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Abstract

The theory of large deviations can help to shed light on systems in non-equilibrium sta-
tistical mechanics and, more generically, on non-reversible stochastic processes. For this
purpose, we target trajectories in space—time rather than static configurations and study
time-extensive observables. This suggests that the details of the evolution law—such as
the presence of time correlations—take on a major role. In this thesis, we investigate
selected models with stochastic dynamics that incorporate memory by means of differ-
ent mechanisms, devise a numerical approach for such models, and quantify to what
extent the memory affects the large deviation functionals. The results are relevant for
real-world situations, where simplified memoryless (Markovian) models may not always

be appropriate.

After an original introduction to the mathematics of stochastic processes, we explore,
analytically and numerically, an open-boundary zero-range process which incorporates
memory by means of hidden variables that affect particle congestion. We derive the exact
solution for the steady state of the one-site system, as well as a mean-field approxima-
tion for larger one-dimensional lattices. Then, we focus on the large deviation properties
of the particle current in such a system. This reveals that the time correlations can be
apparently absorbed in a memoryless description for the steady state and the small fluc-
tuation regime. However, they can dramatically alter the probability of rare currents.
Different regimes are separated by dynamical phase transitions. Subsequently, we address
systems in which the memory cannot be encoded in hidden variables or the waiting-time
distributions depend on the whole trajectory. Here, the difficulty in obtaining exact an-
alytical results is exacerbated. To tackle these systems, we have proposed a version of
the so-called “cloning” algorithm for the evaluation of large deviations that can be ap-
plied consistently for both Markovian and non-Markovian dynamics. The efficacy of this
approach is confirmed by numerical results for some of the rare non-Markovian models
whose large deviation functions can be obtained exactly. We finally adapt this machin-
ery to a technological problem, specifically the performance evaluation of communication

systems, where temporal correlations and large deviations are important.
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Scientists have long been tempted to imagine that there is a way to represent a
real-world system in terms of a sheer number of variables, whose states at earlier times
uniquely determine their future states [8]. This view is in fact well accepted if we exclude
the realm of Quantum Physics. However, a complete knowledge of at least some such
variables is inaccessible in practice. Stochastic modelling is the selected way to cope with
such a lack of information; the general strategy is to approximate the influence of the
inaccessible information on future states simply with random noise. This thesis deals
with three important aspects of stochastic modelling, namely non-equilibrium dynamics,

large deviations, and memory, and is motivated in this introduction.

The importance of being unbalanced and rare

As a first step, rather than attempting to describe the state of all the single variables
one by one, we can represent the system as a smaller collection of random variables, i.e.,
functionals that can take on a set of possible different values (each with an associated
probability). In other words, the state of the system at time ¢ is represented by a proba-
bility distribution for the configurations that the system can adopt, which we represent
by a column vector |P(t)). We still wish to incorporate causality in a stochastic process.

Hence, the next step is to write an evolution law of the form

[P(t)) = T(t - to)|P(to)),
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where T(t—tp) is an operator that encodes for the dynamics and can depend on the initial
time tg, as well as on the duration ¢ — ¢y of the evolution time, of course. We identify two
important classes of stochastic dynamics: those satisfying the Markov property and those
that do not. Roughly speaking, in a Markov process it is possible to make predictions
for the future behaviour based only on the present, and such predictions are as accurate

as those based on the knowledge of the past history.

As long as we focus on the typical behaviour of a system (that is, the values of the
most probable realisations of its random variables) some of the details of the evolution
law can be neglected. This approach is often appropriate when we deal with very large
systems, where the probability of a typical configuration overwhelms that of atypical
ones. However, there are situations in which the behaviour of interest is not typical,
but rather rare and atypical. For example, the transport of energy, particles, or vehicles
could be enhanced by exceptional coherent configurations, or occasionally delayed when
an instantaneous situation that will be later referred to as congestion or condensation
occurs [29]. Similarly, in communication or transportation networks it is very important
to predict how likely is to have interruptions or packet loss [31]. In climate science the
assessment of the likelihood of extreme weather is of central importance, even compared
to the prediction of the average global trend [4, 10]. Another reason for the interest in
rare events is that small observation scales are now accessible to some experiments, as
in molecular physics [5, 26]. Moreover, rare events help to shed light on the foundations
of non-equilibrium statistical mechanics, just as they play an important role in defining
the thermodynamic potentials in equilibrium Statistical Mechanics [34]. Specifically, our
focus is on rare values of time-extensive random observables, whose realisations are

determined by the details of the evolution law.

One of the major long-standing problems in Science is to characterise and predict
the behaviour of a macroscopic system, given its microscopic model. Statistical Mechan-
ics, as designated by the work of W. J. Gibbs [25], has been successfully applied to a
specific class of systems, whose stochastic dynamics obey a specific symmetry, known as
the detailed balance and are said, in the physics literature, to be at equilibrium. Roughly
speaking, the detailed balance requires that the number of transitions from a microscopic
state to another one, is equal to the number of those in the opposite direction. As we
will see later, this condition is strong but useful, as it greatly simplifies the analysis of
a stochastic process, when satisfied. When that is not the case, i.e., the state is unbal-
anced, the nett number of transitions defines a non-vanishing probability current, which
in turns can represent a physical observable such as the energy transfer or the parti-
cle drift (quantities which are often assumed to be time-extensive, i.e., to grow linearly

with time). We can hardly overestimate the importance of currents for applications, as
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they are naturally required to model transport, growth, damage, production, or any
other “activity” in a system, and are found across many applied disciplines, ranging
from Physics (e.g, rheology, quantum transport, molecular motors), engineering (vehicu-
lar traffic, electronic engineering, telecommunications), biology (chemotaxis, population
dynamics). Modern accounts of these topics are given, e.g., in the books of Mahnke et al.
[21] and Schadschneider et al. [29].

A distribution |P(t)) that does not vary with time, whilst permitting non-zero cur-
rents, is said to represent a non-equilibrium stationary state (NESS). Additionally, it is
often said that such currents characterise the NESS [36]. It is important to stress that,
to treat systems far from equilibrium, it is necessary to consider explicitly the micro-
scopic dynamics as NESSs do not necessary have an analytical expression as simple as
the detailed-balance one. As a consequence, analytical progress is challenging and in-
spires a research branch on exactly solvable models, which has the aim to provide some
insight into the foundations of physics [30]. While a general framework for the charac-
terisation of systems far from the thermal equilibrium is at a primitive stage, nowadays
large deviation theory plays a central role for building a comprehensive theory of these
systems [34]. This is the selected tool that allows us to evaluate the fluctuations of

time-extensive observables such as the currents.

Non-Markovian modelling

A better strategy to cope with the lack of information on the present state, is to sup-
plement the dynamical rules for the time-evolution of |P(t)) with a dependence on some
information on the past events (which can be regarded as memory). Such a strategy
adapts well to the realistic situation where we have an incomplete instantaneous descrip-
tion of the real-world system we wish to model, but we learned, from observations or
theory, the events that yield configurations changes at different instants are temporally
correlated [2, 4, 15, 17, 22-24, 27, 32, 33]. As shown throughout the thesis, this is the

essence of non-Markovian modelling.

