(E77) = (&) + 2828 + m)(f(&7) — f(£))
ijES

+ Y 26(f(EN) — f(9) (1.6.32)

€0

with duality function given by

Dz &)= [] 7 I] & L(3) (1.6.33)

i€0..S = ' QEiF(%Jrgi)

Proor. The bulk part of the duality function coincides with the one of Theorem
1.6.2; the boundary part is easily checked with an explicit computation. |
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2 Correlation inequalities for interacting particle systems with duality

2.0 Abstract

We prove a comparison inequality between a system of independent random walkers
and a system of random walkers which either interact by attracting each other — a
process which we call here the symmetric inclusion process (SIP) — or repel each other
— a generalized version of the well-known symmetric exclusion process. As an ap-
plication, new correlation inequalities are obtained for the SIP, as well as for some
interacting diffusions which are used as models of heat conduction, — the so-called
Brownian momentum process, and the Brownian energy process. These inequalities
are counterparts of the inequalities (in the opposite direction) for the symmetric ex-
clusion process, showing that the SIP is a natural bosonic analogue of the symmetric
exclusion process, which is fermionic. Finally, we consider a boundary driven version
of the SIP for which we prove duality and then obtain correlation inequalities.

2.1 Introduction

In Liggett [14], Chapter VIII, proposition 1.7, a comparison inequality between inde-
pendent symmetric random walkers and corresponding exclusion symmetric random
walkers is obtained. This inequality plays a crucial role in the understanding of the ex-
clusion process (SEP); it makes rigorous the intuitive picture that symmetric random
walkers interacting by exclusion are more spread out than the corresponding indepen-
dent walkers, as a consequence of their repulsive interaction (exclusion), or in more
physical terms, because of the fermionic nature of the exclusion process. The com-
parison inequality is a key ingredient in the ergodic theory of the symmetric exclusion
process, i.e., in the characterization of the invariant measures, and the measures which
are in the course of time attracted to a given invariant measure. The comparison
inequality has been generalized later on by Andjel [1], Liggett [15], and recently in the
work of Borcea, Brandén and Liggett [3].

In the search of a natural conservative particle system where the opposite inequality
holds, i.e., where the particles are less spread out than corresponding independent
random walkers, it is natural to think of a “bosonic counterpart” of the exclusion
process. In fact, such a process was introduced in [9] and [10] as the dual of the
Brownian momentum process, a stochastic model of heat conduction (similar models

of heat conduction were introduced in [4] and [8], see also [5] for the study of the
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structure function in a natural asymmetric version).

In the present paper we analyze this “bosonic counterpart” of the exclusion process.
We will call this process (as will be motivated by a Poisson clock representation) the
“symmetric inclusion process” (SIP). In the SIP, jumps are performed according to
independent random walks, and on top of that particles “invite” other particles to
join their site (inclusion). For this process we prove the analogue of the comparison
inequality for the symmetric exclusion process. From the comparison inequality, using
the knowledge of the stationary measure and the self-duality property of the process, we
deduce a series of correlation inequalities. Again, in going from exclusion to inclusion
process the correlations turn from negative to positive. We remark however that these
positive correlation inequalities are different from the ordinary preservation of positive
correlations for monotone processes [12], because the SIP is not a monotone process.
Since the SIP is dual to the heat conduction model it is immediate to extend those
correlation inequalities to the Brownian momentum process and the Brownian energy

process.

We also introduce the non-equilibrium versions of the SIP, i.e., we consider the
boundary driven version of SIP. In this case, for appropriate choice of the boundary
generators, we prove duality of the process to a SIP model with absorbing boundary
condition. We then deduce a correlation inequality, explaining and generalizing the
positivity of the covariance in the non-equilibrium steady state of the heat conduction
model in [9].

All the results will be stated in the context of a family of SIP(m) models, which are
labeled by parameter m € N. As the SEP model can be generalized to the situation
where there are at most n € N particles per site (this corresponds to a quantum spin
chain with SU(2) symmetry and spin value j = n/2), in the same way the SIP model
can be extended to represent the situation of a quantum spin chain with SU(1,1)

symmetry and spin value k = m/4 [9].

The paper is organized as follows. In Section 2 we define the SIP(m) process, re-
stricting to a context where its existence can be immediately established. The main
comparison inequality, which allows to compare SIP walkers to independent walkers
(by a suitable generalization of Liggett comparison inequality) is proved in Section 3.
Correlation inequalities for the SIP(m) process that can be deduced from the com-
parison inequality are proved in Section 5 (the necessary knowledge of the stationary

measure and the self-duality property are presented in Section 4). In particular, in
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2 Correlation inequalities for interacting particle systems with duality

Section 5 it is proved that when the SIP(m) process is started from its stationary
measure then correlations are always positive, while when the process is initialized
with a general product measure then positivity of correlations is recovered in the long
time limit. Further correlation inequalities for systems similar to the SIP(m) process
are discussed in the subsequent Sections. Attractive interaction (the SEP(n), which
generalize the standard SEP) is presented in Section 6. Some interacting diffusions
dual to the SIP(m) process are studied in Section 7. Finally the boundary driven

SIP(m) process is analyzed in Section 8.

2.2 Definition

In the whole of the paper, S will denote either a finite set, or S = Z?. Next, p(z,y)
denotes an irreducible (discrete-time) symmetric random walk transition probability
on S, ie., p(z,y) = p(y,x) > 0, Zyp(z,y) =1, and p(z,x2) = 0. In the case S =
72, we suppose furthermore that p(z,y) is finite range and translation invariant, i.e.,
p(z,y) = m(y — ), and there exists R > 0 such that p(x,y) = 0 for |x — y| > R. This
assumption for the infinite-volume case avoids technical problems for the existence of
the STP(m) which for the subject of this paper are irrelevant. The proof of existence of
the STP(m) in our infinite-volume context (with the process started from a “tempered”
initial configuration, i.e. n(y) < ||y||* for some k and for all y) follows from self-duality,
along the lines of [6], Chapter 2.

The symmetric inclusion process with parameter m € (0, 00) associated to the tran-
sition kernel p is the Markov process on € := N° with generator defined on the core

of local functions by

Lfm) = > pla,y)2n:(m+2n,) (f(n™") — f(n)) (2:2.1)

z,yeS
where, for n € Q, n*¥ denotes the configuration obtained from 7 by removing one
particle from z and putting it at y.

In [9], for m = 1 this model was introduced as the dual of a model of heat conduction,
the so-called Brownian momentum process, see also [10], and [4] for generalized and

or similar models of heat conduction.

The process with generator (2.2.1) can be interpreted as follows. Every particle has

two exponential clocks: one clock -the so-called random walk clock- has rate 2m, the
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other clock -the so-called inclusion clock- has rate 4. When the random walk clock
of a particle at site x € S rings, the particle performs a random walk jump with
probability p(x,y) to site y € S. When the inclusion process clock rings at site y € S,
with probability p(y, ) = p(x,y) a particle from site x € S is selected and joins site y.

From this interpretation, we see that besides jumps of a system of independent
random walkers, this system of particles has the tendency to bring particles together
at the same site (inclusion), and can therefore be thought of as a “bosonic” counterpart

of the symmetric exclusion process.

To make the analogy with the exclusion process even more transparent, in an exclu-
sion process with at most n particles (n € N) per site (notation SEP(n)), the jump
rate is 7;(n — n;)p(i,j). Apart from a global factor 4, the SIP(m) is obtained by
changing the minus into a plus and choosing n = m/2.

Notice that the rates in (2.2.1) are increasing both in the number of particles of the
departure and in the number of particles of the arrival site (the rate is p(x, y)2n,(m +
2n,) for a particle to jump from x to y). Therefore, by the necessary and sufficient
conditions of [11], Theorem 2.21, the SIP is not a monotone process. It is also easy to
see that due to the attraction between particles in the SIP, there cannot be a coupling
that preserves the order of configurations, i.e., in any coupling starting from an unequal
ordered pair of configurations, the order will be lost in the course of time with positive
probability.

2.2.1 Assumptions on the transition probability kernel

In this section we introduce the assumptions that we need to prove the positivity
of correlations of stationary measures obtained as limits of general initial product
measures (see later for precise definitions). This assumptions are only relevant in the
infinite volume case S = Z¢ and they are indeed satisfied in the context of finite-range
translation-invariant underlying random walk kernel p(x,y) = w(y — ). However, all
our results on correlation inequalities for stationary measures depend only on one or
both of the assumptions below, i.e., if on more general graphs, or on Z? with more
general p(z,y), existence of SIP(m) would be established, then the corresponding

correlation inequalities hold under one or both of the assumptions Al, A2 below.

We define the associated continuous-time random walk transition probabilities of
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2 Correlation inequalities for interacting particle systems with duality

random walk jumping at rate 2m:

 (2mO™ i n
pt(:c,y):z( n,) e 2™ (2, y) (2.2.2)
n=0 ’

where p(™) denotes the n' power of the transition matrix p. Denote by Pigw(m)

the probability measure on path space associated to two independent random walkers
X, Y; started at z,y and jumping according to (2.2.2) and by Pffyp(m) the corre-
sponding probability for two SIP walkers Xt/, Yt/ jumping with the rates of generator
(2.2.1).

We consider two assumptions

- Assumption (A1)

: IRW (m _ _
Jlim s;gl@w M(X, =Y;) =0 (2.2.3)
- Assumption (A2)
: SIP(m VAN
Jim s;gpm,y M(X, =Y,)=0 (2.2.4)

The assumption (A1) amounts to requiring that for large ¢t > 0, two independent
random walkers walking according to the continuous time random walk probability
(2.2.2) will be at the same place with vanishing probability. The assumption (Al)
follows immediately if we have

Jim S;}Ept(w,y) =0 (2.2.5)
since then
Jim sup P 5V (X, = ¥,) = lim sup > pe(x,w)pe(y,w) = lim Sup (2 y) = 0

uesS
(2.2.6)

Notice also that, by simple rescaling of time, (A1) holds for all m > 0 as soon as it
holds for some m > 0.

Assumption (A2) guarantees that two walkers evolving with the SIP dynamics will
be typically at different positions at large times. Notice that in the case we consider,
i.e., the translation invariant finite-range case S = Z%, p(x,y) = p(0,y —x) =: n(y—2x),
this is automatically satisfied, as the difference walk X; — Yt, of two SIP particles is a

random walk Z; on Z¢ with generator

L7 f(2) = 8n(2)(f(0) = f(2)) + Y_4mm(y)(f(z +y) — f(2)) (2.2.7)
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which is clearly not positive recurrent.

Assumption (A2) implies that any finite number of SIP particles will eventually be

at different locations. This is made precise in Lemma 2.5.3 in section 2.5.

2.3 Comparison of the SIP with independent random
walks

We will first consider the SIP process with a finite number of particles in subsection

2.3.1 and then state the comparison inequality in subsection 2.3.2.

2.3.1 The finite SIP

If we start the SIP with n particles at positions z1,...,x, € S, we can keep track of
the labels of the particles. This gives then a continuous-time Markov chain on S™ with

generator

Zof (@, zn) = YN 2p(ay) (m+2) Iy =a5) | (f@) - f(2))

i=1yes j=1
= Linf(x)+ Lonf(z) (2.3.1)
where z%¥ denotes the n-tuple (z1,...,%i—1,Y, Ti+1,...,%y). Further, 2 ,, resp.

25, denote the random walk resp. inclusion part of the generator and are defined as

follows .

Brnflor o) = 305 2mplan ) (f@) — @) (2.32)
i=1yes

n

Lonf(x1, ... zpy) = Z Z Ap(ziy ) (f (2%0%) — f(x)) (2.3.3)

2.3.2 Comparison inequality

From the description above, it is intuitively clear that in the SIP, particle tend to be
less spread out than in a system of independent random walkers. Theorem 2.3.1 below
formalizes this intuition and is the analogue of a comparison inequality of the SEP
([14], Chapter VIII, Proposition 1.7).
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2 Correlation inequalities for interacting particle systems with duality

To formulate it, we need the notion of a positive definite function. A function
f:8x 8 —Ris called positive definite if for all §: S — R such that > [8(z)] < oo

> fla,y)B@)By) =0

A function f: S™ — R is called positive definite if it is positive definite in every pair

of variables.

We first introduce a slightly more general generator with parameters a > 0, b € R

that includes both process of exclusion and inclusion type.

Lt fenmn) =3 Y pl@iy) (et by Iy=a;) | (f™) = f(2)) (234)

i=1 yes
SO
g;zl,b = gla,n + g2b,n
where .
L f @) =ad > plas,y)(f@™Y) = f(x) (2.3.5)
i=1yes

is the independent random walk part (random walks jumping at rate a) and

Ly f @1, @a) =Y plaia)(fa") - f(a)) (2:3.6)
i=1j=1
is the “clumping” part, i.e., when b < 0 clumping is discouraged, and b > 0 clumping

is favored.

We call T2%(t) the semigroup on functions f : S™ — R associated to the generator
(2.3.4), and US(t) the semigroup of a system of independent continuous-time random
walkers (jumping at rate a), i.e., the semigroup associated to the generator £, in
(2.3.5). Notice that when b < 0, T%(¢) is not always a Markov semigroup. However,
for the applications of negative b, we have in mind generalized exclusion process (see

Section 6) in which case a/b is an integer and in this case T%%(¢) is a Markov semigroup.

Theorem 2.3.1. Let f: S™ — R be positive definite and symmetric. Then we have
forb>0
Un(t)f T (1) f (2.3.7)

and for b < 0, if (T**(t));>0 is a Markov semigroup, we have

Un(t)f =T (6) f (2.3.8)
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2.4 Stationary measures and self-duality for the STP(m)

ProoF. The proof follows the proof in [14], but for the sake of self-constistency we
prefer to give it explicitly. Suppose b > 0.
Start with the decomposition (2.3.1) and use the symmetry of p(x,y) and f to write

(L f = 2L, )(@) = (Lo f)(@)

- ZZ 202 (f(@™%) — ()

=1j=1

D3 ol (7)) = 24()

n
g (s, ;)
X1,

y Li—1s Uy Tijt 15w+ 3 Lj—1, Uy Tjply .-y zn)(éz“u - 5zj,u)(5zi,v - 5:nj,v)

N o

I
ol o
] M: i

f(

X
i

> (2.3.9)

where in the last step we used that f is positive definite.

Since UZ(t) is the semigroup of independent walks, it maps positive definite functions

into positive definite functions, and so we have
(LUi () f = LLUn(6)f) = L5 ,Un(6)f >0
We can then use the variation of constants formula

TEb(E) f — US()f = / s Ot — ) (LLUR)F) > 0 (2.3.10)

and remember that 72:(¢) is a Markov semigroup which therefore maps non-negative

functions into non-negative functions.

The proof for b < 0, under the assumption that 72:°(¢) is a Markov semigroup is
identical. O

2.4 Stationary measures and self-duality for the S7P(m)

The stationary measures of STP(m) are product measures of “discrete gamma distri-

butions”
va(dn) = @zesvy (dne)
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2 Correlation inequalities for interacting particle systems with duality

where for n > 0
1 A"T(F +n)

VX (TL) = Z)\,mm 1—\(%) )

with 0 < A < 1 a parameter, I'(r) the gamma-function and

m/2
1
Dy = [ —

Notice that for m = 2, v{* is a geometric distribution (starting from zero), i.e.,

neN (2.4.1)

v3i(n) = A"(1 — \),n € N and for m/2 an integer v{" is negative binomial distribution
NB(m/2,\). Moreover, the measures »™ have the following convolution property

e Z/f\ = V;\""H (2.4.2)

where * denotes convolution, i.e., a sample from v{" * yﬁ\ is obtained by site-wise

addition of a sample from v}" and an independent sample from Vﬁ\.