Despite the fact that dealing with temporal correlations is often both useful and
appealing, non-equilibrium systems with memory have been investigated more rarely
than those without memory, due to limited analytical techniques for analysing non-
Markovian processes. We mention that, recently, some research focused on this niche: a
necessarily incomplete list of publications is, e.g., [1, 3, 7, 9, 11-14, 16, 19, 20, 28, 35|,

see also the references therein.
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Our work intends to contribute in the same direction by analysing selected stochastic
models of non-equilibrium systems and developing numerical tools to deal with memory
in these systems. Along this thesis we demonstrate, both analytically and numerically,
that the fluctuations of time-extensive quantities cannot be predicted solely on the basis
of a Markovian description. The thesis is structured as follows. In chapter 1 we discuss
several aspects of stochastic processes, covering Markovian and non-Markovian stochas-
tic dynamics, equilibrium and non-equilibrium stationary states, the large deviation ap-
proach to non-equilibrium systems. We also introduce important algorithms to simulate
the stochastic dynamics. This chapter is organised in an original way to demonstrate
interesting links between the mathematics and physics literature and show some conse-
quences of the different ways to deal with time and temporal correlations in stochastic

processes.

Chapters 2 and 3 are based on Cavallaro et al. [7] and are mainly concerned with a
specific non-Markovian stochastic model of particles on lattice. Such a model incorporates
memory by means of “hidden” phases and is referred to as the on-off zero-range process
(on-off ZRP). After a general introduction to the interacting-particle systems (IPSs) and
their quantum Hamiltonian formulation, the on-off ZRP and its NESS are analysed in
chapter 2. Specifically, we derive its exact analytical expression for the single-site lattice
and a mean-field approximation for arbitrary lattice topology. In chapter 3 the large de-
viation properties of the particle current for the on-off ZRP are examined. We show that,
although the particle distribution is well described by an effective Markovian solution,
with a structure similar to the NESS, the probability of rare currents differs from the
memory-less case. In particular, we find evidence for memory-induced dynamical phase
transitions. The findings of this chapter are supported by numerical results, obtained
using the “cloning” algorithm of Lecomte and Tailleur [18], which has been conceived
for continuous-time Markov processes. In fact, this numerical scheme is applicable to the
on-off ZRP only because such a model possesses a Markov representation in terms of
hidden variables, while some classes of non-Markovian processes do not benefit of such

a representation.

To tackle the remaining classes of non-Markovian processes, we therefore devise a
more general algorithm. This is presented in chapter 4, along with exhaustive tests that
demonstrate the validity of the method using non-Markovian variants of an ion-channel
model and the totally asymmetric exclusion process, recovering results obtainable by
other means. General accuracy and performance issues of the cloning methods are also

considered. This chapter is based on the work published in Cavallaro and Harris [6].

Finally, chapter 5 is concerned with a real-world application of the cloning method of

chapter 4 to Queueing Theory. This exploits the analogies between the non-equilibrium
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physics of the IPSs and the technology of packet delivery in teletraffic engineering. In

fact, in both cases, non-Markovian modelling is appropriate and rare events are of main

concern. We demonstrate that the cloning algorithm of chapter 4 is suitable for the

analysis of packet traffic. The content of this chapter is intended to be expanded and

prepared for publication.

The thesis is concluded in chapter 6, where we outline some questions left open during

the research process and suggest some ideas that may further contribute to comprehend

memory in the framework of large deviations.
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We motivated the importance of including randomness in models of real-world sys-
tems in the previous chapter. In this chapter, we introduce the theory of stochastic
processes, which allows us to describe rigorously such models. A stochastic process is
defined as an ordered collection of random variables with values in S, indexed by some
set 7 [34]. Hereafter, we will implicitly consider S to be a discrete set, although most of
the results remains valid if S is continuous. On the other hand, 7 can either be the set of
natural numbers, when we say that the process evolves in discrete time, or T = [0, 00),
when the process is referred to as in continuous time. In fact, we think of 7 as the set

of some instants in time while the stochastic process represents the time-evolution of a
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system. A specific realization of a stochastic process is called a sample path, trajectory

or history.

A typical choice is to assume that, conditional on its value at an instant in time, the
future value of a random variable does not depend on the previous ones. This case is
considered in sections 1.1 and 1.2, which deal with discrete-time and continuous-time
Markov processes, respectively. In sections 1.3 and 1.5 we relax this assumption, and
introduce semi-Markov and non-Markovian processes, respectively. The case where the
probability distributions become stationary in the long-time limit is discussed in sec-
tion 1.4, where we also discriminate between equilibrium and non-equilibrium situations.
In section 1.6 we introduce the large deviation approach to non-equilibrium stationary

states. Finally, some relevant numerical methods are presented in section 1.7.

1.1 Discrete-time Markov processes

We define a discrete-time Markov process as a sequence of random variables
X(0),X(1),X(2),... (1.1)

with the property that the probability of having a certain realisation of X (n), given the
values for X (0), X(1),...,X(n — 1), depends only on the value assumed by X(n — 1),
but not on X (0), X(1),...,X(n—2), i.e.,

Prob{X(n) =z,|X(n —1) =zp_1,...,X(1) = 21, X(0) = zo}
= Prob{X(n) =z,|X(n—1) =x,-1}. (1.2)

This means that, for the conditional distribution of X (n), only the value assumed by
X (n — 1) is relevant. Roughly speaking, we can think that, after each step, the events
happened in the past do not contribute to the subsequent evolution, as if they were
forgotten. When the property (1.2) is not valid the stochastic process is said to be non-
Markovian. It is worth saying that the outcomes x1, 2, ... are elements of S, but we can
safely think of them just as natural numbers, as we are dealing with discrete S. Such a
notation with subscripts has been chosen as we will need to consider ordered sequences

of configurations (z1,x9,xs,...,2,) corresponding to realisations of the process’.

The sequence (1.1) with the property (1.2) can describe the following physical situa-

tion. At a given integer-valued time ¢, the configuration adopted by a system is assumed

We remark that, in a slight shift in notation, we will also use z; as a generic configuration label
independently of time.
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to be x;. At time t + At an instantaneous transition to a configuration z, occurs with

time-independent probability T, The probability that no transition occurs, leaving

n+1,Tn*

the configuration unchanged, is Ty, , = 1 — an+1;ﬁxn T, 1,2, Applying this rule to
an initial state xg generates the trajectory. Without loss of generality, the interval At is

assumed to be equal to one.

In finite configuration space, it is convenient to group the probabilities T »; of jumps
from x; to x; (x; and z; being labels for generic configurations) into a matrix T with
entries [T]xj x; = T, z;- By definition, such a matrix has only non-negative entries, i.e.
it is non-negative and is represented by a weighted directed graph or digraph G('T'). This
is the set of the vertices corresponding to each element of S and the set of the edges
directed from x; to x; with weight T, T whenever such a weight is non-zero. Within this
framework, a trajectory of a stochastic process is equivalent to a walk, i.e., a sequence

of edges that connect a sequence of vertices.