The SIP(m) process is self-dual [10] with duality functions given by D({,n) =
[L, d(&, ne), with

il r(Z)
d(k,1) = - 2.4.3
e 1Y (243)
where k£ < [. Self-duality means that
ESIP(M D (e, ) = B P DAy, m) (2.4.4)
where IE,SIIP(m) denotes expectation in the SIP process started from the configuration

n.

The relation between the polynomials D and the measure vy" reads

[ o = (25)" (2.45)

as follows from a simple computation using the definition of the I'-function, I'(r) =

Jo e e da.
From conservation of particles in the dual process, we see that self-duality and the

relation (2.4.5) gives stationarity of the measure vy.

The relation (2.4.5) can be generalized to “local stationary measure”, i.e. the prod-
uct measures that are obtained from the stationary measure (2.4.1) by allowing a

site-dependent parameter. More precisely, given

A:S —0,1)
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2.4 Stationary measures and self-duality for the STP(m)

we define the local stationary measure associated to the profile X by
vy = ®165V§n(z)(d77$) (2.4.6)

For z1,...,z, € S we denote by Y I | §,, the particle configuration & € N® obtained
by putting a particles at locations z;, i.e., {(z) = Y., I(x; = ). We then have the
following relation between the duality functions and the local stationary measures

n

/D <Z 6%77) vx(dn) =[] () (2.4.7)

i=1

where )
P(%‘) = 177)\2%)

For a constant profile A(z) = A ,Vz € S, we recover (2.4.5).

By Lemma 2.5.3 below, in the case S = Z? and translation invariant finite-range
p(z,y), any number of dual particles in the STP(m) will eventually diffuse away to
infinity. From that it is easy to deduce that the measures vy are extremal invariant.
To see this, we denote for two finite-particle configurations £ 1 &' if their supports are
disjoint, i.e., there are no site z € S where there are ¢ and &' particles. If £ 1 ¢ then
D+ ¢, n) = D(&,n)D(E,n). Since at large ¢ > 0, assumption (A2) implies that, in
the SIP started with a finite number of particles, particles are with probability close
to one at different locations (see Lemma 2.5.3 for a proof of this), we have that for &’ a
fixed configuration, the event & 1 &’ has probability close to one as t — co. Therefore

lim [ E;TP0 (D(€, ) D', mva(dn)

t—o0

= lim ES“’(’”)/D(&,n)D(&’,n)w(dn)

t—o0 €

— Jim B [ D@D )6 L € ()

t—o0

; |€e|+1€
= 1 t
iz 25

+ ’
— p\A‘é\ €7}

= [ Diemtan) [ D matan (2.48)

which shows that time-dependent correlations of (linear combinations of) D(&, -) poly-
nomials decay in the course of time to zero, and hence, by standard arguments, v is

mixing and thus ergodic.
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2 Correlation inequalities for interacting particle systems with duality

2.5 Correlation inequalities in the S/P(m)

For a probability measure z on the configuration space N°, we denote its “duality
moment function” K, : S™ — R by

Ku(z1,. .. m,) = /D (Z 5@,77) p(dn) (2.5.1)

If 4 = v is a local stationary measure with profile A, then

Ky (z1,...,2,) = Hp(mi) (2.5.2)

which is clearly positive definite and symmetric. We can therefore apply Theorem
2.3.1 and obtain the following result.

Proposition 2.5.1. For allt > 0, for all profiles X : S — [0,1) and for all xy,. .., x, €
S we have

K%St(zla---azn) > HKVTSt(zi) (253)

=1

where S denotes the semigroup of the SIP(m) process. In particular, when the
SIP(m) is started from vy, the random variables {n,(x),x € S} are positively cor-
related, i.e., for (z,y) € S x S

J B () vtn) = [ BT ) wtan) [ BT () )

ProoF. Denote by Effp(zli expectation in the STP(m) process started with n par-

ticles at positions (x1,...,z,), by EIEW (™) expectation in the process of independent
random walkers (jumping at rate 2m) and ERW () 4 single random walker expectation.
We then have the following chain of inequalities, which is obtained by using sequen-
tially the following: self-duality property (2.4.4), the comparison inequality (2.3.7), the
relation between the measure v and the duality function D (2.4.7), the independence

between random walkers, the fact that a single SIP particle moves as a continuous
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2.5 Correlation inequalities in the SIP(m)

time random walk, and finally again self-duality (2.4.4)

/ ESTPm D (Z 51,.-,7%) vi(dn)
=1

Y

Bz / (S oxm) e

_ g <H AX )

= HERW“’” (1)

- H/ BT (D(6x, 0y, m)) vx(cdn)

=TT 557 D) st 254
O

This proposition shows that starting from a local stationary measure v, the density
profile pi(z) = EEW(m) pi(z) predicts (by duality) correctly the density at time ¢ > 0
but the true measure at time t > 0, .S, lies above (in the sense of expectations of
D-functions) the product measure with density profile p;(x).

From the analogy with the SEP emphasized above, one could think that (2.5.3)
extends to the case when the SIP process is started from a general product measure.
However, for general probability measures p on {2, the duality moment function K,
S™ — R defined in (2.5.1) is not necessarily positive definite (as is the case for the
special product measures vy), since we do not have the equality D (3} 0,,1) =
[T, D(64,,m) in general. Notice that this problem does not appear in the context of
the standard SEP, as for that model, the self-duality functions are

Dsgp <Z 51“77) =17 =[[Pser (62..m)
i=1

i=1 i=1
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2 Correlation inequalities for interacting particle systems with duality

and hence automatically, for any measure p, the function K, is positive definite in
that model.

If however all z; are different, we have D(3°" | 64,,m) = [/, D(0z,,n). For every
probability measure p on €, the function ¥, : S — R defined by

(21, .. ) = /H D(8,,,m)p(dn) (2.5.5)

is clearly positive definite. This, together with the fact that under assumption (A2),
a finite number of STP(m) particles diffuse and therefore eventually will be typically
at different positions, suggests that in a stationary measure, the variables 7, are

positively correlated.

To state this result we introduce the class of probability measures with uniform

finite moments

Pr={pu:VneN, sup /D(«E,n)u(dn) =: M)} < oo} (2.5.6)

[€l=n

For a sequence of measures p,, € ¢, and u € ¢, we define that p, — p if for all £

finite particle configuration,
Jim [ D(E,n)pn(dn) = /Dﬁn (dn)

We can then formulate our next result.

Proposition 2.5.2. Assume (A1) and (A2). Let v € P§ be a product measure. Let
S(t) denote the semigroup of the SIP(m). Suppose that

w=lim vS(t,) (2.5.7)

n—oo

for a subsequence t,, T co. Then we have 1 € Py, 1 is invariant and
Ku(wr,.oan) > [ ] Kula) (2.5.8)
i=1

PrOOF. First, by duality we have, referring to the definition of &, for all t > 0,

[t e nwtan) =B [ e mpwtan) < S < o0
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2.5 Correlation inequalities in the SIP(m)

which shows that both vS(t,) and p are elements of &?;. The invariance of yu follows
from duality, v € & and Lemma 1.26 in [14], chapter V.

To proceed with the proof of the proposition, we start with the following lemma,
which ensures that, under condition (A2), any number of SIP(m) particles will even-
tually be at different locations.

Lemma 2.5.3. Assume (A2). Start the finite SIP(m) with particles at locations
{z1,...,x,}, then

Jim PSIP@ (Fi#£7: Xi(t) = X;(t) =0 (2.5.9)

Ty,

Proor. We give the proof for m = 1. The general case is a straightforward extension.
Put n:= )", 6;,. Using self-duality we can write

PR @i A£G Xut) = X5(0) < Y BP0 () —me(z) > 1)

D ESTO 0P (2) = m(=))

3
= ZE”P(” (D(20=,m:))

IN

= ZESIP 1) 5Xt + 5Yt5 ))

< 321@5”’” Xn(¥h))

= 3) Z ESLPM ( = z)I(Y; = z;))
z t,5=1
< 3n?supP PO (X, =) (2.5.10)

x,Yy

where in the last step we used the symmetry of the transition probabilities of the
SIP(1) (with two particles). O

We now proceed with the proof of the proposition. For x1,...,x, € S we define
i=1 i=1

We have that A(zq,...,2,,7) = 0 if all x; are different, ie., if [{z1,...,2,}| = n.
Since by assumption (A2) and Lemma 2.5.3, the probability that two STP(m) walkers

(0]



2 Correlation inequalities for interacting particle systems with duality

out of a finite number n of them occupy the same position, i.e. X;(t) = X,(t) for some

i # j, vanishes in the limit ¢ — oo, we conclude, using v € ¢, for any z1,...,z, € 5,
Jlim ESTPUM A (X4 (t), ..., Xa(t), n)v(dn) =0 (2.5.12)
i T

Moreover from the comparison inequality (2.3.7) we have, using the notation (2.5.5)

S
3
=
IV
=
8~
25
=
b3
=
N
o
=
S
3
=

(2.5.13)

.....

n

= J[ERvem / DS,y () + e(t)

i=1

where €(t) — 0 as t — oo by assumption (Al), i.e., for large ¢t > 0, independent

random walkers are at different locations with probability close to one. Therefore,
using the definition (2.5.7), the self-duality property (2.4.4), the equation (2.5.12), the

equation (2.5.13), and taking limits along the subsequence t,, we have

76

Jim [ BTV D (Z 511-,7%) v(dn)

i=1

. SIP(m)
tl;rgo Em’m’an (Zl 5Xi(t)a77> v(dn)

: SIP(m
tliglo Em,...(,xv)l\IIV(Xl (t);- -, Xn(1))

. RW (m)
tlggo lj[lEzi /D((;Xi(t)v n)v(dn)

n

HKM(%) (2.5.14)



2.6 Correlation inequalities in the SEP(n)

2.6 Correlation inequalities in the SEP(n)

We now consider the application of the generalized Liggett inequality for negative b.
The SEP(n) is the Markov process on = {0, 1,...,n} with generator

Lf(n) =Y n@)(n—n)p(z,y) (F0") = £(n)) (2.6.1)

z,yeS

The stationary measures of this process are products of binomial distributions, i.e., for
p€10,1],
v, = QgesBin(n, p) (2.6.2)

Similar to the case of the inclusion process, for a profile p : S — [0, 1] we define the

local stationary measure

vy = ®$ESBin(n7 ﬁ(iﬂ))

The duality functions for self-duality are given by (see [10])

D(&n) =[] d(&.n.) (2.6.3)

for £ € Q a configuration with finitely many particles (at most n per site) and with

d(k,1) = (&) (2.6.4)

(&)
The relation between the duality functions and the local stationary measures is, as

usual, i.e., for £ =31 | 8, € Q (Le., at most n particles per site), and p a profile:

/D(& mva(dn) = [ p(x:) (2.6.5)

i=

We define, for a probability measure p on €2, its duality moment function

Ku(z1,...,m,) = /D <Z 5%,77) p(dn) (2.6.6)

The following proposition is then the analogue of Proposition 2.5.1 in this context

(with inequality in the other direction since b < 0).
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Proposition 2.6.1. Forp:S — [0,1] a density profile and t > 0,

Ko, (1, wn) < [ [ Kops, (@) (2.6.7)

i=1

In particular, for starting from vs, the variables {n:(x) : * € S} are negatively corre-
lated.

2.7 Correlation inequalities for some interacting
diffusions

2.7.1 The Brownian Momentum Process

The Brownian momentum process is a system of interacting diffusions, initially in-
troduced as a model of heat conduction in [8], and analyzed via duality in [9]. It is

defined as a Markov process on X = R via the formal generator on local functions:

) o\
Lonirf(n) = wzesp@,m (nza—%nza—%) ) (2.7.1)

The variable 7, has to be thought of as momentum of an “oscillator” associated to
the site x € S. The local kinetic energy n? has to be thought of as the analogue of
the number of particles at site z in the STP(m) with m = 1. The expectation of 1?2 is

interpreted as the local temperature at z.

Defining the polynomials

Z2n

D(n,z) = @nonn

we have the duality function D(¢,-) defined on X and indexed by finite particle con-
figurations £ € N9, Y &, < oo

D(&n) = [ D(&:ne) (2.7.2)

zeS

In [9], [10], we proved the duality relation

EZMP (D(€,me)) = EZ7Y (D(&,m)) (2.7.3)

78



2.7 Correlation inequalities for some interacting diffusions

As before, for 1, ..., 2, € S we denote by """ | d,, the particle configuration obtained

by putting a particle at each x;.

Let p be a product of Gaussian measures on X, with site-dependent variance, i.e.,
for a function p: S — [0,00), we define

p = QreSVp(z) (dNz) (2.7.4)
where

() e—12/2p(z) p
V(e ) = —F/——— AN

is the Gaussian measure on R with mean zero and variance p(x). Then we have

/D (Z 511-,77) poldn) =[] o) (2.7.5)

i=1 i=1

From this expression, it is obvious that the map

ST =R (21, ,20) & /D (Z (55“,77) L (dn) (2.7.6)

is positive definite. Therefore, combining the duality property between BMP process
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2 Correlation inequalities for interacting particle systems with duality

and SIP(m) process, (2.7.3), with Theorem 2.3.1 we have the inequality

/EBMPD <Z 6%,7%) o (dn)

Y]

B / (z b n) e

_ HERW(m ())
- H / ESIPD (D (8x,1).m)) 1y (dn)

= H/Efw (D (82.5mt)) () (2.7.7)

which is the analogue of Proposition 2.5.1 for the BMP process.

In words, it means that the “non-equilibrium temperature profile” is above the
temperature profile predicted from the discrete diffusion equation. It also implies that
the variables {n? : © € S} are positively correlated under the measure (y,); for all
choices of p, t > 0.

More precisely, if we denote
pe(w) = EFV M p(X,)

then we have that 72 at time ¢ has expectation p;(z) when the starting measure is o
(since a single particle in the STP(1) moves as a continuous time random walk). The
correlation inequality for the BMP which we just derived shows that the true measure
at time t > 0 when started from a product of Gaussian measures lies stochastically

above the Gaussian product measure with mean zero and variance p;(x).
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2.7 Correlation inequalities for some interacting diffusions

Similarly, we obtain an analogous correlation inequality for the BMP for a measure

obtained as a limit of product measures. We define
P(X) = (v €N sup [ Dtenmtan) < o)

Proposition 2.7.1. Assume (A1) and (A2). Suppose v € Z;(X) is a product mea-
sure and (1 is a limit point of the set {vS(t) : t > 0}, where S(t) denotes the semigroup
of the BMP process. Then we have the inequality

Ku(a1,.. zn) > [[ Ku(wi)
i=1

2.7.2 The Brownian Energy Process

The Brownian energy process with parameter m > 0 (notation BEP(m)) is introduced

in [10] as the process on state space X = [0,00)°, with generator
L= Y plx,y)L}, (2.7.8)
z,yes
with

L2 f(n) = dnam, (% - %) £(m) — 2m(ns — ) (% - £> f) (@7.9)

This process is dual to the STP(m) in the following sense. Define, for ¢ € N9 a finite

particle configuration, and n € X the polynomials

D(&n) = [] d(&.n.) (2.7.10)
€S
with, for k € N,y € [0, 00)
d(k,y) = yk% (2.7.11)
then we have
EZEP D(g, ) = By D&, ) (2.7.12)

As a consequence, extremal invariant measure of the BEP(m) are products of I'-

distributions with shape parameters m/2 and scale parameter 6 > 0:

vp(dn) = ®qzesve(dn.) (2.7.13)
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with !
vp(dz) = ———r—z? Le=?/? (2.7.14)

Similarly we define the local stationary measures
Vg = ®$ESV§($)(d77$) (2.7.15)

with 6 : S — [0, 00), and the duality moment function of a probability measure x on

X:
Ky(zy,...,zp) = /D (Z 6%.,77) w(dn) (2.7.16)

As a consequence of the correlation inequalities derived for the STP(m), we derive the
following.

Proposition 2.7.2. 1. Forall§:S —[0,00), t >0, and x1,...,2, € S we have

n
K%SfEP(m) (.1‘1, . ,xn) Z H KV?S:BEP(m),U/(ZEi) (2717)
i=1
2. If for some product measure v on X with finite moments, and a sequence of
t, T oo the limit
p= lim vSBEL (4 )

n—r00

exists, then

K, (z1,...,2n) ZﬁKﬂ(zi) (2.7.18)

2.8 The boundary driven STP(m)

In this section we consider the non-equilibrium one-dimensional model that is obtained
by considering particle reservoirs attached to the first and last sites of the chain. We
will show that, if one requires reversibility w.r.t. the measure v{* and duality with

absorbing boundaries, this uniquely fixes the birth and death rates at the boundaries.

2.8.1 Duality for the the boundary driven SIP(m)

The generator of the boundary driven STP(m) on a chain {1,..., N} driven at the
end points, reads

£ =LA+ Ly + Louik (2.8.1)
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2.8 The boundary driven STP(m)

where Ly denotes the STP(m) generator, with nearest neighbor random walk as

underlying kernel, i.e.,

Louk f(1)

(]

20z (m + 2n10) (f17"F) — f(m)  (2.8.2)
+ Z 27795+1(m + 277z) (f(nz—HJ) - f(n))

and where 2, %y are birth and death processes on the first and N-th variable re-

spectively, i.e.,

Zif(n) =dr(m)(f(n—201) — f(n) +br(m)(f(n+01) — f(n))

and
Znfm) =dr(nn)(f(n—n) — f(n) + br(nn)(f(n+ 6n5) — f(n))
These generators model contact with respectively the left and right particle reservoir.
The rates dy,, by, dg,br are chosen such that detailed balance is satisfied w.r.t. the
measure vy, with A = Ar, for dr,br, and A\ = Ag for dr,br. More precisely, this
means that these rates satisfy

b (k) (k) = do( + )03 (k + 1) (2.8.3)

for « € {L, R}.
To state our duality result, we consider functions Z(£,n) indexed by particle con-
figurations € on {0,..., N 4+ 1} defined by

‘@(577}) = pEO‘D(g{l,...,N}vn)p‘jgN+ll (284)
where po, = px, = A\o/(1 — A\y), and where we remember that
! rz
D(k,n) = —- (3)

(n—k)!T (2 +k)
is the duality function for the SIP(m). ILe., for the “normal” sites {1,...,N} we

simply have the old duality functions, and for the “extra added” sites {0, N + 1} we
have the expectation of the duality function over the measure v{*.

We now want duality to hold with duality functions 2, and with a dual process that
behaves in the bulk as the STP(m), and which has absorbing boundaries at {0, N +1}.
More precisely, we want the generator of the dual process to be

P = Lotk + jl + jN (2.8.5)

83



2 Correlation inequalities for interacting particle systems with duality

with Zuk given by (2.8.2), and
Zif©) =& (F(EY0) = f(9)
Inf(€) =&n (FEVNH) = £(9)
for € € N{0O1--N+1} " The duality relation then reads, as usual,
(22 ) = (£2(,m) ©) (2:8.6)

Since self-duality is satisfied for the bulk generator with the choice (2.8.4), i.e., since

(Zouk2(&,°)) 1) = (Lowr2(,m)) (€)

(2.8.6) will be satisfied if we have the following relations at the boundaries: for all
k<n:

ba(n)(D(k,n+1) — D(k,n)) + duo(n)(D(k,n — 1) — D(k,n))
= k(D(k—1,n)po — D(k,n)) (2.8.7)

where a € {L, R}.
From detailed balance (2.8.3) we obtain

1 n

dan) = 5 (m> ba(n — 1) (2.8.8)

Working out (2.8.7) gives, using (2.4.3),

bor(n) (% - 1) +du(n) (” — L 1>

(Z+k—1)pa
= k|21 2.8.9
< n—k+1 ) ( )
which simplifies to
ba(n) da(n) (% +k— 1) Pa
— = —1 2.8.1
n+1—k n n—k+1 (2:8.10)
Choosing
n
do(n) = 2.8.11
R (28.11)
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2.8 The boundary driven STP(m)

and by the detailed balance condition (2.8.8),

ba(n) = (% + n) - i“Aa (2.8.12)

it is then an easy computation to see that (2.8.7) is satisfied with the choices (2.8.11),
(2.8.12). Indeed, (2.8.10) reduces to the simple identity

(m+ ) A 1 1 F+k—1 A 1
moan _ - _
2 1-A)/n+1-kF 1-=2X n+1—Fk \1-X\

We remark that the requirement of detailed balance alone is not sufficient to fix the

rates uniquely. However, the additional duality constraint (2.8.7) does fix the rates to
the unique expression given by (2.8.11) and (2.8.12).

As a consequence of duality with duality functions (2.8.4), we have that the boundary

driven STP(m) with generator (2.8.1) has a unique stationary measure iy, g for which
expectations of the polynomials D(&,n) are given in terms of absorption probabilities:

[ Demmrtan = tim B, )

= Z Pk pLPe (Eoo = ko + 10n41)  (2.8.13)
ookt 1=]g]|

Here, E¢ denotes expectation in the dual process (which is absorbing at {0, N + 1})
starting from . In particular, since a single STP(m) particle performs continuous
time simple random walk (at rate 2m) we have a linear density profile, i.e.,

i

7
/D(5i,77)HL,R(d77) = pL (1 - N—-i-l) + PRN T (2.8.14)

2.8.2 Correlation inequality for the boundary driven SIP(m)

For x1,...,x, € {1,..., N} let us denote by (X1(¢),...,X,(t)) the positions of par-
ticles at time t evolving according to the STP(m) with absorbing boundary sites at
{0, N +1}, i.e., according to the generator (2.8.5), and initially at positions z1, ..., z,.
Let (Yi(t),...,Y,(t)) denote the positions at time ¢ of independent random walkers
(jumping at rate 2m) absorbed (at rate 1) at {0, N+1}, initially at positions x1, ..., x,.
Since the absorption parts of the generators of (X1 (t), ..., X, (t)) and (Y1(¢),...,Yn(t))
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2 Correlation inequalities for interacting particle systems with duality

are the same, we have the same inequality for expectations of positive definite functions
as in Theorem 2.3.1. Therefore, we have the following result on positivity of correla-
tions in the stationary state. This has once more to be compared to the analogous
situation of the boundary driven exclusion process, where the stationary covariances
of site-occupations are negative.

Proposition 2.8.1. Let ur, g denote the unique stationary measure of the process with
generator (2.8.1). Let x1,...,x, € {1,..., N}, then we have

/D (Z 5zm7> pir,r(dn) > H/D(%,n)uL,R(dn) (2.8.15)

In particular, ng,x € {1,..., N} are positively correlated under the measure py, g.

ProOOF. Start from the measure v{". Define the map {0,...,N +1}" — R:

(1., 2p) /@ (Z 511.,77) v (dn) = Hp(zi) (2.8.16)

where p(z) = ﬁ for z € {1,...,N} and p(0) = pr,p(N + 1) = pg. This is clearly
positive definite. Therefore, for x1,...,2, € {1,..., N}, we have

/D (Z 59“,77) prg(dy) = lim [ E,? (Z 5xi,77t> vy (dn)
i=1

i=1

= lim Efip(gn ),abs ( 25)( (t)> M ) vy (dn)

t—o00

tli},élo EIRyI'/K(m)’abé </@ Zéx (t)s 77 V)\ d?’]))

_ H lim EIRW(m)’absp(Xz(t»

t—oo Lt

Y

- H/D wis1) r,r(dn) (2.8.17)

where we denoted ESTP(m).abs for expectation over ST P(m) particles absorbed at
{0,N + 1}, and RIBW (m),abs  for expectation over a system of independent random
walkers (jumping at rate 2m) absorbed (at rate 1) at {0, N +1}. O
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2.8 The boundary driven STP(m)

Remark 2.8.2. 1. Proposition 2.8.1 is in agreement with the findings of [9], where
the covariance of 1;,m; in the measure puy, g was computed explicitly, and turned

out to be positive.

2. For the nearest neighbor SEP on {1,..., N} driven at the boundaries, we have
self-duality with absorption of dual particles at {0, N + 1} and duality function

n n

Dsep (Z 51”77) =11
i=1 i=1

where 1y = pr,MN+1 = pr. Since for SEP particles we have the comparison

inequality of Liggett, we have as an analogue of (2.8.15) in the SEP context,

/H%i pr,r(dn) < H/m pir,r(dn)
i=1 i=1

i.e., Ny, are negatively correlated. The same holds for the non-equilibrium SEP(n)
driven by appropriate boundary generators. This is in agreement with the results
in [16], where the two-point function of the measure ur, g is computed, and with

the work of [7], where some multiple correlations are explicitly computed.

3. We expect the KMP-model, a model of heat conduction introduced and studied in
[13] to also have positive correlations. Indeed, the KMP and the BEP(2) model
are related by a so-called instantaneous thermalization limit [10]. Therefore, it
is natural to think that similar correlation inequalities should hold for the KMP
as we have derived for the BEP. The limit to obtain the KMP from the BEP
is however difficult to perform on the level of the n-particle representation and
it is thus not clear (to us) how to prove that the KMP preserves the positive
correlation structure of the BEP. A positive hint in this direction comes from
the explicit expression of the two point function which has been computed for the

KMP in the non-equilibrium context in [2].
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3 Condensation in the inclusion process and related models

3.0 Abstract

We study condensation in several particle systems related to the inclusion process.
For an asymmetric one-dimensional version with closed boundary conditions and drift
to the right, we show that all but a finite number of particles condense on the right-
most site. This is extended to a general result for independent random variables with
different tails, where condensation occurs for the index (site) with the heaviest tail,
generalizing also previous results for zero-range processes. For inclusion processes with
homogeneous stationary measures we establish condensation in the limit of vanishing
diffusion strength in the dynamics, and give several details about how the limit is
approached for finite and infinite systems. Finally, we consider a continuous model
dual to the inclusion process, the so-called Brownian energy process, and prove similar

condensation results.

3.1 Introduction

In [1], [2], an interacting particle system was introduced, where particles perform
random walks and interact by “inclusion”, i.e., every particle at site ¢+ can attract
particles from a site j to its site at rate p(i,j) = p(j,4). This particle system, the so-
called symmetric inclusion process (SIP), is “exactly solvable” by self-duality, and its
ergodic stationary measures are products of discrete gamma distributions, indexed by
the density. The inclusion process also turns out to be dual to a system of interacting
diffusions, the so-called Brownian energy process (BEP). More details on duality, self-
duality, and the precise relations between SIP and BEP can be found in [1]. In the

present paper we only need the explicit form of the stationary measures of these models.

We prove existence of stationary product measures for inclusion processes under
rather general conditions, in analogy to classical results for exclusion processes [16].
We introduce asymmetric versions of the SIP and the BEP, for simplicity focusing on
a one-dimensional context with N sites and closed boundary conditions. In this case
both models have spatially inhomogeneous product measures as reversible measures
(to be compared with the blocking measure of the asymmetric exclusion process).
Conditioning on K particles in the system (resp. total energy E), we prove that that
in the limit K — oo “almost all” the particles (resp. all the energy) are concentrated

on a single site, where the marginal of the reversible measure has the heaviest tail.
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3.2 Inclusion processes

The other sites contain a finite number of particles (resp. finite amount of energy).

We further study condensation in inclusion processes with spatially homogeneous
stationary measures, with the SIP as the main example. The strength of the diffu-
sive part of the dynamics in comparison to the attraction is controlled by a system
parameter m > 0. For fixed particle density p we study the limit m — 0 where attrac-
tion dominates, and show that the single-site marginals converge to Dirac measures
concentrated on zero mass. This corresponds to the fact that a typical configuration
consists of rare piles of typical size 2p/m separated by empty sites. The distribution
of pile sizes approaches a power law with exponent —1 and becomes degenerate in the
limit m — 0. This leads to a breakdown of the usual law of large numbers which we

illustrate in detail.

Our results for the asymmetric case also cover condensation phenomena in zero-
range processes, which have attracted a lot of recent research interest [5, 6]. For
inhomogeneous systems, these have been studied before mainly in the context of a
quenched disorder in the jump rates, which have to be non-decreasing functions of
the number of particles [7, 8, 9, 10]. For such systems, the use of coupling techniques
allowed in special cases to also obtain results on the dynamics of condensation. In
contrast, our results cover only the stationary behaviour but apply to a much larger
class of jump rates with essentially no restriction. The widely studied condensation
in spatially homogeneous zero-range processes [11, 12, 13, 14, 15] has a somewhat
different origin than our homogeneous results for the SIP. This is discussed in detail
at the end of Section 4.2.

In the next section we describe the inclusion process and its stationary measures. In
Sections 3 and 4 we study condensation in the asymmetric and spatially homogeneous
case, and discuss extensions and relations to zero-range processes. In Section 5 we
introduce the asymmetric Brownian energy process and discuss condensation in an

example of a system with continuous state space.

3.2 Inclusion processes

The inclusion process on a general discrete set A has state space Q@ = N* and we
denote a configuration by n = (n; : i € A) where n; is interpreted as the number of
particles at site i € A. The dynamics is defined by the generator defined on the core
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3 Condensation in the inclusion process and related models

of local functions f: Q — R:
Li)= Y pli iy (5 +m) (F0) = ) (3.2.1)
ijeA
where n*J is the configuration obtained from 1 by removing a particle from site i and
putting it to j. The p(i, j) > 0 are jump rates of an irreducible random walk on A with
p(i,7) = 0, and the parameter m > 0 determines the rate of diffusion of the particles
as compared to the aggregation part given by the product 7;n;. We also assume the
p(i,7) to be uniformly bounded and of finite range, i.e. there exist C, R > 0 such that
sup p(i,j) <C and [{j €A :p(i,j) >0} <RforallicA. (3.2.2)
i,jEA
This ensures that the dynamics is well defined even on infinite lattices (for a large class
of 'reasonable’ initial conditions) and contains all generic examples we are interested
in, such as nearest-neighbour hopping on regular lattices.
If the p(i,j) are symmetric the inclusion process is also called symmetric (SIP), oth-

erwise asymmetric (ASIP).

3.2.1 Stationary product measures

For ¢ > 0 and A\; > 0, i € A, define the product probability measure
ve(dn) = @ieavl,(dn;) (3.2.3)

where the marginals v% are probability measures on N given by

) 1 F(% +n)
o(n) = (zi Al —2 3.2.4
) = (o)~ N (3:2.4)
with the normalizing constant
> (2 +n —m

The parameter ¢ > 0 is called fugacity and controls the particle density, which is

invariant under the time evolution.