A digraph is called strongly connected if for each pair of vertices x;, x;, a walk from x;
to ; and a walk from z; to z; both exist (if there are walks only in one of the directions,
then the digraph is simply said to be connected). The important notion of irreducibility
of T is closely related to that the connectedness of G(T). Specifically, a matrix T is said
to be irreducible? if S cannot be divided into two disjoint non-empty sets S; and So
such that [T];, »; = 0 for all 7; € S and x; € Sp. In addition to this, T is irreducible if
and only if G(T) is strongly connected [52]. In an irreducible matrix, for each z;,z; € S,

there exist an integer n such that [T"];, ., > 0.

A stronger property is that of primitivity. A matrix is referred to as primitive if
there exists at least one integer n such that [T"];, », > 0 for all configurations x; and
x; simultaneously, and is called imprimitive otherwise. An important necessary and
sufficient condition for T to be primitive is that it has only one real eigenvalue on the
spectral radius®. The equivalent graphical condition is that there is a walk of length n

between every pair of configurations in S.

Any outcome of the Markov chain (1.1) needs the initial probability mass distribu-
tion Prob{Xy = 2} =: P,(0) to be fixed. We define the column vectors

Z P,.(0)|ez,) and Z P, .(n)leg,), (1.3)

n = 1,2,..., where |eg,) is the column vector with the z;-th component equal to one

2 An irreducible and non-negative matrix is also said to be essentially positive.
3When there are a number h of eigenvalues on the spectral radius, then the Markov chain is periodic
with period h.

10



Chapter 1. Stochastic processes

and the remaining components equal to zero, while Prob{X,, = z} =: P,(n). Hence,
the probability mass at time n is given by |P(n)) = T"|P(0)) while the probability
distribution at time n 4 1 is related to that at time n through the Master equation
[P(n+1)) = T|P(n)).

A special probability mass distribution is the so called limiting distribution, i.e.,

lim |P(n). (1.4)

An equally important distribution is the invariant distribution |P*), i.e., a distribution
that is not modified by the action of T:

|P*) = T|P*). (1.5)

We generically refer to both lim,,_,~ |P(n)) and | P*) as a stationary solution or distribu-
tion and use the same symbol |P*); in fact, for an irreducible primitive transition matrix
the limiting distribution exists and is unique and is equal to the invariant distribution?.
If an irreducible matrix is not primitive, then the limiting distribution does not exist.
However, it is possible to see that the invariant distribution has the same interpreta-
tion in both primitive and imprimitive cases, i.e., the component of |P*) is the long run
fraction of the time that the chain spends in the corresponding configuration, see e.g.,
reference [52]. This, in turn, allows us to interchange time average and ensemble average,

a property that in Physics is known as ergodicity®.

Hereafter, when dealing with Markov processes, we will only consider irreducible
primitive matrices (and strongly connected graphical representations). Moreover, in the
next section we will consider continuous-time Markov chains, where periodicity is not

permitted and it is not necessary to distinguish limiting from invariant distributions.

4This can be easily proven using the spectral representation and using the fact that the largest
eigenvalue dominates the long-time limit, see, e.g., reference [34]. In this thesis we are mainly concerned
with continuous-time processes and such a result is discussed in the next section.

SHence irreducible chains are also said to be ergodic, although, in mathematical literature, this refers
to a stronger property.

11
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Figure 1.1: Representation of the trajectory w(t) of equation (1.7).
1.2 Continuous-time Markov processes

We now consider a family {X(¢) : ¢ > 0} of RVs in S indexed by a time ¢t € [0, 00). Such

X is referred to as a continuous-time Markov process if

Prob{X(t) = z,| X (to) = zo,..., X(tn—1) = Tp—1} = Prob{X(t) = z,| X (tn—1) = Tpn—1}

(1.6)
for all zg,... zn_1,2, € S and any sequence tg < ... < t,.1 < t, < t of times. A
convenient way to represent a portion of a trajectory w(t) of duration (¢ — tg) starting
in zg at £y is to write explicitly the sequence of instants where a jump occurs along with

the arrival configurations (see figure 1.1):
w(t) = (to,xo, t1,21, ... th—1,Tn—1, tn,Tn, t). (17)

We now use z; and z; as generic configuration labels. It is possible to prove (see ref-
erence [34]) that a continuous-time Markov process is defined when we have a set of
functions T, ., (t), encoding for Prob{X(t,) = x;| X (t,—1) = x;}, with t = t,, — t,,_1,

12
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that satisfy

0 < Ty, (£) < 1 (1.8)
Topr; (b4 8) =D Ty, ()T 5 (5) (1.9)
Tr

> T, (t) < 1. (1.10)

Equation (1.10) deserves some explanation: if the equality is satisfied for all x; and ¢,
the process is said to be honest, otherwise, if there is a strict inequality for some x;
and t, the process is said to be dishonest. The contribution necessary to complete the
sum to one corresponds to the probability that the system escapes to infinity (if S is
not a finite set) at a finite time. This situation would make the formulation of a general
theory of continuous-time Markov processes quite involved. However, in this thesis, we
will not consider such a pathological case, focusing on situations where the system can
only escape to infinity in the limit as the time approaches infinity. We now make the
additional assumption that the functions 7Ty, »;(t) are continuous in time. It follows that,

over short intervals dt,

Ty w;(dt) = guy o;dt +o(dt) (i # 75) (1.11)
Ty, 2, (dt) =1 — gg,dt + o(dt) (1.12)

The quantities gu, ., and g, are referred to as transition rates and are typically grouped
into a matrix called generator of the process whose entries are [Gli; o, = gz, (if
x; # xj) or [Glg 2 = —ij gz;z; = —guz;; @ used convention is to set gy, ., = 0.
If [Glz,2; = 0, the state z; is called absorbing, while if [Glg, -, = —o0, it is called
instantaneous. Similarly, the quantities T, ., (f) are grouped into a family of matrices
{T(t)} that forms a standard semigroup. A semigroup {T(¢)} is called standard if T(t) —
1 as ¢t — 0. In the limit as d¢ — 0, equations (1.11) and (1.12) can be written as the

matrix form

. T(dt)—1
dlt1£>n0 (d)t =G. (1.13)
Dealing with standard semi-groups rules out dishonest processes. We can also impose
a stronger condition on {T(¢)} and say that a semi-group is uniform if {T(t)} — 1
uniformly as ¢ — 0. A theorem guarantees that {T(¢)} is uniform if and only sup;[GJi; <
oo, which also rules out instantaneous states [34]. If we define the column vector |P(t))
analogously to the discrete-time case, from equation (1.13), along with |P(t + dt)) =

T(dt)|P(t)), we get the Master equation

%\P(t» =G[P(t)),  |P(t)) = exp (tG)|P(0)). (1.14)

13
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Equation (1.9) is the Chapman-Kolmogorov equation for a Markov process. Taking
the limit as s — 0 and using equations (1.11) and (1.12), we obtain the Kolmogorov

forward equations
dT(t)

dt

a similar argument, using the limit as t — 0, gives the Kolmogorov backward equations

= GT(t); (1.15)

dT(t)
5 =T G (1.16)

It is possible to prove that when {T(¢)} forms a uniform semigroup with generator G,
then
T(t) = exp(tG) (1.17)

is the unique solution of the equations (1.15) and (1.16), subjected to the initial con-
dition T(0) = 1 [34]. For non-uniform semigroups, we will assume that equation (1.17)
remains valid with exp(tG) = > 2 G"t"/n!. As a consequence, the invariant distribu-
tion satisfies G|P*) = 0.