Theorem 3.2.1. For all p < @ := (supieA )\i)il, Vv, is a stationary measure for the
inclusion process with generator (3.2.1), provided that one of the following conditions

holds:
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3.2 Inclusion processes

a) The p(i,j) are doubly stochastic modulo a constant, i.e.
Z (p(i,4) = p(j, k) =0 forallik € A, (3.2.6)
JEA
and \; =1 for alli € A.
b) The \; are reversible w.r.t. the p(i,j), i.e.

Np(i,7) = \p(ind) for allije A, (3.2.7)
and in that case v, is also a reversible measure.

This is in direct analogy with well-known results for stationary measures for exclu-
sion processes (see e.g. [16], Thm VIII.2.1). In both cases, the \; are special harmonic
functions solving

> (Nipli,3) = \p(5,i)) =0 forallic A, (3.2.8)

JEA
i.e. they provide a (not necessarily normalized) stationary distribution for the underly-
ing random walk of a single particle. For the above product measures to be stationary,
the p(4, j) have to be such that they admit a constant solution (first case) or a detailed
balance solution (second case). It is not clear at this point whether these conditions are
really necessary for the existence of stationary product measures in general. Note also
that on infinite lattices ¢. = 0 is possible. But for finite A (which we mainly focus on in

this paper), Theorem 3.2.1 guarantees the existence of a family of stationary measures.

Proor. We have to show for expected values w.r.t. v, that
vo(L) = 3 3wl (5 +m5) (F@) = Fovat) =0 (3:2.9)
neQi,jeA
for all local functions f. For fixed ¢, 7 we get after a change of variable

S wli i (G +m) F ()
neQ
=> pli,j)(mi+1) (% + 15 — 1) Fmve (') .
neQ

The form (3.2.4) of the marginals implies that for all € A and k > 0

vi(k+1)  m+2k _
i) Tak+n)
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3 Condensation in the inclusion process and related models

Thus we get for each fixed pair i,j € A
. , . , \i
vy (nt+1) vl (k—1) (n+1) (% +k— 1) = v, (n)vi(k)k (% + n) X
J
for all n > 0 and k& > 1. It is easy to check that boundary terms in the sums vanish
consistently, and we do not consider them in the following. Plugging this into (3.2.9)

we get
Ai m
£ =" fmve(n) Z p(i, 5) ( (2 +m) v (5+nj)) . (3.2.10)
nes i,JEA
and exchanging the summation variables i <+ j in the first part of the sum leads to
ni(m/2+n . ..
o(Lf) = Z Fmve(n Z #(p(j,l))\j —p(i,j)\i) - (3.2.11)
neqQ i,JEN

This clearly vanishes under the reversibility condition (3.2.7) which implies stationarity

under assumption b). In analogy to (3.2.10) we can derive

S(gLf) = Y Fmve(n

neQ
Ai m
> (i, 4) ( ( +m) ¥ =g —m (3+77j) g(n)) :
i,JEA
and after using (3.2.7) and the exchange of summation variables this implies

ve(gLf) = > fve(n) > pid)m (%er) (9(n™7) — g(m))

neQ i,jEA
= V@(ng) 9

so v, is also reversible.

Assuming a), the A; and \; in (3.2.11) cancel, and we write the linear (diffusive) part

> > D)~ pli§) =0,

i€A jEA

as

which vanishes due to (3.2.6). For the quadratic aggregation part we get
> mmy (i) = p(i,3) = > ming (p(,8) — p(3, i) =0,
B,JEA i,JEA
by another exchange of the summation variables in the second part, using that 7;7n; is

symmetric under i <> j. O
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3.2.2 Canonical measures for finite systems

Consider a finite lattice Ay of size N with corresponding state space Qy = NAN
Starting with a fixed number of K particles, the inclusion process with generator Ly

as given in (3.2.1) is an irreducible continuous-time Markov chain on the finite set
N
AK:{WEQN:Z%:K} : (3.2.12)
i=1

and has a unique stationary measure, which we denote by p%.
By conservation of the number of particles, the conditional measure

Ve (dn

N
Zm =K>
=1

is also invariant. Indeed for f : 2y — R we have

JLnf(n)La,vy(dn)
V«p(AK)
J 1) (Ly (Lag)) (n)vy(dn)

= o) =0, (3213)

/ Laf(mvy (dn|Ax) =

since it is easy to see that with the generator Ly also its adjoint L}, conserves the
number of particles. In the case of reversible measures v,, Ly is self-adjoint and there

is nothing to check. By uniqueness of the stationary measure, we thus have
vo(.|Ax) = ' (3.2.14)

for all ¢ < . and K € N. So the conditioned product measures are actually indepen-

dent of ¢, and this connection provides an explicit form for the canonical measures

e

3.3 Condensation in the ASIP

A generic situation where Theorem 3.2.1 gives rise to spatially inhomogeneous re-

versible measures is a one-dimensional lattice Ay = {1,..., N} with an underlying
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asymmetric nearest-neighbour walk. We consider the ASIP with generator

N—-1
Lyf) = 3 omi (G + ) (PP = Fm))
+ 3 an () 0 = fn) (3:8.1)

where p > ¢ > 0. In this case \; = (p/q)* fulfills condition (3.2.7) in Theorem
3.2.1. We will now proceed towards showing that in the limit K — oo, under the
canonical measure p€, the typical situation will be that all but a finite number of
particles condenses at the right site + = N, whereas the other sites contain a number

of particles distributed according to ui,c.

At first sight one could be tempted to think that this is just a consequence of the
asymmetry: particles are pushed to the right. This is, however, not the case. If we
consider independent random walkers, moving at rate p to the right and g to the left,

then the reversible profile measures are Poissonian and given by ®;Y, v (dn;) with

with a normalizing constant z;(p) = e?(®/ 9" which is now finite for all values of .
As a consequence, no condensation happens: if we condition on having K particles,
and let K tend to infinity, all sites will carry a diverging number of particles. The
condensation phenomenon is thus a combination of the asymmetry, together with the
attractive interaction between the particles in the inclusion process. Indeed, it is the

interaction which is responsible for the existence of a finite critical ..

3.3.1 Condensation

Before we formulate the main result of this Section, we recall the marginals 1/}? for the

ASIP
1

zi(p)

vy(n) = AW (n) (3.3.2)

where we have now
X = (p/q)' (3.3.3)
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and write
r (n + %)
n!l(n)

In the present case w; does not dependend on 4, but in generalizations explained below

w;(n) = (3.3.4)

we will allow explicit dependence on i. The weights w;(n) have the asymptotic behavior
wi(n) ~n% ! (3.3.5)

where a,, ~ b, means that a, /b, converges to a strictly positive constant.

We remind that the normalizing constants are

—-m/2

2i(9) = (1 - hip) ™™/ = (1 - (g)@> | (3.3.6)

Therefore, in the context of Theorem 3.2.1 we have A\; < Ay < ... < Ay, ¢ = 1/An,
zi(pe) <ooforall 1 <i< N —1,and zy(p) < oo for all ¢ < .. We then have the

following result.

Theorem 3.3.1.  a) In the limit K — oo, n1,...,nn-1 are asymptotically inde-
pendent and converge in distribution to the critical product measure, i.e. for all

ny,...,ny_1 €N

N—-1

B =n1,....0n-1 = np_1) — l/(,laC (n1)- vy (nn-1) (3.3.7)

I

where . = 1/An = (¢/p)N.
b) In the limit K — oo, the right edge contains “almost all” particles, i.e., for all
de(0,1)
S (v < (1=8)K) =0, (3.3.8)

and we have a strong law of large numbers, nn/K — 1 a.s. .

PrOOF. We use that uf€ = v,(. |Ax) and write for A’ C Ax

Z(N K) = > [T witnoy . (3.3.9)

{ni d€A: Y3, cpr ni=K} €N

We then have

,UK (771 =N1,...,NMN-1 = nn—l) =

N-1 N—-1
1 Z K-—N"1n, H .
= K — i A =1 (1 )\nl . 3.3.10
Z(An, K) 'LUN< i—1n> Y w(n) ' ( )

i=1
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We first prove that

lim ————~ = zi(@e) - (3.3.11)

K K-—np K—(n1+...nN,2)
2wk = RS Y
n1=0 ns=0 ny—1=0
N-1 N-— R
w;(ny)A;” | wy K—an )\IA{[ =1
Jj=1 Jj=1
= AMuwn(E) > .Y
n1:0 77,]\]71:0
N—-1 s nj
\IJK(nl, 77’LN_1) w; (7’LJ) ()\_J) (3.3.12)
. N
j=1
with
wN (K— Zj\;l nj)
U(..)= In,<k " Iny_ 1<K —mie.—nn_a - (3.3.13)

’LUN(K)

We see from (3.3.4) that Uy < 1. Therefore, by dominated convergence, using that
e = A" and

sl = et i) A = Y win) (32 < o0,
n=0 n=0
we obtain (3.3.11). Combining (3.3.10) and (3.3.11) with the fact that

lim A7) (K —n)

A ) =1 forallneN (3.3.14)

(which follows immediately from (3.3.5)), yields item a) of Theorem 3.3.1.
To prove item b), we start with

an(l—a)K wn (n)ANZ(An \{N}, K —n)
Z(ANv K)

X (v < (1 - 0)K) =
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and estimate, for n < (1 — §)K and a small enough ¢’ > 0 to be chosen below:

ZIAMW\{N}LK—-n) < (An_1(14+N77"

K—n K—n—(ni+...4+nn_3)

N-—-2
E WN -1 K—n— E Uz
j=1

n1=0 ny—_2=0
N—2 Y n;
1:[ wi(ns) (AN 1(1+¢ ))
j=1
< COna (14N 140K, (3.3.15)
Here we have used that (cf. (3.3.5))
WwN-_1 —n— Z n; | <C+eX (3.3.16)

for some € > 0 to be chosen below, and the fact that the remaining sums in the RHS
of (3.3.15) converge to a finite value as K — oo. By (3.3.11) Z(An, K) is bounded
below by C'A\¥wy (K) for K large enough. This then gives

0K

wnn YI(1+€) AN -1
pK v < (=0K) <c | Y (n) ((1+) (1+€)A ) |

n<(1—6)K wn (K) AN

since for the summation indices K — n > 6K. Choosing ¢,¢ > 0 small enough such
that
(14+e)Y(1 +€)Ay_1

0< \ <qg<l1
N
and using that ;= ((;?) <1, we obtain
pi iy < (1=0)K) < C"¢*F . (3.3.17)

Choosing 6 = dx = 1/ VK — 0, we get a summable bound on the right-hand side.
Since by definition 7y < K a.s. under the measure p, this implies almost sure con-
vergence and the strong law 7y /K — 1 by Borel-Cantelli. O
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3 Condensation in the inclusion process and related models

3.3.2 Generalizations

Notice that in the proof of Theorem 3.3.1 we did not use the specific form of w; and

Ai. Therefore, the same proof shows a condensation phenomenon for a general family

of independent random variables 7y, ..., ny with
P(n = 1) = — wi(m)Ap"
N =mn)= 77— Wiln)A; ¢
zi()

under the following hypotheses on the w;, A;:
a) The \; satisfy
AN > 11}71_51)1{)\1 , (3318)

b) the weights w;(n) are subexponential in the following sense

(n+1
lim D (3.3.19)
n—00 wz(n)

forall 1 <i<N.

From (3.3.19), (3.3.14) follows directly, and it further implies that for all & > 0 there
exists C,, > 0 such that for all n > 0

Cle™ ™ < wi(n) < Che®™ .

[e3

From this bound we conclude that for all 3 > 0, there exists Cg > 0 such that for all
n,l >0,

~—

w;(n
wi(l)

This is all we need in the dominated convergence argument to bound ¥y of (3.3.13),

Cﬁ—le—ﬁ(n-H) < < Cﬂeﬁ("-i-l) )

and to conclude (3.3.16), (3.3.17). Therefore, under the assumptions a), b) we conclude
the statement of Theorem 3.3.1 with

MKP<

N
i=1

Example: Zero-range processes

Consider a general zero-range process on {2y = N1V} with generator

Lnf(n) = Zm,j) 9i(ms) (f(n™) — f(m)) (3.3.20)
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3.3 Condensation in the ASIP

where p(i, j) are rates of an irreducible continuous-time random walk on {1,..., N}
and where g; : N — [0, 00) with g;(n) = 0 if and only if n = 0. Moreover, we assume
for the moment that g;(n) — v; € (0,00) as n — oo for all ¢ =1,..., N.

By irreducibility of p(i, 7), up to multiplicative constants there exists a unique func-
tion k: {1,..., N} — (0, 00) such that for all i,

N

i=1

Under these conditions it is well known [17] that the zero-range process has stationary

product measures with marginals

. 1 PR

vi(n) = —_— (3.3.22)
zi(¢) [Tjz1 9:(k)

which are of the form (3.3.2) with

Vi K
wi(n) = =——— and )\ = — .
( [T5=19i(k) Yi

So in order to apply the general result, we need

and the subexponentiality condition on w; follows since

fm DD
o Twiln) o gi(n+ 1)

Remark 3.3.2. 1. The case v; = oo for some i # N can be included as well. In
that case, z;(p) < 0o in (3.3.22) for all ¢ > 0, in particular for ¢ = p. =1/ N.
Therefore the result of Theorem 3.3.1 still holds.

2. If there are more sites i such that \; = A\, then a) of Theorem 3.3.1 holds for
all i where \; < An. Item b) becomes that all but a finite amount of mass is

concentrated on the sites where A\j = \n.

Note that we make no assumptions on the jump rates of the zero-range process except
a regular limiting behaviour, in particular there are no monotonicity assumptions. The
latter have been in place in previous work on inhomogeneous zero-range condensation
where the g; are non-decreasing [7, 8, 10, 9], which made it possible to make much
stronger statements including also the time evolution of the condensation. In that
sense Theorem 3.3.1 is a generalization of previous results regarding only the stationary

distribution.
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3 Condensation in the inclusion process and related models

3.4 Condensation in homogeneous

inclusion processes

In this section we study condensation in spatially homogeneous systems. There are
two natural situations where Theorem 3.2.1 leads to spatially homogeneous product
measures v,. If the p(i,j) are symmetric, i.e. p(i,j) = p(j,¢) for all 4,j € A then
the reversibility condition (3.2.7) is fulfilled by taking a constant A\; = 1 for all i € A
independent of the geometry of the lattice. The same solution holds for translation

invariant, asymmetric processes according to condition (3.2.6), where
p(i,7) = q(j — i) for some g : A — [0, 00) with bounded support .

In the second case the lattice also has to be translation invariant, such as A = Z¢
or a finite subset with periodic boundary conditions. The measures v, are then not

reversible and the system can support a non-zero stationary current of the form

Jo)=p (5 +0) X kak) .

keA

3.4.1 Stationary measures

In both cases discussed above the inclusion process has a family of homogeneous sta-

tionary product measures with marginals

1 F(%Jrn)

(n) = n , 3.4.1
V“"(n) z(p) ¥ n!l (%) ( )
and the normalizing constant
= L I(B+n Cm
z(p) = E %) 7( 2 ) =(1-¢) 2 (3.4.2)

Wt ()

n=0
The measures are well defined for all positive ¢ < ¢. =1, and the average number of
particles per site is given by
m-_ ¢
pm(p) = pplogz(p) = o ——— (3.4.3)
v 21—

Inverting this relation ¢, (p) = allows us — with a slight abuse of notation — to

_p
m/24+p
index the measures by the density,

v (n) = —— p\"I(5+n)
»m ) z(em(p)) (m/2+p) nll () (3.4.4)
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We also replace the superscript since the marginals are site-independent and we want
to stress the dependence on the parameter m. Since the density can take all values
between 0 and oo, we see that for fixed m > 0 the attraction between the particles is
not strong enough and the inclusion process does not exhibit condensation. However,
if we increase the relative strength of the attractive part in the generator (3.2.1) by
taking m smaller and smaller at a fixed density p, a condensation phenomenon occurs
in the limit m — 0.

Theorem 3.4.1. As m — 0, we have for all p > 0

m/2
V,()M) 0) = (2—77;) (1+o0(1)) =1 and
L\ ™2 A"
VM (n) = 3 <2_p> <1 - 2_p> ™21 (14 0(1)) = 0 (3.4.5)
for n > 1, which implies
%V/gm (n) > % _ (3.4.6)

PROOF. By direct computation we get that

= (om(p) = (1 - L)_mm - (@)W (1+0(1) = 1 (3.4.7)

m/2+p m

as m — 0, which directly implies the statement for V,(Jm) (0) = 1/z (pm(p)). For every

fixed n > 1 we have

(tss) - (5 s 1.

and using I'(z) ~ 1 as 2 — 0 and (3.3.5) we obtain

r (% + ”) _mom/2-1

ST 2 (1+0(1)) =0,

which implies the second statement. The limit in (3.4.6) follows immediately from the

asymptotic behaviour. O

Therefore, for small diffusion rate m sites are either empty with very high probability,

or contain a large number of particles to match the fixed expected value p > 0. From
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3 Condensation in the inclusion process and related models

Figure 3.1: The scaled marginal (2/ m)ygm) for p =1 and for several values of m (full
colored lines). The asymptotic behaviour as given in (3.4.8) is indicated
by dotted lines.

theorem 3.4.1 we infer the following leading-order behaviour for small fixed m,

-1 1 P
m{ " » 1 <n < 2p/m , (3.4.8)

(1= &)"n™2=1 n>>2p/m

where we have used

(1_ﬂ) 2(1_%>:1 for n < 2p/m ,
p

with the notation a,, ~ by, if @, /b, — 1 asm — 0.

So the marginals show an approximate power law decay with exponent —1, until an
exponential cut-off sets in at the scale n ~ 2p/m. This is illustrated in Figure 3.1,
where we see that the asymptotic behaviour for large n fits very well also for smaller
values of n. Despite the small prefactor m/2 the density p > 0 is realized by the
asymptotic heavy-tail behaviour, and for each m > 0 the distribution is normalized
due to the cut-off. Conditioned on a site being non-empty, its distribution is given by
i (n)/(1— i (0)). Using that to leading order

m/2
m m m
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we get with (3.4.8) for the conditional distributions

™ (n)

1
— [logm|— — as m—0. (3.4.9)
1—v,"(0) "

Like in (3.4.6), convergence is clearly non-uniform due to the cut-off, and the limit is
not a probability distribution. The interpretation of this result in terms of conden-
sation depends on the geometry and is different for finite and infinite lattices A, as

discussed below.

3.4.2 Finite systems

For finite lattices one can condition on the total number of particles in the system,
defining the canonical measures as in Section 2.2. The basic features of this approach
can already be understood on a system with two sites and A = {1,2}. Let 1,72 be
two random variables each distributed as l/,()m) and consider their joint distribution pf

conditioned on their sum being equal to K € N, i.e.
wh =v,( m 4+ =K) . (3.4.10)

For each K € N and m > 0 the inclusion process is irreducible and p is the unique
stationary measure (cf.(3.2.13)). A first observation is that, as before, 1 does in fact

not, depend on p since due to cancellation

5711 JrnQ,K ng) (nl )Vém) (nQ)

S v (v (K — 1)
 Onyne, k D(m/2 +n1)l(m/2 +na)/(n1!nso!)

uﬁ(m =MNi,72 = TLQ) =

= oK : (3.4.11)
Yoo Lm/2+ 0T (m/2+ K —1)/(IN(K —1)!)
Proposition 3.4.2. In the limit m — 0 we have for all K >0
1
T 500 +00,5)) - (3.4.12)

i.e. all particles concentrate on one of the sites with equal probability.

PrROOF. With 1o = K — 11 we have

K s — 1y D H 0T + K =)/l =)
B S N N I R
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3 Condensation in the inclusion process and related models

In the normalizing sum, as m — 0, the two terms for [ = 0, K diverge like I'(m/2)/ K,
whereas the rest of the sum converges. Also the term in the numerator of X (7, = n)
diverges like I'(m/2)/K if n = 0 or K and is finite otherwise. This implies the result.
O

The interpretation is that as m — 0 aggregation dominates more and more over
diffusion and the particles tend to cluster on one of the lattice sites. The onset of

condensation for small m can be well illustrated in the limit of infinitely many particles.

Proposition 3.4.3. In the limit K — oo we have for all m > 0,

monzy " B o
(K’ K) — (B,1—B) in distribution , (3.4.14)
where B € [0,1] is a continuous random variable with Beta (%, %) distribution and
PDF )
I'(m/2
f(z) = % a2 1 — )™/ 2 e0,1] . (3.4.15)

Proor. Using (3.3.5) we get as K — oo and n/K — x € [0, 1] for the asymptotic
form of the numerator of (3.4.13)

Km—2$m/2—1(1 o x)m/Q—l )
For the denominator we get the integral

1
- _ _ oy _T(m)
K™ 2/ ym/2 117ym/2 1Kdy:Km 1 ,
, T(m/2)?
using the representation B(r,s) = FF((:;JFT&)) for the Beta function. Thus we have that

Kpk(m =n) = fp(x) converges to the PDF of the Beta(%,2) distribution. O

We see that for m < 2 one site contains most of the particles while for m > 2 both
sites are likely to have around K/2 particles. The boundary case is m = 2, where the
particles are distributed uniformly among the two sites. This is a standard property
of the symmetric Beta distribution and is illustrated in Figure 3.2. In the limit m — 0
we recover the degenerate distribution (3.4.12).

Remark 3.4.4. a) The result (3.4.12) can be immediately generalized to a finite
set AN ={1,...,N} of N > 2 sites. In the limit m — 0 we have for all K € N

N
1
K
LI P 3.4.16
Hom, N;Kl ( )
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PDF of Beta(m/2,m/2)

Figure 3.2: The limit distribution of 7;/K as K — o0, given by the PDF of

b)

Beta (%, 2) (cf. 3.4.15) for several values of m.

where e; = (..,0,1,0,..) € RN is the standard unit vector in direction i.

In the absence of diffusion for m = 0 the inclusion process has in general many
absorbing states which exhibit several isolated piles of particles. However, if
the p(i,7) > 0 for all i,j € Ay, then all absorbing states have exactly one
pile containing all the particles. The stationary measures are then all possible

maxtures

N
ZCWSKei with  «; € [0,1] and Zai =1. (3.4.17)
i=1 i

The limit result (3.4.16) leads only to the symmetric mizture, due to homogeneity

and ergodicity of the process for m > 0.

Connection to zero-range processes.

This result is slightly different from most previous work on homogeneous zero-range
condensation, which is mostly discussed in the limit of infinitely many particles [13]
or the thermodynamic limit [11, 6]. In this case, above a certain density or particle
number all sites have heavy-tailed distributions and condensation is a consequence of

large deviation properties of such random variables, as discussed in detail in [14].
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3 Condensation in the inclusion process and related models

For the inclusion process we discuss the two extreme cases of a finite and an infinite
lattice (see next section), in the limit of a vanishing system parameter m — 0. The
distributions of the occupation numbers always have exponential tails due to the cut-
off (3.4.8), which disappears in the limit in a non-uniform way. This is very similar
to results in [18], where a parameter was varied together with the system size in a
joint limit. Analogous results are phrased here in terms of the law of large numbers
in the next section. Size-dependent system parameters have also been studied in [19],
which can lead to a cut-off similar to (3.4.8) and a typical maximal cluster size also in

Zero-range processes.

As a further difference to zero-range condensation, there is no non-trivial critical
density p. for the distribution of sites outside the maximum in the inclusion process.
In fact, in the limit m — 0 all IV particles condense on a single site, which corresponds
to p. = 0 and is an absorbing state for the dynamics with m = 0. This is related
to results on zero-range processes where the jump rates vanish in the limit of infinite

occupation number, which has been studied in [20] and more recently also in [21].

3.4.3 The infinite-volume limit

For finite systems with a fixed number of particles the exponential part of the product
measures that leads to a cut-off for large n (cf. (3.4.8)) did not play any role due to
cancellation, but will be of importance for infinite systems. For simplicity we consider
stationary configurations of the symmetric inclusion process (SIP) on the infinite lattice
A = N which leads to a family of iid random variables 1y, 7, . .. with distribution z/f(,m)
(3.4.4). In this context the condensation phenomenon for m — 0 can be formulated

as a breakdown of the usual law of large numbers.

For every m > 0 by definition E(n;) = p and a usual law of large numbers holds, i.e.
| K
Sk ::?Z;m%p as. as K —oo. (3.4.18)

On the other hand, n; — 0 as m — 0 in distribution, and therefore we have for all

K € N even for the unnormalized sums

K
Zni—>0 in distr. as m — 0.
i=1
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This implies that the limiting behaviour of the empirical mean as K — oo and m — 0
depends on the order of limits. Thus we are interested in the joint limit K,, — co as
m — 0 to identify the scale on which the law of large numbers changes behaviour. It

turns out that there are two interesting scales for K,,.

—1

wiogm - Lhen as m — 0 we have (in distr.)

Proposition 3.4.5. Let k., =

Ko 0 , Kp < Em
Ak, = Z (1="60m) — < Ws , Kp/tim — 6 €(0,00) (3.4.19)
=1 00, Ky> K,

where Ws ~ Poi(§/2) is a Poisson random variable with mean 6/2. In the last case,
Ak, = 212—’:7(1 +0(1)) .

Furthermore, on the larger scale 1/m > k., we have

| Em 0 , Kn<l/m
Sk = K. Zm —q X, , Kpm—ye(0,00) (3.4.20)
= p Kn>1/m

where X, ~ Gamma(%, %B) is a Gamma random variable with mean p.
ProoF. Denote the probability of n; > 0 by
pm =1 —v"(0) = -3 logm(1+o0(1)) = f(l +0(1)) , (3.4.21)

with asymptotics for m — 0. Then 1 — dp,,, ~ Be(py,) are i.i.d. Bernoulli random

variables and therefore Ak, ~ Bi(K,,,pn) is a Binomial with

K

Pk, =) = (7 )ala = )

counting the non-zero contributions to the sum Sg,,. pm — 0 as m — 0 with asymp-
totics given in (3.4.21), and (3.4.19) is a well-known scaling result for Binomial r.v.s.
Since the rescaled random variables (1 — o »,)/pm have mean 1, we have by the ususal

law of large numbers

K

Ak, 1 &=y

I :—K E —(17501771.)4)1.
mPm LU Pm

This holds whenever K,,p,, — oo or, equivalently, K,, > Kk, since the sum will have

infinitely many non-zero contributions, and implies that Ak, = 21,({—7" (1 + 0(1)).
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3 Condensation in the inclusion process and related models

Analogous to (3.4.2) we get for the characteristic function of n;

sty = ()"

1—efty

For the rescaled sum Sk, of K, independent r.v.s we get

2p ) —K,,m/2
_ Km _ it/ Koy,
Xs(8) = o (t/ Kom) <1+—m (1-e )) ,

where we used p = pp (@) = %ﬁ as in (3.4.3) to fix the density. As K — oo we

have for all complex z # 0
1
1= 2% = ——logz (1+0(1)) . (3.4.22)

This leads to the asymptotics

—K,;ym/2
xs(t) = (1 — % it) (1+0(1)),

since the correction terms from (3.4.22) are of order 1/K,, < 1/(mK,,). Therefore,
asm — 0

1 , mK,, —0
et mK,, = oo

)

xs(t) — {

which implies the weak law of large numbers in the two extreme cases of (3.4.20). In

the intermediate case mK,, — v we have

2 *7/2
xs(t) = (1 _zp it) ,
v

2p

which is the characteristic function of a Gamma(%, 7) random variable. O

This result leads to the following interpretation for the limiting behaviour of Sk,
as m — 0.
a) K,, < kpm: There are no non-zero contributions to Sk, and even the unnormal-
ized sum K,,Sk,, — 0.
b) K,, ~ km: There is a finite (Poisson distributed) number of non-zero contribu-
tions to Sk, , but still Sk, — 0. Since the law of these contributions becomes
degenerate as m — 0 (cf. (3.4.9)) we have no scaling law for K,,Sk,, .
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PDF of Gamma(y/2,2/y)

Figure 3.3: The limit distribution of Sk, as m — 0 with mK,, — =, given by the
PDF of a Gamma(%, %) random variable (3.4.20). In all cases p = 1, and
increasing «y (3 values shown) interpolates between the deterministic limits

0 and p.

¢) km K K, < 1/m: Sk, has an infinite number of non-zero contributions, but

still vanishes as m — 0.

d) K,, ~1/m: Sk, has a random limiting value (Gamma distributed) with mean
p, and infinitely many non-zero contributions. This interpolates between the

deterministic limits 0 and p, as shown in Fig. 3.3.

e) K, > 1/m: The usual weak law of large numbers holds, i.e. Sk, — p as
m — 0.

If we interpret 71,72, . . . as a configuration of the inclusion process, this result gives
detailed information about the structure of such configurations as m — 0. They are
in direct analogy to results in [18] on a particular zero-range process, which have just
been formulated in an inverted fashion corresponding to a parameter myx — 0 in the

limit K — oo.
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3 Condensation in the inclusion process and related models

3.5 The Brownian energy process

In [1] we introduced the Brownian energy process with parameter m > 0 (abbreviation
BEP(m)), and explained how, for integer values of m it is related to the Brownian
momentum process with m momenta per site.

More precisely, the BEP(m) is an interacting diffusion process on Qx = [0, 00)!

with generator

N-1 o ) 2
Lf(x) = ; 4$il'i+1 <3_ZL'Z — a$i+1>

0 0
727’)@(1'1 — 1'i+1) (61‘ - 6x'+1> , (351)

where for a configuration of “energies” x € Qn, x; denotes the energy at site i €
{1,...,N}.

In [3] we introduced an asymmetric version of the Brownian momentum process.
This model was later studied in [4]. Motivated by this asymmetric modification of the
Brownian momentum process, we now introduce an asymmetric version of BEP(m)

via its generator

N-1 2
Lf(z) = Z4$i3€i+1 (i 0 )

= 81'1 B axiH
0 0
-2 R -
m(xl wH_l) (al‘z axiﬂ)
0 7]
72E1'i1'i+1 (6_1;1 - 8$i+1> . (352)

We focus on a one-dimensional nearest-neighbour lattice as for the ASIP in Section 3,
but the definition could of course be generalized to arbitrary geometries. Obviously,
the total energy f(z) = vazl x; is conserved, and for E > 0 the process has a drift to
the left, which can most easily be seen from the stationary measures discussed in the

next section.