We now sketch some spectral theory. First of all, we consider a process with finite

number of states and generator G. Then it is possible to express G as
G=TAT ! (1.18)

where A is diagonal, the columns of ¥ are right eigenvectors of G, while the rows of
W1 are left eigenvectors of G. The diagonal entries of A are the eigenvalues \; of G.

Clearly, the set of eigenvectors form a basis in S, i.e.,
oyl =1, (1.19)
From equation (1.17) we have
T(t) = Wexp(At) ¥ L, (1.20)

Now, all the off-diagonal entries of G are non-negative, then, there exists a scalar k such
that M = G + k1 has only non-negative entries; consequently e!G = e #e™ The first
factor is positive and we only need to study the second factor ™M = Yoo Mt /nl.
Now if we assume that M is irreducible (see section 1.1) we can always find an integer
n such that [M"];, .. > 0 for each pair (x;,2;). Since all positive integer powers of
M appear in such series expansion, it follows that e'™ is strictly positive, and so is
e!G, thus having only one real eigenvalue on the spectral radius (this is part of the

Perron—Frobenius theory of non-negative matrices, see, e.g., reference [52]). This excludes

14
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periodic behaviour in continuous time and ensures ergodicity (in the sense of section 1.1).
The largest eigenvalue governs the long-time behaviour of €!&, as shown in the following.

Explicitly, the matrices ¥ and ¥~! can be expressed as
U= jgi) e, (1.21)
i
T = e (vil, (1.22)
i

where (e;| is the row vector with zero entries everywhere except for the i-th entry, which
is one, while |¢;) and (1;| are the i-th eigenvectors, right and left respectively, of G.

Using these, it is possible to write equation (1.20) as

T(t) =Y [ {eile™ le;) (] =D [abi) (thife’™, (1.23)

%,] 7

where we made use of the Kronecker delta (e;|le;) = d;;. It appears clear that the
dominant term, as ¢ approaches infinity, is that with the largest eigenvalue, which we
call A\1. We now recall that the columns of G sum to zero, which implies that A; = 0 and
that the row vector (1] with all entries equal to one is the left eigenvector associated with
A1 (ie, (1]G =0). As a consequence, we get limy_,o T'(¢)|P(0)) = [11), i.e., the leading
right eigenvector is the limiting distribution for the Markov process. Clearly, being an

eigenvector, this is also invariant.

Developing a general spectral theory in the case with infinite configuration space is
more difficult as the eventuality of a continuous spectrum must be taken into account. We
only mention here that an elegant spectral representation has been derived by S. Karlin
and J. L. McGregor [47] for a special but ubiquitous model, viz., the generalised birth-

death process. Such a model can be defined by its generator, i.e.,

—ag g1 0 0
oy —a1— g1 go 0

G= . (1.24)
0 aq —Q2 — g2 g3

Its spectral representation is written in terms of the polynomials @, (\), which are solu-

tions of

750 =y [P QUNQ ) (). (1.25)
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For such a system of equations, X is real and Q;(\) satisfies

w [ QW ) = by, (1.26)
QO()\) =1, gnanl — ()\ + oy + gn)Qn(A) + anQn+1(>\) =0, (1-27)
wo=1, w;= 0%l (1.28)

glaQQv"‘vgj

The main difficulty in applying such a result is in deriving p(A). In appendix A the
spectrum of a tridiagonal operator with constant entries is derived in detail, even without

imposing (1|G = 0.

It is worth mentioning that, in the simple case where all the upper diagonal terms of
the generator (1.24) are null while its lower diagonal entries are constant «, the birth-
death process reduces to a “pure birth” process. For this case, one is only interested
in the sequence of inter-event times—the sequence of configurations being trivial. This
defines a new process, called the Poisson process of intensity «, which is one of the

simplest and best known renewal processes [11].

All the continuous-time processes considered so far involve inter-event times that are
exponentially distributed. To see this, we study the joint probability v, ., (t) dt defined
as the probability that the transition xz; — z; occurs during the infinitesimal interval
[t,t+4dt) and the configuration z; survives until ¢. In terms of random variables, ¥, ., ()
is the joint density function for the two random variables “time to the next jump” and
“next configuration”. We refer to it as the waiting-time density distribution (WTD). As
we decided to focus on discrete configurations x; € S throughout this thesis, ¥y, 4, (f)

obeys the following normalization condition

Z/oo Vo, 0 (t)dt =1, Va. (1.29)
:E]' 0

We derive an explicit formula for 9, »,(t) under the assumptions (1.11) and (1.12).
If we imagine that the time interval [0, ¢) is subdivided into k subintervals of length ¢/k,
where k > 1, for the probability that the move to z; occurs at the end of such an interval,

while nothing happens before, can be written as:
Yoy s (8) At = [1 = gt/ + 0(t/K)]F (g, 0t + 0(dt)] (1.30)
Then, we divide by dt, and take the limit d¢ — 0, we obtain

wxj,xi t)=[1- gﬂﬁit/k + O(t/k)]k Gz (1.31)

16
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In the limit as k — oo, as the first factor is simply exp(—g,, t), we obtain

d’%‘@i (t) = 9,25 exp(—gz,;t). (1.32)

Marginalising over all arrival configurations, we obtain that the time spent in a certain
state follows the exponential distribution ¢y, (t) = gz, exp(—gs, t), which indeed has the
memory-less property. In discrete time, a similar argument shows that the duration of

stay in a state has a geometric distribution.

When the transition rates are functions of time we obtain a non-homogeneous Markov
process and we can no longer write the transition probabilities only as function of only
t, but instead

Ty, 2:(t,8) = Prob{X (s + t) = 7| X (s) = x}. (1.33)

The Kolmogorov forward and backwards equations can be generalised to this case, i.e.,

TS Gwymas), (1.34)
T 0,9 G(s), (1.35)

while dealing with their general formal solutions is often not straightforward as the inter-
event times are, in general, non-exponentially distributed [12]. However such processes
can be regarded as Markov as the time is obviously known at any instant and it is thus

possible to make predictions on future states based on the present.

In the next section we tackle a different class of stochastic processes whose time
evolution can be written in terms of rates that depend on a random time (contrarily to

the time involved in non-homogeneous Markov processes).