3.5.1 Condensation in the ABEP

We first consider m = 2, E > 0, and two sites. This is the simplest case because
the marginals of the stationary distribution are exponential, which makes explicit

computations simple. The generalization to m > 0 and more sites is easy.
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3.5 The Brownian energy process

The generator, written in the variables (21, 22) =: (u,v), then reads:

. o 9\’

0 0
+2E(u —v) — 2Euv (% - %) .

As an ansatz for the density of the stationary distribution we put
f(u,v) = abe™ e~ (3.5.3)
with a,b > 0. Plugging this in the equation for the stationary density L*f = 0 gives
duv(b —a)? +4(v —u)(b — a) + 2E(u — v) — 2Euwv(b—a) =0,

which leads to

E
and
f(u,v) = aa+ E/2)e” e~ ®We BV/2 (3.5.5)

In order to state our condensation result, denote by (Uk, Vi) the pair (U, V) with
probability density (3.5.5) conditioned on U + V = K. We then have the following
result, which should be thought of as the analogue of Theorem 3.3.1, but now in
continuous state space setting.

Theorem 3.5.1. a) As K — 0o, Vi converges in distribution to a random variable

with exponential distribution with parameter E/2, i.e., with probability density

(E/2)e(E/2),
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3 Condensation in the inclusion process and related models

b) As K — o0, Uk /K — 1 almost surely.

ProoF. The proof is a direct computation. Put A = a + E/2, N = a, then A >

N, X=X = E/2. First note that the distribution of U + V has probabily density

)\)\:\/{, (e—)\/z _ e—)\m).

Next, the conditional density of V' given U +V = K is given by

)\)\/(}\ _ )\/)e—)\ue—)\'(K—u) B ()\ _ )\/)e—()\—k/)u
MW (e VE ¢ 2Ky T T o—O-NK

which converges, as K — 0o to (A—X)e~ =A% implying statement a) of the theorem.

To prove statement b): choose 0 < § < 1, then
=DMV (A = N)emoN e (K=o gy
AN (e~ VK — e=AK)
(A — X)fo(lffS)K efx()\f/\’)dl. B e(A=N)K(1-38) _ 1
cO—N)K _ cO—K _ |
()\'—)\)K

PU<(1-§)K|U+V =K)=

:( —5(k )\))Kl—e

T VWK — 0

as K — o0o. As in the proof of Theorem 3.3.1 the bound is summable in K if we choose
6 =1/vK and Ux /K < 1 by definition, which implies almost sure convergence. [

To generalize the previous computation to the case of IV sites and general parameter
m > 0, it is easy to check along the lines of the proof of Theorem 3.2.1 that the
process with generator (3.5.2) has a stationary measure which is a product of Gamma
distributions with identical shape parameter m and site-dependent location parameter.

More precisely, the PDF is given by

m/2 m/2 16—%1%

I'(m/2)

%i (3.5.6)

f(=731,

i=1
with
(i—1)FE
2
for ¢ € {1,...,N}. After conditioning on the sum X; + ... + Xy = K we find,
again by simple explicit computation, in the limit K — oo that X;/K converges to 1

a; =a+ (3.5.7)
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almost surely, and that for ¢ = 2,..., N, the law of X; converges to a shifted Gamma

distribution with density

; m_] _(=DBz;
lim fx,x,+.xy=k(x:) =Ciz> e 2 (3.5.8)
K—o0

where C; = (5te)® /(%) is a normalization constant.
The interpretation of this result is the same as in the discrete case for the ASIP.

Here almost all energy concentrates on the lattice site with the heaviest tail in the

stationary distribution.

3.5.2 Generalizations

Exactly as in the case of condensation in the ASIP (section 3.2), we can formulate a
more general condensation result for independent random variables X7, ..., Xy with

values in [0, 00) and marginal densities

_ —NiT,,,. nx
x, () =——c¢€ w;(x) el™ . 3.5.9
Frfe) = o e o) (359
where 0 < A1 < Ininj»\[:2 A;j. Here a notation with so-called chemical potentials © € R
is more convenient than the fugacity variable ¢ = e* used for the SIP, and values

—00 < 1t < e := A1 are possible. The normalization

zi(,u):/o e NT; () e’ da

is finite for g < pc, and for indices i < N also z;(p.) < co. The w; : [0,00) — [0, 00)
are subexponential in the sense that for all y € R

lim 710(:6 +y)
2—00 w(x)

=1. (3.5.10)

The proof of this result follows the same steps as the proof of the analogous discrete
result, except that we have to replace sums by integrals. As this is a straightforward

extension, we leave the proof to the reader.

Theorem 3.5.2. Denote by (Yi&,...,Y¥) the random variables (X1, ..., Xn) condi-
tioned on X1 + ...+ Xy = K. Then under the above conditions (3.5.9) and (3.5.10)

we have as K — 00:
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3 Condensation in the inclusion process and related models

a) Condensation on the site with the heaviest tail, i.e.

Y'lK

K

— 1 almost surely ;

b) Convergence to the critical distribution with p = p. for other sites, i.e.
(Y YE) = (Ya,...,YN) in distribution ,

where the Y; are independent with densities

1
e—Aiyeucywi(y) )

in (y) = Zi(ﬂc)

Remark 3.5.3. In the limit m — 0, also for spatially homogeneous Brownian energy
processes there will be a condensation phenomenon as m — 0 completely analogous to
the results in Section 4 for the inclusion process. Indeed, for a fized average energy
p >0 (taking a; = m/(2p) in (3.5.6)), the marginal densities of the stationary product
measure are

1 m m/2 /2—1
R S m/2=1 ,—mz;/(2p)
P ) = o) <2p> ot

Analogous to Theorem 3.4.1 one can easily show that this implies

)
0

for all 6 > 0 as m — 0, so that X; — 0 in probability. Further, all statements
following from Theorem 8.4.1 in Section 4 can be derived in an appropriate version

for continuous variables.

3.6 Conclusion

We have studied condensation phenomena for random variables with exponential tails,
which arise in the inclusion process and related particle systems. In general, condensa-
tion can be due to the presence of subexponential tails resulting from a strong particle
attraction, which has been studied in detail in the context of zero-range processes
[5, 11, 12, 13, 14, 15]. For exponential tails considered in this work, the attraction
between particles alone is not strong enough and a second ingredient is needed for

condensation.
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3.6 Conclusion

One possibility are spatial inhomogeneities, which will lead to a non-zero fraction of
the particles to cluster on the sites with the heaviest tails in the limit of infinitely many
particles. Our result on this in Section 3 applies in great generality, extending also
previous related work on zero-range process [7, 8, 9, 10]. For homogeneous systems,
varying a system parameter can induce condensation for fixed total particle density
as studied in Section 4 for the inclusion process. Previous results in that direction
include [18, 19] for zero-range processes and also [22] for a continuous mass model.
The Brownian energy process studied in Section 5 provides an interesting example
where both versions of condensation can be studied in a system with continuous state
space and dynamics. Condensation for continuous variables has been studied before
in the random average process [22] and mass transport models [23, 24], all of which

use a discontinuous redistribution of mass (or energy) following a jump process.

To summarize, inclusion processes and related systems such as the BEP provide
a rich class of models that exhibit condensation phenomena of several kinds in the
presence of exponential tails, the description of which applies also in more general sit-
uations. For inhomogeneous models we have focused on finite systems, and a further
question would be to consider thermodynamic limits where, for example, inhomogene-
ity is due to random disorder as studied in [7, 8, 9, 10] for zero-range processes. In the
homogeneous case it would be of great interest to exploit duality in the SIP and BEP

to get results on the dynamics of condensation.
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4 Weak coupling limits in a stochastic model of heat conduction

4.0 Abstract

We study the Brownian momentum process, a model of heat conduction, weakly cou-
pled to heat baths. In two different settings of weak coupling to the heat baths, we
study the non-equilibrium steady state and its proximity to the local equilibrium mea-
sure in terms of the strength of coupling. For three- and four-site systems, we obtain

the two-point correlation function and show it is generically not multilinear.

4.1 Introduction

In the study of non-equilibrium systems, exactly solvable models can serve as test-
cases with which general statements about non-equilibrium, such as in [3], [11] can be
tested. Recently, in [6], [7], [8], we studied the Brownian momentum process (BMP)
and showed that this model is exactly solvable via duality with a particle system, the
symmetric inclusion process. In this paper, we look at the close-to-equilibrium states
of the BMP. First, we consider a close-to-equilibrium scenario where the temperature
of the right heat bath is close to the temperature of the left heat bath, and show
that the distance between the local equilibrium measure and the true non-equilibrium
steady state is of order at most the square of the temperature difference, in agreement
with the theory of Mc Lennan ensembles, see [11]. Next, we consider a situation
where the linear chain is coupled weakly to heat baths to left and right ends (with
fixed and different temperatures), and study which equilibrium measure is selected in

L as well as how far the true

the limit where the coupling strength A tends to zero
non-equilibrium steady state is from the local equilibrium measure for small coupling
strengths. The temperature profile can be computed for all values of A and is only
linear in the chain including the extra sites associated to the heat baths for A = 1,
and linear if these sites are not included for all values of A > 0. Finally, we explicitly
compute the two-point correlation for all A > 0 for a three and four sites system and
show that the multilinear ansatz of the two-point function introduced in [6], see also

[3], [4] fails for a system of four sites, except when A = 1.

1The limit A — 0 is what we call here the weak coupling limit. This should not be confused with

the notion of weak coupling limit in quantum systems introduced by Davis-Van Hove.
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4.2 The model

4.2 The model

The Brownian momentum process on a linear chain {1,..., N} coupled at the left
and right end to a heat bath is a Markov process {x(t) : ¢ > 0} on the state space
Qn = RN The configuration z(t) = x;(t) : i € {1,...N} is interpreted as a
collection of momenta associated to the sites ¢ € {1,..., N}. The process is defined
via its generator working on the core of smooth functions f : Oy — R which is given
by

N
L=ABy+ABy+ > p(i,j)Li; (4.2.1)
,J
with
Lij = (2:0; — 2;0,)"

and where 0; is shorthand for %. The underlying random walk transition rate p(i, j)
is chosen to be symmetric and nearest neighbor, i.e., p; i+1 = pit1,; =1,i € {1,...,N—
1}, p(i,j) = 0 otherwise. Since L;; = Lj; the symmetry of p(i,j) is no loss of
generality.

The boundary operators By, By model the contact with the heat baths, and are
chosen to be Ornstein-Uhlenbeck generators corresponding to the temperatures of the
left and right heat bath, i.e.,

By =Tp0? — 2,0,

BN = TR812V — :CNaN

Finally, A > 0 measures the strength of the coupling to the heat baths. The process
with generator (4.2.1) is abbreviated as BM Pj.

If Ty, = Tgr =T, then, for all A > 0, the unique stationary measure of the process
{z(t) : t > 0} is the product of Gaussian measures with mean zero and variance T
If Ty, # Tpr there exists a unique stationary measure; the so-called non-equilibrium
steady state denoted by M%[”TR' The existence and uniqueness of the measure ’U/%LyTR
follows from duality (see next section).

We will look at two different close-to-equilibrium scenarios:

1. A=1,Tr =T, +¢€and € — 0,

2. Ty # Tg, and X\ — 0.
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4 Weak coupling limits in a stochastic model of heat conduction

In both cases we look at the behavior of the measure M%[”TR’ in case two, as A — 0,
and in case one as € — 0. Since for A = 0, the system has infinitely many equilibrium
measures, in the second case it is of interest to find out which of these measure is
selected in the limit A — 0. Both in the first and second case, we want to understand

how close the true non-equilibrium steady state is to the local equilibrium measure.

4.3 Duality

The BM Py can be analyzed via duality. The dual process is an interacting particle
system, the so-called symmetric inclusion process [8], where particles are jumping on
the lattice {0,1,..., N, N + 1} and interacting by “inclusion” (i.e., particles at site
i can attract particles at site j). The “extra sites” 0, N + 1 -associated to the heat

baths- are absorbing. L.e., a dual particle configuration is a map
£:{0,...,N+1} =N

specifying at each site the number of particles present at that site. The space of dual
particle configurations is denoted by Q%,. For & € Q4,, ¢4 denotes the configuration

obtained from ¢ by removing a particle from ¢ and putting it at j.

The generator of the dual process then reads

Lap(€) = 2X&[p(EM°) — ()] +

b Y pl0,9) (265026 + DIP(E) — 9(6)] + 2612 + DIP(E) ~ 0(6))
F2AEN (6 — o (€)). (4.3.1)

In words, this means particles at site ¢ jump to j at rate 2p(i,7)(2¢; + 1). At the
boundary site 1 (resp. N) particles can jump at rate 2\ to the site 0 (resp. N + 1)
where they are absorbed. Absorbed particles do not interact with non-absorbed ones.
The dual process is abbreviated as SIPy. The duality functions for duality between
BM Py and SIP\ are independent of A and given by

N 2&;
1

D(ga 1') = TEOTI%N+1 H (251'_ 1)”
i=1 v o

for £ € Q4; a dual particle configuration, and z € Qy.
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4.4 Temperature profile

The duality relation then reads
LD(& 2) = LyD(&, x) (4.3.2)

where L works on @ and Lg on £. The derivation of (4.3.2) is the same as in [6]. By

passing to the semigroup, from (4.3.2) we obtain the duality relation
E.D(¢,x(t)) = E{D((t), ) (4.3.3)

where E, is expectation in BM Py starting from =z € Qp, and Eg is expectation in
SIPy starting from & € Q%.

For ¢ € Q4 we denote |¢| = ZZ.N;(gl ; the total number of particles in £. Since

eventually all particles in a particle configuration ¢ € Q4, will be absorbed, we have a

unique stationary distribution 7, T, With

[ Do o) = S TETRE (€= o0) = Koo+ o) (43.4)
klk1=|€|

where £(t = o0) denotes the final configuration when all particles are absorbed and

kdo + ldn 41 the configuration with k particles at 0 and [ particles at N + 1.

4.4 Temperature profile

The local temperature at site ¢ € {1,..., N} is defined as

= [ et i

and by definition Ty = T, Tn41 = Tr. We say that the temperature profile is linear in
the lattice interval [K, L] if there exist a,b € R with T; = ai + b, for all ¢ € [K, L]. For
the computation of the temperature profile we only need a single dual walker, which
performs a continuous-time random walk with rates 2p(i, j) and absorption at rate 2\
from the sites 1, N.

Indeed, using (4.3.4) we have

T; = TP§, (£(00) = 60) + Tr (1 — P4, (&(c0) = o)) (4.4.1)
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4 Weak coupling limits in a stochastic model of heat conduction

From this expression, one obtains the following equations for the temperature profile:

N

Zp(i, NT;

Ty — \NT,—Th)

Tn — MTr — Tn) (4.4.2)

.MZ
=
3
o

I

s
Il
—

The second equation expresses that the temperature profile is a harmonic function of
the transition probabilities, whereas the first and third equation are boundary condi-
tions. In the case A = 1 and p corresponding to the simple nearest neighbor random
walk, the equation for T;,7 = 0,..., N is the discrete Laplace equation, which gives a
linear temperature profile in [0, N + 1].

Remark 4.4.1. In this paper we restrict to the symmetric nearest neighbor walk kernel
p(i,7). The equations (4.4.2) hold for gemeral symmetric p(i,j). However, in the
cases where it is not translation-invariant and/or not nearest neighbor, the temperature

profile will not be linear.

We have the following theorem that follows immediately from the equations (4.4.2).