1.3 Semi-Markov processes

In this section, we deal with a general class of continuous-time stochastic processes, where
the jumps occur after times which are not necessarily exponentially distributed, and the
probability of having a certain transition can depend on the time elapsed since the last
jump. This means that memory is lost after each jump, but not during the jump. In math-
ematical literature such processes are referred to as semi-Markov, while in physics they
are called continuous-time random walks (CTRWSs). These were introduced in physics
to model transport on lattices [37, 53], and later used in many other contexts, e.g., to
describe quantum dots [19], temporal networks [39], animal movements [31], biochemical

reactions [21, 22], and single-molecule kinetics [55, 67], and financial markets [50].
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1.3.1 General waiting-time distribution

To develop a theory of stochastic processes when the distribution of life-times are not

exponential, three main methods are available:

)

A first rough device is to the define an embedded Markov chain. This consists
of a new Markov chain on a coarse-grained set of time instants, equally spaced.
The interval between two consecutive instants is chosen so that the memory of
the previous instant becomes irrelevant. This method is not rigorous and carries
all the advantages/disadvantages of dealing with discrete-time Markov processes.
This thesis is not focused on embedded Markov chains (although some general

results of chapter 4 naturally apply to such cases).

A second antithetic solution consists of dividing the inter-event times into fictitious
stages, such that the time spent in each stage has an exponential distribution. The
resulting process is Markovian, but on an extended configuration space: in order to
define the process, we need to specify both the configuration and the stage of life
it has been reached. This device will be used to exploit some established results

from the theory of Markov processes.

An important case arises when a number k of stages are arranged in series. The total
waiting time for this case is the sum of k exponentially distributed waiting times

and has density distribution v (7) neatly expressed through its Laplace transform

k

< gi
e "TY(r)dr = , 1.36
| e 11,%, (1.36)

where g; is the rate associated with the stage i. A WTD satisfying equation (1.36)
is referred to as an Hypoexponential distribution, which represents an Erlang dis-

tribution when all the rates g; are equal [61].

More generically, it has been proved in [10] that any probability density distri-
bution having a rational Laplace transform f(v), with k poles and numerator of
degree at most k, can be reproduced by a sequence of k exponential phases, not
necessarily arranged in series. The probability distributions with this property are
called Cozian (a subclass of phase-type distributions). Without loss of generality,

we can make the following partial fraction decomposition

k i

— )\1 Al
= e Gi—1Di , 1.37
f(v) pO+Q0ply+)\l+§(ﬂ) ¢i—1p £[1V+)‘l (1.37)
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where the poles are at —\;, ¢ = 1,2,...,k, pi_1 + ¢i_1 = 1 and p; = 1. Equa-
tion (1.37) has a simple interpretation in the time domain. At each stage i — 1,
there is a probability p;_1 of immediate escape and a probability ¢;—1 of entering
the stage i, whose WTD is exponential with rate A;. A thorough account of such

distributions can be found e.g., in W. J. Stewart [61].

3) A third option is to include a continuous supplementary variable called age or
expended life-time, which is measured from the instant when the last event occurred.
This also reflects the cases where a system is Markovian, but we do not have access
to the microscopic mechanisms involved in the dynamics of the system, but we have
instead information about the statistics of the times between jumps. This case is
more general than the devices of 1) and 2). D. R. Cox [10] argued that WTDs with
continuous supplementary variable have rational Laplace transforms with complex

poles.

We now focus on WTDs of the case 3). For convenience, we set 9y, ,(7) = 0. The
WTDs )y, +,(7), where x;, 7; € S, fully describe the dynamics of a semi-Markov stochas-
tic process in continuous time on a discrete set of configurations S, provided that the
initial state has been reached exactly at time ty3. Otherwise, we need either to know the
time elapsed since the last jump or consider that the first WTD can be different from

the others. The probability density of observing a trajectory (1.7) hence is

o[w(®)] = o, (t = tn) V001 (tn = tn1) -y 4 (1 — t0) Py (t0)- (1.38)

A natural situation is when we observe a portion of a trajectory that started before
to. In this case, ¥y, . (t1 — to) = Yuyzo(t1 — t-1)/¢ze(to — t-1), as it depends on the
time ¢_q of the last jump before ¢y, being conditioned on the survival until ¢y. Also, in
this case, ¢, (t) = ¢q,(—t—1 +1)/de,(—t_1) where the probability that z; survives the
interval ¢ — tg is ¢, (t — to) = du; (t —t_1)/bu; (to — t_1).

The WTDs )y, +, ,(7) are joint probability densities for the transition age and the

destination state, represented by the variables 7 and x;, respectively:
Y, 2,1 (T) = Prob{the jump is z;_; — x; and the transition is at age 7}.  (1.39)
A useful convention is to write the WTD in the form

wrj,mz‘ (1) = Pz a; (1) x (2 (1), (1.40)
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with the normalization conditions 7, pa;.e,(7) = 1 and Jo~ ¥a,(T)dT = 1. Explicitly
equation (1.40) reads:

Prob{the jump is x; — x; and the transition is at age 7}

= Prob{the jump is x; — xj|the transition is at age 7}xProb{the transition is at age 7}.
(1.41)

We will also find useful the following definition,

Pr, o, = /0 s (1), (1.42)

which is the probability that, given that the system is in state x;, the next jump will be

to state x;. This gives us an alternative factorisation for the WTD,

wxjﬂfi (t) = ij,l‘i X ij,xi (T)7 (143)

where f; ., (t) is the conditional probability that the transition is at age 7, given that
the configuration changes from z; to x;—this can also be expressed with f; ., (t) =

fot Vo ; 2, (T)AT /e 2;- Hence, equation (1.43) reads:

Prob{the jump is z; — z; and the transition is at age 7}

= Prob{the jump is z; — x;} x Prob{the transition is at age 7|the jump is z; — x;}.
(1.44)

If the two events of equation (1.39) are independent, we can obviously write

Prob{the jump is x; — x; and the transition is at age 7} =

Prob{the jump is z; = x;} x Prob{the transition is at age 7} (1.45)

and say that the semi-Markov process enjoys direction-time independence (DTI) [3, 7,
55, 67]. This implies that it is possible to eliminate the dependence on the time in the
jump-dependent factor of the PDF (1.40), i.e.,

Q;Z)xj,a:i (T) = p:(;j,a:iwxi (7'), (146)

and eliminate the dependence on the next configuration z; in fy, +,(7), i.e.,

wxjm (1) = P$j7xi Ja; (T) (1.47)
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Hence, in presence of DTIL, py, »;, and ¢, (7) coincide with P, ,, and f,, (), respectively.

More interesting consequences of the DTI condition are discussed in section 1.4.2.

The important quantity
g, (T Z - (1.48)

is referred to as the residence time distribution (RTD) of the configuration x;. Other
ubiquitous quantities are the survival probability® and the cumulative distribution, de-

fined respectively as

G, (1) / Y, (T (1.49)

and .
= /0 Vg, (T)dr. (1.50)

Defining such probabilities is clearly redundant as they carry the same amount of infor-

mation as v, (7) and are related by the following equations:

deg, (1)

Yai(T) = — (1.51)
b, (1) = —d(ﬁ;"T(T)- (1.52)

Equation (1.49) is often encountered in actuarial mathematics, reliability engineering,
and survival analysis [8], where one is interested in the probability that a state survives

for a guarantee period.