Theorem 4.4.2. For all A > 0, the temperature profile is linear in [1, N| and is given

by
i=1,...,N with
_ MNTr —Tr)
AN —-1)+2
b— Ty +Tr + MNTL — Tr)
B AN —1)+2

We can now look at different limiting cases:

1. In the case A = 1 we recover the result from [6]:

TR — 11 .

T="T,
L+ N1 [

In this case (only) the temperature profile is linear in [0, N + 1].
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4.5 The stationary measure for ¢ — 0

2. In the limit A — 0 we obtain for all i € {1,..., N}

T, +T
lim TZ-(A) _frtir
A—0 2
3. In the limit A — oo we obtain 7T} = Ty, Ty = Tgr and the profile is linear in
[1, N], similar to a system with A = 1 and N — 2 sites.

4. In the limit N — oo, such that i/N — r € [0, 1] fixed,

lim_ Ti = TL + T(TR - TL)

N—o0, =1
This means that the macroscopic profile is linear and does not depend on A.

Remark 4.4.3. The expectation of the heat current in the steady state in the system
is J = T; —T;—1. This can be seen from computing the effect of the generator on
x? (the local energy) and writing it in the form of a discrete gradient of the quantity
Ji = x? —x? | which is then defined to be heat current at site i. Heat conductivity r is
defined via the equation J = kAT. From Theorem 4.4.2 it follows that k = W
which is independent of the temperature (i.e. the system obeys the Fourier’s law for

all values of A > 0).

4.5 The stationary measure for ¢ — 0

We consider the first weak coupling setting, i.e, A\ = 1, T = T, +¢. We will prove that
up to corrections of order €2, the stationary measure is given by a product of Gaussian
measures corresponding to the temperature profile, i.e., the local equilibrium measure.

Let us denote this local equilibrium measure
dvry, = @71 G, () dz;

with T; given by (4.4.3),

Gr(x) = Woras exp(—x?/2T)

and g7, 1, +¢ the true non-equilibrium steady state (with A = 1). Then we have the

following result.
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4 Weak coupling limits in a stochastic model of heat conduction

Theorem 4.5.1. The true non-equilibrium steady state pr, 1,4+ and the local equi-
librium measure vr, T, +e are at most order € apart, i.e., there exists €g > 0 such that
for all &€ € Q4 there exists a constant C = C(£) < oo such that for all 0 < € < € we

have

’/D(gax)MTL,TL-i-E(d'T) - /D(gax)VTL,TL-‘re(d-T) S 0(5)62 (451)
PrROOF. For the local equilibrium measure we have
N
/D(&»’C)VTL,TLJre(d:E) = H:TZg (4.5.2)
i=1

expanding this up to order ¢ we find,

. &i
i €t _ 7€l € & €
HT II<TL+N+1) =T <1+TL(N+1)Z§Z>+O( )

A 7

Start now from (4.3.4) and expand up to order e:
/ D(E, ‘r)lu’TLTL"F€(d‘T)
€
= 11+ n 3 IPYE(o0) = ko + 1n11) | + O(P)  (4.5.3)
kl:k41=|€|

Upon identification of (4.5.2) and (4.5.3) we see that we have to prove

Y. IPEE(0) = kbo + 0n+1) = Ee(boo(N +1))
ke Lik+1=|¢|
N+1

1
= — N g = 454
T & SO (45
The function ¢(§) := E¢(§oo(N + 1)) is the harmonic function for the dual process,

ie.,
Lng =0

which satisfies the boundary conditions

N N
%) <k’50 + Z@él + 16N+1> = (Z 6151> +1 (4.5.5)
=1 =1
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4.6 The case A — 0

Therefore, it suffices to show that

1 N+1
— i§ =: ()
(N+1) ;
both satisfies
Lagp=0

and the boundary conditions (4.5.5). That 1 satisfies the boundary conditions is

immediately clear. The fact that 1 is harmonic follows from explicit computation:

[\

Lap(§) = El[lﬁ(fl’o)—w(f)]

+ (2641 (26 + D (ETH) = ()] + 26(28i41 + D(ET) = v(€)])

1

2

<.
Il

¥ 2gq[w<stN+l>—w<g>1

- N+1<2§1[ 1+

¥ N (26511(26: + 1[—1] & 26,(26001 + D)
+ ;éN[+1])

= N1+1 <2€1 ++2Z —&it1) +2§N[+1]>

and since Zf\;l (& — &iv1) = & — En we indeed have

Lap(§) =

4.6 The case A — 0

Next, we consider the second weak coupling setting, i.e., we fix T # Tk and study

the behavior of the measure p17, T, as a function of A.
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4 Weak coupling limits in a stochastic model of heat conduction

In this case, the local equilibrium measure is the product of Gaussian measures
corresponding to the temperature profile (4.4.3), i.e., we have to compare ’U/%‘L7TR with
V%LTR where

v, mp, = ®¢J\;1GT; (i) (dx;)

where T? is given by (4.4.3). Denote

() = / D€, 2) i, 7, (d) (4.6.1)

then ¢ is the harmonic function of the dual generator satisfying the boundary condi-

tions

P(&" =&+ kdo + 16n41) = (&) (ko + 10n41) = TETHY(E)
On the other hand if we put

Mg
0O 1= [ Do) v, (o) = TETE T[(2)0 (4.6.2)
then we see immediately that ¢ satisfies the boundary conditions.

We will now first prove

Lemma 4.6.1. There exists \g > 0 such that for all ¢ € Q% there exists A(&) > 0
such that for all 0 < X\ < A\g we have

[(Lav) (€)] < N*A(€)

In particular, since there is only a finite number of dual particle configurations with

total number of particles equal to K, we have, for all 0 < A < Ag

sup | (Lav) (§)] < C(K)N*
&lEl=K
for some C'(K) > 0

Proor. Compute

Lab(€) = 20(¢) (A& (% - 1) Y (%“ - 1))

+o26(©) (NX__;I (‘5”1(2&“) (Til_1)+§i(2@+l+l) (TT+ _1))>
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4.6 The case A — 0

PutTR—TN:Tl—TL:Z’y

Law(©) = 20(6) <A51 (?V) A <%>)

N-1
(T; — Tiy1)? Siv1 &
2 26— (T - Ty - 46.
- o20(0) (; (2616 B 4 (- (552 - £)) ) o)
Remember from Theorem 4.4.2 that T; = \ai + b, hence T; — T; 11 = — A, with
oy = MTr = Tr)
AN =-1)+2
b— T, +Tr+ ANNT, —Tr)
B AN —1) +2
We find
Tr —T1,

and hence, from (4.6.3)

—« o N-1 €€ é‘ é‘
bavt) =200 (Rl i X (v e e (G- )

i=1

We then see that the first order terms form a vanishing telescopic sum:

N-1
G En)_ 6 &
Z(T’z Ti+1) Ty Ty

i=1

and therefore;

R Y
L = 4\2a? hasLA
(€)= 2P 3 (mﬂ
O
Given this result, we will prove that the measures V%LTR and M%L,TR are at most order
O(Mlog(1/X)) apart as A — 0.
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4 Weak coupling limits in a stochastic model of heat conduction

Theorem 4.6.2. Let ¢, 1) be the functions defined in (4.6.1) and (4.6.2), then we have
the following. There exists Ao > 0, such that for all £ € Q4 there is C(£) > 0, such
that for all 0 < X < Ao

(0l€) — v(&)| < CE)Nog (4.6.4)

as a consequence,

N
lim :“TL,TR = ®; 1 Grpiry (2;) dz;
A—0 2

i.e., in the limit A — 0, the equibrium measure corresponding to temperature (Ty, +
Tr)/2 is selected.

Proor. We start with the following lemma

Lemma 4.6.3. For all £ € Q% a (dual) particle configuration, there exists ¢ = c(&) >
0, a =a(&) > 0 such that for all A > 0, and for allt >0

S Ce*/\at

}/MD@%Wﬂmﬁ@/D@@MﬁmW@

Proo¥r. Using duality between BM Py and SIPy, and (4.3.4)

‘/mD@mwaﬂwm/D@mMﬁﬁwm

N
(H T(>\) & t)Tfo(t)T£N+l(t)> Ee (TEO(OO)TI%NH(OO))

< COPEE() # &(0))
< C (5)1@?( there exist particles that are not absorbed at time t)
< C(E)e—a)\t

In order to see the last inequality, we remark that for a particle at positions 1, N, the
probability to be absorbed at the next step is of order A, as the maximal rate to move
to the other (non-absorbing) neighbor is at most 2(|{| +1). O

Proof of Theorem 4.6.2: using Lemma 6.1, and duality between SIP\ and BM P,

we have

t
Ld¢(§s)ds
0
C(lehrt

‘/&D@mnaﬂum/D@mugﬁw@

IN
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4.7 The two point correlation functions in the limit A\ — 0

Combining with Lemma 6.2 we have

/ D(€.22) v, 1, (dr) — / D(E.x) 12}, 1, (dx) < C€) (A2t 4+ e-N)  (4.6.5)

Now optimize w.r.t. ¢t by choosing ¢t = (1/a)X)log(a/)\) O

4.7 The two point correlation functions in the limit
A—0

In this section we prove that for the two-point correlation function in the non-equilibrium
steady state, the deviation from local equilibrium is of order A, which strengthens
(4.6.4) for £ = 6; + 0; (i.e., we get rid of the log(1/\)-factor). In the appendix we
give explicit expressions for the two-point function of some finite systems, and show

in particular that it is not multilinear for A # 1.

Define for i,5 € {1,...,N}

A
Yij = /(xzzx?):u’g“L)TR (dz)

and additionally YOi = TLTi, Yi,N-}-l = TzTR
Denote by T the matrix with elements T;; = T;7} if i # j and Ty; = 317 if i = j
where T; is the temperature profile of Theorem 4.4.2

Theorem 4.7.1. There exists C > 0 such that for all i,5 € {1,..., N} we have

1Y, — Ty| < CA (4.7.1)

Proor. From the stationarity of M%L,TR we find that Y satisfies the following system
of linear equations for k,l € {1,...,N}

0 = (- 4Yu+Ye-u+Yeru+ Y1+ Yugr)

AYig410k + 45116k — 4Ye—150k,141 — 4Ykk+10k,1—1

MTLT, — Y11)01, + MTLTy — Yir)ow

MTRT, — YN1)ONk + MTrT, — Yni)Ony (4.7.2)

+ + +
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4 Weak coupling limits in a stochastic model of heat conduction

which has the form

MY =D
By explicit computation we obtain
X :=M.T - D = 0()\?) (4.7.3)
From this we will now derive that
Y =T+ 0(\). (4.7.4)

Put
Y —T| = [M'M(Y - T)|| = [M~*X]|

We will show that

_ C
M2 <

which combined with (4.7.3) gives the desired result (4.7.4).
To obtain (4.7.5) consider

el (4.7.5)

<M XM 'X> = <X MHYM'X>
= <X,A'X>

with A := MM7” Using the spectral decomposition of A, we get

1
<X,ATIX> = ZW <X,e; ><e;,X >
1
——a [IXI?
mini()\l(.A))

where \; are the eigenvalues of A with the corresponding eigenvectors e;. So it suffices
now to see that
(A)

min(A\;") > eA?

We have

min()\z(-A)) = inf <X AX>
i [1X]]=1

The matrix M has the form M = K + AS and hence

<X, AX >=< (KT + A$T)X, (KT + A8")X >
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Therefore

<X, AX > A||STX|2 42X < STX, KX > +||K”X||?
PO A2

and so we obtain A)
i g R

A—0 A2 >0

Indeed, since M = K+ AS is not singular, either K or S must not be singular, therefore
[[STX]|? and ||[KTX]|? cannot be both zero. O

Remark 4.7.2. It follows from the correlation inequalities derived in [8] that Y;; >
T;;. Indeed, T;; would be the correlation function if the dual walkers were walking
independently, however, two dual walkers interact by inclusion (attraction), and this

leads to a positive covariance.
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4.9 Appendix

Here we derive explicit expressions for the two point correlation function for systems
with three and four sites. We start from the equations (4.7.2).

Since Y}, is symmetric in k and [ it suffices to consider k < [. the different cases are

as follows;
1. 1<k=1<N; (—2Vis +3Yir1 + 3Yips1) = 0
2.1<k=1-1<N-1; (=81 + Yicikt1 + Yasrihs1 + Yir + Yirg2) =0
3. 1<k <1l+1<N+1; (—4Yu+ Yy + Yigu + Ya—1 + Yiig1) =0
4 k=1=1; (=21, + 310 + 3Y12) + MTLTh — Yi1) + (T Ty — Yi1) = 0
5. k=1=N; (—=2Ynn+3Ynn-1+3YNN+1)FANTRTN—YNN)+ANTRTN—YNN) =0
6. 1=k=1-1; (=8Yi2+ Yoo + Yoo + Y11 + Y13) + N(T.T> — Y12) =0
7

k=1-1=N-1; (-8Yn_1in +Yn_o~n +YyN + Yy_in—1 + YN_ing1) +
AMTrTN-1—YnNn-1) =0
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4 Weak coupling limits in a stochastic model of heat conduction

8. 1=k<l+1<N+1; (—4Yy+ Yo+ Y +Yy_1+Yu) + AXTT1 —Yu) =0

9.1=k<1+1=N+1; (—4Yin + Yon + Yoy + Yin_1 + Ying) + XD Th —
YIN)-I—)\(TRT1 _YlN) =0

10. 1<k<l+1=N+1; (_4YkN +Yi_in +Yk+1N +Yin_1 +YkN+1)+)\(TRTk —
YkN) =0

4.9.1 3 Sites System

The equations for the two-point correlation function are of the form M.Y = D where

Yi AT Ts — ATRT,
Yis —3ATRTS
y=| ¥ | aap= ~AIRT:
Yoo ATLTh
Y3 =\T1T5
Ys3 0

and the matrix M can be read from the previous equations as;

0 1 —2(14+A) 0 1 0
0 0 0 0 3 —(1+N)
M 0 0 1 1 —(T+N) 1
—(1+X) 3 0 0 0 0
1 —(7T+)) 1 1 0 0
0 3 0 -2 3 0

The explicit solution is via inversion of M. The result for Y and the correlation
functions C;; = Y,;; — T;T;(1 + 24;;) then reads as follows:

3 (TA(5 +3\) + 270 Tr (5+9A +2)2) + T2 (5 + 23X + 2402 + 4\%))

Y =
H AT+ 026G+ N
Yy, = TAH(5 +3N) 4+ 2T TR (5+4X+ A?) + T7 (5 + 13A + 2)?)
4(546X+ A2)
v T? (5+ 13X+ 2X%) + T3 (5 + 13X+ 2A%) + 2T Tr (5 + 9X + 12X% + 2X3)
13 =

ITESNECESY
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4.9 Appendix

3(2TLTr (B5+ 4N+ A2) + TE (5+8A+A?) + T3 (5+ 81+ \?))

Yoo —
> 4(54 61+ A2)

TZ(5 4 3\) 4+ 2TLTr (5 + 44X+ A2) + T (5 + 13X + 2X?)