The WTD %y, »;(7) can also be expressed in terms of the age-specific rate or hazard
function g, ».(7), which is the probability density that there is a transition z; — =;
during the “infinitesimal” interval [1, 74 dt), conditioned on having no transitions during

the interval [0, 7):
¢xi,xj (T) = Gz;,x; (T)¢xj (’7’), (153)

where 7 is measured from the instant when the last jump occurred. The meaning of the
hazard function appears particularly clear if we consider the survival probability of the

state x; and set g, »,(7) = 0. Let us sum (1.53) over z; € S,

Qpccj ng,,xj ¢x] ) (1'54)

Salso known as survivor function.
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and refer to the sum EIZ gz;0;(T) as the age-specific escape rate of x;. Because of

equation (1.52), we can write equation (1.54) in the form of a logarithmic derivative

_ dlngy, (1)
;gxi,mj (r) = T a0 (1.55)

and, integrating with initial condition ¢4, (0) = 1, we get
$u; (T) = exp ("}Q j{:gmw%(t)dt> , (1.56)
(5 (1) = ngi,xj (1) exp (—/0 Zg%xj (t) dt) , (1.57)

which allows us to cast equation (1.53) in the form of equation (1.40)

Gz, ()

Ve (M) = = )

W (7), (1.58)

which will be shown to be more convenient.

1.3.2 The exponential survival function

The special choice (1.32) gives the following RTD, cumulative distribution, and survival

probability:

1/&,- (T) = (Z gxi,x]—> xe Zzl gzi,zj7_7 (1.59)

gc (1) =1 — e ZaidriwiT, (1.60)
quj (7_) —e le gzi,ij' (161)

According to equations (1.56) and (1.57), these relations imply constant hazards g, ., (t) =
9x;,z;> which have been simply referred to as rates in section 1.2. Equation (1.59) reminds
us that the interval between events are always exponential in homogeneous Markov pro-
cesses, while equation (1.61) makes evident another reason why memory-less continuous-
time processes are typically simpler than non-Markov processes, i.e., their survival prob-

abilities always factorise.
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1.3.3 Generalised Master equation

We now introduce a device known as generalised Master equation (GME), which has
been largely used in physics literature to deal with semi-Markov processes. The Master
equation (1.14) is a convenient description of a process that entails the memory-less
property; although it can describe complex trajectories in the configuration space S,
its dependence on time is simple, as prescribed by equations (1.11) and (1.12). The
generalised Master equation is similar to the standard Master equation, but can be
employed to describe the time evolution of the configuration probability vector |P(t)) in

systems with non-exponentially distributed inter-events times.

We set the general formalism along the lines of references [19, 37, 53]. For a semi-
Markov process, represented by equation (1.38), the probability of having a configuration

x; after a time t — t( since the reference instant ¢y can be explicitly written as the sum

Z Ouss 0 Py (t — t0) Py (to) (1.62)

/ Ats S Gy b (= 00)8 4 (11— t0) Pay (f0)
to

0,71

/ dt, / Aty " Gures byt — 1)y s (b1 — )0 o (11— t0) Pao ()
0 t1

t Z0,T1,22

+/ dtl/ dtg/ Aty Y Oppesbus (t — t3) Vs 2 (3 — t2) gy (t2 — 1)), 4o (B1 — t0) Pry (f) + - .
to t1 to

Z0ye- -, T3

where jumps to the same configuration as the departure one are excluded, i.e., x; #
xg, T3 # Z1,... . We now derive a standard recursive relation from equation (1.62),
assuming the observation began at the initial time tg > 0. This use of such an initial
time makes the case we consider slightly more explicit than the analogues seen in most
of the literature (e.g., in references [19, 53]). By reversing the order of integration in the

integrals of equation (1.62) we have
Py, (t) = ¢5,(t — to) Px, (to) (1.63)

/t dty (z)xz Z wx :1:0 - ) 0 (to)
t
+ /to dtg qui(t—tQ) /to dtlquxi,xl( Z¢xl 0 - ) Io(to)

t
+/ dts ¢, (t — t3) / dtQZ@Z)zwm t3 — to) / dty § T —t1)§ W oot = to) Pag (o) + . ... .
to to

to Z0
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We desire to group some of the terms in the r.h.s. of equation (1.63) under the integral
operator fti) dr¢y,(t — 7)-. We first define the probability density 7, (tn+1 — to) that
the system jumps onto the state z during the interval [t, 11, tn+1 + dt) (i.e., immediately
after a time t,4; — to from the beginning of the observation) after n transitions. Using

such a definition, the equation (1.63) can be written as

Por(t) = &, (t — t0) Pry (f0) + /tdwx( )t — to)

to
¢ t
+ / dig ¢y, (t — t2)7’]mi71(t2 —to) + / dt3 ¢z, (t— tg)nmi’g(t;; — to) +..., (1.64)
to to
where it is clear that we are allowed to replace t1, to, ... with 7 . After such a replacement,

the terms 7, (T — to) can be grouped into the sum Y ° (1, n (7 — to) =: 1z, (7 — to),
which represents the probability density that the system jumps onto the state z; after a
time 7 — tg since the beginning of the observation interval, regardless of the number of

previous jumps. This leaves us with the convenient recursive equations:

Py, (t) = ¢4, (t — to) Pu(to) + %( = 7)1, (T = to) A7, (1.65)

niﬂz wa“aj] :EJ tO +Z/ wmhxj 771"]( _to) dr. (166)

It is convenient to make two changes of variable, by defining u = 7—tg and T' = t —ty,
which yield

P, (T + to) = ¢, (T) Px(to) / ¢z, (T — w)ng, (u) du, (1.67)
Ma; (T Z%% 2, (T) Py, (to) + Z/ Vo, (T — u)ne, (u) du. (1.68)
Equation (1.68) can be expressed even more compactly after a Laplace transform, i.e.,

77z1 Z ¢/$Z :c] ﬂﬂy t() + Z w$1 zj 77$J ( ) (169)

where

fv) = /0 - e VT f(T)dT, (1.70)

and the convolution theorem

/OOO VT VOT F(T = u)g(u) du] dT = /OOO o {(T)dT x /0°° e Ty(T)dT, (171)
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has been used. The Laplace transform of equation (1.67) needs slightly more care. Using

the notation

f(u):/ooo e VT f(T + to) dT, (1.72)

along with the convolution theorem for the r.h.s., we get

From equation (1.71) it is straightforward to derive the formula for the Laplace trans-

/OOO eVt Uotf(u) du] dt = W. (1.74)

This in turns gives the following explicit forms for the Laplace transform of the survival
probabilities [11],

form of an integral:

axl(y): 1—1}[)%(1/)7 gxl(y): 1_¢V/5L‘Z(V)

v

(1.75)
which yield, along with equation (1.73),

Vﬁmi (V) - :Bl tO ZW%@Z xl tO +7n 77931 szj,z, Nz, V)' (176)

Then, using (1.69) to substitute for the second term of the r.h.s., we get

~

VP, (V) — I, to Z ¢I:rj,xl Py, tO + Z ¢/xz,xj SCJ (t[))
zj

+Zwmz,% v, (v Z%,zz Mo, (V). (177)

Plugging 7,,(v) from equation (1.73) into the third and fourth terms on the r.h.s. of
equation (1.77), we get the equation

~

VP, (V) — Py, (to) = I, (v) + Z w;uﬂﬁa Azj (v) — Z Wﬁxl(y), (1.78)
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where I, () contains the terms that explicitly depend on the WTDs at time tg, i.e.,

Tﬂﬂz(y) - = Zij,xi (V)sz (t()) + ZWM,I]- (V)P$j (to)
7o (0)
¢, (V)

_ Zawm(yw 2, (V) Po(to) + > Gy 0 (V) Py.(to). (1.79)

0

Integrating ﬁmz(l/) by parts, we get that the Lh.s. of equation (1.78) is the Laplace
transform of the time derivative of Py, (t), in fact:

~

TP (T +10)]™ > 1
VP, (v) — Py, (to) = v {e (T 0)] - V/ —e YT AP, (T + ty) — Py, (to)
0 0

—V —V

(1.80)

< dP,(T +to)
vT K
= ———=dT. 1.81

/0 ¢ dT ( )

We also define the memory kernel K, .. (t) through an equation similar to equation
(1.53), but in the Laplace domain, i.e.,

Vapa, (V) = Ky (0) 0, (1) (1.82)

Applying to both sides of equation (1.78) the inverse Laplace transform we readily get

the generalised Master equation,

d T
—— Py (T+to) = I, (T)+) / (Ko, (T — 7)Po (7 + to) — Ku, (T — 7) Py (7 + to)] dr,
dT 0 J J J
Tj

(1.83)

which can be written as

t
CP) = Lt —10) + Y / (Ko, (t — )Py (0) — Ky, os(t — 0)Poy(0)] dv,  (L84)
zj
using T = t — tp and defining v = 7 + tp. The Markovian Master equation (1.14) is
recovered when Ky, o, (t) = gu;,2,6(t), which implies ij ; (V) = gz, »; and, consequently,
I,,(v) = 0. Equation (1.84) incorporates the memory of events occurred before ¢y into
the term I, (7T"), while memory kernels couple time instants following ¢y. In the next
section, we will show that, in the limit as ¢ — oo, the term I, (t — tg) becomes irrelevant

for the probability-vector component Py, (t).
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1.4 Stationary states

This section deals with the long-time behaviour of a semi-Markov process, whose prob-

ability distribution is assumed to approach a stationary state.

1.4.1 The corresponding Markov process

As first step, we prove that, for many natural choices of WTDs,

lim L, (1) = 0. (1.85)

Following references [19, 60], let us first consider WTDs that have only finite moments,

so that the following Maclaurin series expansion converges:
o oo
G0 = [ e (0
0

o] 0 2 0
— / Vo s (£)dE — 1// e, 2, (t)dE + % / t2¢x]~,mi (t)dt + ...
0 0

0
= Pu,0, — VA, + O, (1.86)

where the P, ., and A, ,, are, respectively, the zeroth and first moments of 1, 4, (t),
in this case. Alternatively, we consider a-stable distributions, defined by their Laplace

transform

Exj,xi(y) = ijm eXP(_Vanj,xi/P:cj,:ci)
= ij,wi - VaB:rj,:pi + O(V2a)7 (187)

where Py, ., and By, , are implicitly defined after expanding exp(—v“Bg; +,/Pz; ;) and
0 < a < 1. This corresponds to WTDs that, in the time domain, decay as ~ t~*~! and

have infinite mean waiting times. In both cases (1.86) and (1.87), the limit as v — 0

of @xw](u) and szxj (v) can be represented by the algebraic forms Py, ., — By, 2,0

and P} . — B . v respectively. Using the standard relation (1.75) and setting By, =

Xi,Lg

! /
in Bziyzj and Bacj - EIZ B.Z‘i,l‘j7 we get

lim sz(y) = lim |: (P;j,mi - B;Jj,wiya) sz (to) + (P,Zi,a?j - B;?i,wj]/a) ij (to)

v—0 v—0
Tj

B, B,
- (P.’Ei,l‘j - Bzi,xj Va) Bijpzj (to) + (ij,xi - sz,z‘iya) B . P{Z‘Z (tO):| )
[L'j Z;

K3

(1.88)
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which is finite in v and implies

lim v1,,(v) = 0. (1.89)

v—0
We finally assume that the limit lim; o I, (¢) exists and is finite; then, the final-value
theorem [20] ensures that this is equal to lim, 0 vI,(v), and the result (1.89) in turns

implies equation (1.85).

This suggests that, to investigate the infinite-time solution of the generalised Master
equation, we can neglect the initial-condition terms I, (t). Let us also assume that, in

such an infinite-time limit, the probability vector reaches a stationary state
|P*) =" P lea,). (1.90)
z;
This can be used to get rid of the memory kernel. In fact equation (1.84) implies
d
)= Tt =)+ 3 1 [ 00010 = Koy ()P0 = ] i (191
which, in the limit as ¢ — oo, yields

Py /0 Ky, (u)du— Pp Y /0 Ky, 2 (u) du = 0. (1.92)
Ty

The integral [ Ky, ., (t)dt is the Laplace transform of Ky, ., (t), computed at v = 0;

consequently, from equation (1.82),

_ T (0

(1.93)
The functions v, 2;(0) and axlx (0) have a neat physical meaning, as me] 0) =
Jo~ ¥ay.2; () dt is the transition probability Py, ., seen in equation (1.42), while ¢, (0) =
fo ¢z, (t) dt =: Ay, is the first moment of ¢, (), i.e. the mean waiting time. Hence, we

can write equation (1.92) as

Pe.
xzazj pP* Lj,Xi
E s A, Py, Tm_o’ (1.94)

which is the stationarity condition of a Markov process with rates Pz, z; /A , and no
memory kernel. Consequently, we can study the stationary state of a semi-Markov process

by means of an effective continuous-time process, usually referred to as the corresponding
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Markov Process, which has generator:

. z Pi1 P12 P13 P14

5 i Aq Ao P PAB PA4

2,1 _ i,2 2,3 2,4
A 2

i Ao As Ay e
P31 P32 . Z P;3 P3a . (1'95)
A1 Ao i Ag Ay :

It is also convenient to define the stochastic matrix K(v) with the off-diagonal entry

z;,x; equal to the Laplace transform of the memory kernel K, ., (t)

R(V)] Ti,Tj - Fmi’xj (I/)’

— — 1.96
[K(Vﬂfﬂi,xi - Z ij’zi(y)’ ( )
z;
This allows us to write the stationarity condition (1.94) in the compact form
K(0)|P*) =0, (1.97)

where K(0) is equivalent to the generator (1.95). To lighten the notation, we will sim-
ply use the symbol G for such a generator. In the Markovian case the matrix K(v) is
equivalent to the generator of the stochastic process, in fact, Ky, »;(t) = gz, 2,;6(t) and

its Laplace transform g,, ... is a time-independent rate.