Y =
> 4(54 61+ A2)

3 (T3(5+ 3X) + 270 Tk (5+ 9X + 2)3%) + T3 (5+ 23X + 2422 + 41%))

Y =
53 41+ 220+ N)
and
3(Tr — Tr)*X (Tr, — Tr)*\
Cn = 51 L2/ L Ci2 = 5/ LAY Loy
21+ N)2(5+\) 2 (54 6+ A2)
(T, — Tr)2A 3(T — Tr)?A
Cis = 571 L V\2/F L3 Co = 5/F LAy L2
2(1+ A2(5 + \) 2(54 61+ \2)
(T, — Tr)*\ 3(TL — Tr)*A
023 = T < P E—

2(5+6A+A2) BT 21+ N2(5+A)

We see that for all k,1
Ckl X )\(TL — TR)2

and also Cy; > 0.

One might be interested to see if the bi-linear ansatz introduced in [6] for the special

case A = 1 is also valid here, i.e.

Yij = a—i—bz—l—cy—i—dzy
Y. = A+ Bi+Di? (4.9.1)

with the boundary conditions Yo; = 1175, Y; N1 = TiTR.

However, to check the validity of the ansatz we must calculate the correlation func-
tions for a 4 sites system, since in 3 sites systems we have only 6 correlation functions

which are less than the 7 constants of the ansatz.

4.9.2 4 Sites System

Similar to the calculation for the 3 site system, we have MY = D where
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4 Weak coupling limits in a stochastic model of heat conduction

Y12 0

Yis 0

Yi4 — NIT3

y=| ™ [aaD= AT

Y3 —=3NI'LTy

Yo4 —AT2TR

Y33 —NT'RrT3

Y3y —3NT,Tr

Y4 =\ Ty — X' Tr

and where the matrix M is given by
0 0 1 0 1 -8 1 1 0 0
0 3 0 0 -2 3 0 0 0 0
0 0 0 0 0 3 0 -2 3 0
0 1 —3-A 1 0 1 0 0 0 0
1 —7—=A 1 0 1 0 0 0 0 0
—1-A 3 0 0 0 0 0 0 0 0

0 0 0 1 0 1 -3-X 0 1 0
0 0 0 0 0 0 1 1 —7-X 1
0 0 0 0 0 0 0 0 3 —1-A
0 0 1 —2—-2X 0 0 1 0 0 0

The solution for Y is

Y= 6T3 (124 A (14+30)+6TL TR (24+A(7T6+5A(8+ X)) +T2 (72+3X(172+43X(106+A(46+5)))))
1= (6+X) (2437) (B+A(16+5N))
Yoo = 273 (142) (124 A (14+430)) + T Tr (48+F A (1524 A (1284 A (4445X)))) +2T2 (124 A (74+A (1214 (49+5)))))
12 = (6+X)(243N) (B+A(16+5N))
Y. — T2 (14 X) (245X (4+X) (5+X) + T2 (24+ X (T6+X (414+40))) +2T 1 TR (24+ A (T6+A (109+ A (47+5X))))
13 = (6+X) (243N) (B+A(16+5N))
Y. — T2 (24+45X(4+XN) (5+X)+ T2 (24+5X(44+X) (5+2)) +T1 T (48+A (1524 A (31443 (46+5)0))))
14 = (6+X)(2+3N) (B+A(16+5N))
3(2TLTR(24+A(76+A(73+3A(9+A))))+T§(24+>\(124+>\(181+7>\(10+>\))))+T§(24+>\(76+>\(77+2>\(12+>\)))))

Yo = (6+X)(2+3N) (B+A(16+5N))
Yoo — 277 (124 A (5+20) (104 A (84 A))) +2TF (124X (54+2X) (10+A(84+2)))+ T T (2+2) (24+ A (64+ A (50+7X)))
23 = (6+X)(2+3N) (B+A(16+5N))
You — T2 (14X) (2445X(44+2) (5+X)) + T2 (24+ A (T6+ A (41440))) +2T TR (244 A (T6-+A (1094 A (47+5X))))
24 = (6+X) (2+3N) (B+A(16+5N))
3(2TLTR(24+A(76+A(73+3A(9+A))))+T§(24+>\(124+>\(181+7A(10+>\))))+T§(24+>\(76+>\(77+2>\(12+>\)))))

Yos = (6-+X)(2+3X) (8+A(16+5X))
Yoy — 277 (140) (124 A (14+3X0)+ T TR (48+ A (1524 X (128+X (44+50)))) +2T3 (12+A (T4+A (1214 A (49+5X))))
- (64+X)(2+3X) (B+A(16+5X))
Y — 6T2 (124 A(14+430))+6T, Tr (24+A(T64+5X(8+X)))+3T2 (24+ A (172+3X (106+A(46+5)))))
- (6+X) (243X (B+A(16451))
and the corresponding correlation functions are
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4.9 Appendix

C = 3(TL—Tr)*X(24+A(50+13)0)) Ciy— (T —Tr)*A(1+X) (24+A(50+13)0))
= 764+ 0)(243X) 2 (B+A(1645X0)) » 12 7 7 (640) (24302 (8+A(16+5X))
Cra — 2(TL—Tr)*A(14+N) (124X (16+))) Ciy— 2(TL —Tr)*A(124A(16+)))
13 = T 6N H3NZEFA(I6+5 ) 0 T4 — (6-+2)(2+3X)2(8+A(16+5)))
Coy — 3(TL—TrR)*A2HA4+N)) (124X (16+))) Con — (T —Tr)*AN(244+X(86+A(93+A(274+2)0))))
22 = 6+ (2302 (8FA(16+5N)) 123 = (64X (2302 (BFA(16+5N))
Coy — 2(Te —Tr)*A(1+N) (124X (16+X)) Clan — 3(TL—Tr)*A2HA4+N) (124X (16+N))
24 = TN (24302 (RFA(1645N)) 0 33 T (6+)) (2302 (B+A(16+5N))
Coy — (T —=Tr)*X(1+X) (24+X(50413))) Cu — 3(TL—Tr)*X(244+X(50+13)))
34 = TN CH3NZEFA(I6+5N) 0 T4 T (640 (23N Z(BFA(16+5N))

We see once more that for all &,
Ckl X )\(TL — TR)2

and Cy; > 0.

Now we can directly check the validity of the bi-linear ansatz. Direct calculation
shows that the diagonal part of the ansatz, i.e., Y;; = A 4+ Bi + Di? is valid, but the
non-diagonal part Y;; = a + bi 4 ¢j + dij is not.

If we determine the coeficients a, b, ¢, d by fitting the bilinear ansatz to Y12, Y13, Yo3, Y34,
then we obtain
3(Ty — Tr)*(=1+ AN

Yii— (a+b+4c+4d) = (6 +A)(2+3M\)(8+A(16+5N))

which shows that the bilinear form can not hold for A ¢ {0,1}. Remark that also when
A — oo the deviation from the multilinear form vanishes, which is consistent with the
intuition that this limit is the same as having A = 1 in a smaller system obtained by

removing the sites 1, N.
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Nederlandse Samenvatting

In dit proefschrift bestuderen wij enkele evenwichts en niet-evenwichts stochastische
modellen die exact oplosbaar zijn met de techniek van dualiteit en zelfdualiteit. Deze
modellen bevatten een nieuwe klasse van deeltjessystemen die bosonisch zijn, dat wil
zegen modellen met een attractieve wisselwerking tussen de deeltjes. Als gevolg van
deze attractieve interactie kan in deze modellen condensatie optreden. Ons doel hierbij
is de studie van modellen die een profiel hebben dat exact kan worden berekend, alsook
correlatiefuncties, zoals de tweepunts correlatiefunctie van deeltjesaantallen of van de
energie. De verkregen exacte uitdrukkingen kunnen dan gebruikt worden om algemene
theorieén uit de niet-evenwichts statistische mechanica te testen. De modellen die in
dit proefschrift zijn bestudeerd zijn van het type “interacting particle systems”, alsook

systemen van interagerende diffusieprocessen.

De basistechniek die we ontwikkelen om de modellen in dit proefschrift te bestuderen
is dualiteit. Wij verbinden via dualiteit modellen van interagerende diffusieprocessen
met interacting particle systems, zowel in de evenwichts als in de niet-evenwichts con-
text. Omdat dualiteit een zeer krachtige methode is, is een gedeelte van het proefschrift
gewijd aan de ontwikkeling van een algemeen formalisme van dualiteit, gebaseerd
op symmetrieén van de generator. Dit formalisme kan gebruikt worden om duale
processen en geassocieerde dualiteitsfuncties of zelfdualiteitsfuncties te vinden. Wij
hebben het “Brownian Momentum Process” (BMP) en zijn duaal proces, het Sym-
metric Inclusion Process (SIP), bestudeerd. Met behulp van de dualiteit tussen BMP
en SIP verkrijgen wij exacte analytische formules voor de correlatiefuncties van BMP.
Het BMP is een model voor warmtegeleiding via stochastische diffusie van impuls, en
het SIP is een interacting particle system waarbij deeltjes een random walk op het
rooster Z% uitvoeren en met elkaar een aantrekkende wisselwerking hebben. Wij be-
handelen ook verschillende andere modellen en verkrijgen resultaten die toepasbaar
zijn voor een grotere klasse van modellen. De twee basismodellen (SIP en BMP) en
hun veralgemeningen zijn echter een essentieel startpunt in ons werk en zullen vaak

worden gebruikt als illustrerende voorbeelden.

In hoofdstuk 1 laten wij zien hoe zelfdualiteit in direct verband staat met de niet
abelse symmetrieén van de generator van het Markov proces (wij zeggen dat een op-
erator S een symmetrie van de generator L is indien hij commuteert met de generator,
i.e., S.L = L.S). Met niet abels bedoelen wij dat de symmetrie niet noodzakelijk een

vermenigvuldigingsoperator is, of in de taal van matrices, niet noodzakelijk een di-



agonale matrix. Wij laten zien dat er voor iedere symmetrie van de generator een
corresponderende zelfdualteitsfunctie bestaat, en dat omgekeerd, er voor iedere zelfd-
ualiteitsfunctie een corresponderende symmetrie van de generator is. In het geval van
dualiteit tussen twee verschillende Markov processen, komt dualiteit neer op een con-
jugatie tussen de twee corresponderende generatoren. En dus kan dualiteit tussen twee
verschillenden processen worden beschouwd als het kiezen van een nieuwe represen-
tatie van de generator. Dualiteit wordt op deze wijze direct verwant met verschillende

representaties van dezelfde Lie-algebra.

Wij behandelen in hoofdstuk 1 de samenhang tussen zelfdualiteit en symmetrieén in
veel grotere algemeenheid en geven verschillende nieuwe voorbeelden van dualiteiten.
Voor interacting particle systems of interagerende diffusies gekoppeld aan de randen
met deeltjesreservoirs of warmtebaden, zoals SIP of BMP, tonen wij op welke manier
de dualiteitsfunctie moeten worden veranderd om het effect van de reservoirs aan de
randen mee te nemen. Voor energie transport modellen ontdekken wij een verborgen
SU(1,1) symmetrie in een grote klasse van modellen (waaronder BMP, KMP modellen)
die hun dualiteit verklaren, net als de SU(2) symmetrie voor SEP. Wij bewijzen ook

de SU(1,1) symmetrie van het SIP en de corresponderende zelfdualiteit.

De extra sprongen in SIP (i.e., andere dan de random walk sprongen), de zo-
genaamde inclusie-sprongen, veroorzaken een netto attractieve wisselwerking tussen
deeltjes. Dit moeten we vergelijken met SEP waar de deeltjes een repulsieve interac-
tie hebben (omdat ze niet op de zelfde roosterplaats mogen zijn). In meer fysische
terminologie kan men zo SIP als een bosonisch tegenhanger van het fermionische SEP

beschouwen.

In hoofdstuk 2 analyseren wij het SIP in detail en bewijzen het analogon van

¢

Liggett’s “comparison inequality”, die de verwachtingswaarde van positief definiete
functies in SEP vergelijkt met deze in een systeem van onafhankelijke random walkers.
Met deze comparison inequality leiden wij een aantal correlatieongelijkheden af. Zoals
men intuitief verwacht, veranderen de correlaties van negatief in SEP naar positief in
SIP. Dit feit is vanuit een ander standpunt bekeken echter vrij opmerkelijk, want STP
is geen monotoon proces en positieve correlaties zijn dus niet gerelateerd aan de FKG
eigenschap, zoals bijvoorbeeld in de ferromagnetische Glauber dynamica. Aangezien
SIP het duale van het warmtegeleidingsmodel BMP is, kunnen de correlatieongeli-
jkheden voor SIP direct vertaald worden naar BMP en het Brownian Energy Process.

Wij bestuderen ook het algemenere niet-evenwichts geval waar het systeem in contact



is met deeltjesreservoirs en waar wij de zelfdualiteit van de SIP gebruiken om een
correlatie ongelijkheid voor de niet-evenwichts stationaire toestand te verkrijgen. Wij
bewijzen ook in grotere algemeenheid de negatieve correlaties voor niet-evenwichts sta-
tionaire toestanden in modellen van SEP-type, waarvan sommige reeds eerder expliciet
berekend werden met de matrix methode van Derrida.

In hoofdstuk 3 bestuderen wij de condensatie fenomenen en wij laten zien dat, omdat
de stationaire maat van SIP exponenti€le staarten heeft, de attractie tussen deeltjes
alleen niet sterk genoeg is, en er een extra factor nodig is voor condensatie. Wij laten
zien dat deze extra factor ruimtelijke inhomogeniteit of ook asymmetrie in een eindig
of half-oneindig systeem kan zijn. Een andere mogelijkheid voor het verkrijgen van
condensatie in SIP is het introduceren van een parameter m gedefinieerd als de rate
van random walk jumps terwijl de intensiteit (rate) van inclusion jumps onveranderd
(gelijk aan 1) blijft. Het geval m = 0 levert dan een zuiver inclusieproces (geen random
walk, enkel attractie) op. Wij laten zien dat in de limiet m — 0 in het SIP condensatie
optreedt. Wij tonen ook gerelateerde condensatiefenomenen in het Brownian Energy
Process (afgeleid van BMP en dus verwant met SIP) zien, wat een interessant nieuw

voorbeeld geeft van condensatie in een model met continue variabelen.

In hoofdstuk 4 bestuderen wij BMP dicht bij evenwicht. Een mogelijkheid om
dicht-bij-evenwicht condities te verkrijgen is het systeem in contact te brengen met
twee warmtebaden aan de randen, met temperaturen die dicht bij elkaar liggen. In dit
geval tonen wij aan dat de afstand tussen de lokale evenwichtsverdeling en de echte
niet-evenwichts stationaire toestand hoogstens van de orde is van het kwadraat van
het verschil tussen de temperaturen van de warmtebaden, in overeenstemming met de
niet-rigoureuze theorie van McLennan ensembles. Een alternatieve mogelijkheid om
condities dicht bij evenwicht te verkrijgen is om de verschillende temperaturen van
de twee warmtebaden vast te houden maar de koppeling van het bulk systeem met
de warmtebaden met een parameter A te verzwakken. Wij bestuderen dan het gedrag
van de niet-evenwichts stationaire toestand voor kleine waarden van deze kopplingscon-
stante A. In het bijzonder laten wij zien welke evenwichtsmaat wordt geselecteerd als
A — 0. Voor beide gevallen zijn de temperatuursprofielen lineair in de bulk. Wij geven
ook exacte berekeningen voor de tweepunts correlatiefuncties voor finite size systemen
en wij laten zien dat zij in het algemeen niet multilineair zijn. Hiermee laten we zien
we dat de veelgebruikte multilineaire ansatz voor de correlatiefuncties alleen waar kan

zijn als bijkomende symmetrieén aanwezig zijn, of in de macroscopische limiet.
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