In this section, we have seen that the stationary state of a semi-Markov process can
be obtained as the stationary state of an appropriate effective Markov process, if we
exclude pathological cases (such as WTDs with infinite mean, which can rule out such a
stationary state). If we limit our attention only to this aspect, the efforts in studying the
formalism of semi-Markov processes may not appear justified. In contrast to this, we will
show in the next chapters that the fluctuations of certain quantities cannot be predicted
on the basis of a Markovian description. This would be one of the take-home messages of
this thesis. Before investigating in details such fluctuations, we consider another property
for which the choice non-exponential WTD is relevant, i.e., the reversibility of a stochastic

process.

1.4.2 Equilibrium and non-equilibrium
We now separate two important classes of stationary states, i.e., the equilibrium and

non-equilibrium stationary states (for which the acronym NESSs is also used). Let us

focus on the long-time limit of a semi-Markov process, where the probability of having a
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certain state is time invariant and is given by equation (1.97). Recall that, in this limit,
equations (1.92) and (1.94) are satisfied for each x;. In other words, this means that total
number of jumps into a state exactly balances the total number of jumps out of a state.

For each pair (z;,z;), we define a probability flow as

o, =P, /0 Ky, () dt — P, /O Ky o () dt (1.98)
=P Paie, P! Pay.a (1.99)

When the flow is zero for each z;,z; € S, we say that the stationary state satisfies the

detailed balance condition

Ti,Tj ij T

P — P;

. . =0. 1.100
Ty A.ﬁj Ty Axl ( )

This definition comprises both discrete and continuous-time Markov processes; in the dis-
crete time case we have that the waiting times A;, are constant in x;, while in continuous-
time memory-less processes Py, ; : / ij is just the constant transition rate 9z;,z,;- Equa-

tions (1.98) and (1.100) imply that a semi-Markov process satisfy detailed balance if and

only if its effective Markov process satisfies detailed balance [55, 67].

Clearly, the stationarity does not require detailed balance, the latter being only a
sufficient condition for the former. However, assuming this second condition is rather
convenient, as it allows us to write immediately a recursive solution for the stationary

state,

P1o A1 Pan-1 An
pr= W02 pepr T21 82 e pe T * (1101
1 AO P0,1 0 2 1 n Anfl Pnan n 1 ( )

in other words, P} = [[; Psi—1Ai—1/(Pi—1,A;)P;. This can be used to define a free
energy difference A, — A;; between a pair of states, which is an additive quantity and
determines their relative stationary probability as follows

P: PuuAs

foo I ep[—(Agy — Agy))- (1.102)

*
sz zj,@; M

Another way to write down equation (1.100) is

* *
Pa:j Pxi,mj Py ij,zi

— Ti

P A, Pr A,

7 Z ;5 7

(1.103)

= [G{]
— slxg,x; 0
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which means that it is possible to define a symmetric matrix
G:=P*G* (P!, (1.104)

where P* is diagonal with entries [P*];, », = /Py, This in turns implies another neces-
sary condition for the detailed balance, i.e., the eigenvalues of the associated generator

G* are real.

We now mention a condition even stronger than detailed balance. In order to do so in
general terms, we first need to introduce the following notion. The reverse of a stochastic
process X (t) is the stochastic process X (7 — t) for some given 7 € 7, and a stochastic

process X (t) is reversible if

PI‘Ob{X(tO) = 2o, X(tl) = T1ye.y X(tn) = l‘n}
= Prob{X (1 —to) = x0, X (7 — t1) = x1,..., X (T — tn) = zn}. (1.105)

for every 7 € T and tg < t; < ... < t,. In words this means that the probability of
observing a sample path of X (¢) is equal to the probability of observing a sample path of
the reverse process X (7 —t), indexed by ¢. If equation (1.105) is not satisfied, the process
is said to be irreversible. These definitions are equally valid in discrete and continuous
time. Roughly speaking, this condition is in general stronger than equation (1.100) as
it requires that not only the number of jumps, but also the durations of the visits
are balanced. While in Markov processes the detailed balance condition is necessary
and sufficient condition for the reversibility of its stationary states [48], in semi-Markov
processes the DTI is also needed, as proved by M. K. Chari [7] and evoked by following
argument. Using equation (1.43) we write the probability density of observing a history

w(t) as

* 1 o
Q[w(t)} = Pxo 9 Py o Pag,e /t J1,20 (t)dt Ja,21 (t2 —t1)x
zo

1—to

- X P$n717$n72 P.’En,.’zn,1 f$n727xn71 (tn*2 - tnfl)fﬁnflyxn (tnfl - tn)qun (t - tn)? (1106)

while the probability density to observe the reverse history is

* 1 >
Q[U)R(t)] = PIn rpxn—hxn Pxn—Zyxn—l / ffﬂn—lyxn (t) dt fxn—nyn—l (tn_l - tn_z) X
In tn—tn—1
- X Pay o1 Py ao for o (b2 — 1) fag o (b1 — 10) g (1 — t0). (1.107)
Now if we use the detailed balance Pl = PrPaja, /A;, recursively and assume the

DTT in the form of f;,(t) = fu, 2, (t), then the r.h.s. of equation (1.106) is equal to the
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r.hs. of equation (1.107), i.e., o[w(t)] = o[wgr(t)]. Vice-versa, suppose that the process
is reversible. Then, p[w(t)] = glwg(t)] for any finite history w(t). In particular choosing
)

n = 2 and equating (1.106) and (1.106), we get

* PJ: , T o N Px x oo
Pa:o 1 O/t fx1,x0(t)dt¢x1(t — tl) = le 0,%1 fzo,xl(t)dt(bwo(tl — to)7

0360 1—to 6551 t—t1

(1.108)

for all zg,z1 € S and ty < t; < t. In the limit as t — to, i.e., (t1—t9) — 0 and (t—t;) — 0,
this equation gives the detailed balance Pj P z0/Azy = Py, Pugazi/As;. Then we can
cancel these factors out of the equation (1.108). After, we are still allowed to take the

limit as t — ¢ to obtain

/OO fa:hmo(t) dt = (bmo(tl - tO)? (1'109)
t

1—%o

which implies that f;, »,(t), is independent of x;, hence the DTL

A convenient way to measure how probable a sample path w(t) is compared to its

time-reversal wg(t) is to define the entropy production

Sifw(®)] = In LE[“’“ ]

SRl (1.110)

which we recognise as a time-extensive observable due to the logarithm. More generi-
cally, we can characterise a non-equilibrium system by means of diverse time-extensive
functionals J[w(t)] (see, e.g., references [68, 69]), which can be used as measures of the
“distance” from equilibrium [54], at least in Markov processes. Most of the literature in
non-equilibrium statistical mechanics, deals with functionals that can be written as the

sum

Type A observable

n—1

Alw®)] = 0uiyy (1.111)

1=0

of elementary contributions corresponding to configuration changes. These quantities
are referred to as type A functionals in the relevant literature, e.g., in [24, 45], and may
represent physical observables integrated over the observation time, e.g., the dynamical
activity in a glassy system [24], the moles of metabolites produced in a biochemical
pathway [9, 63|, the customers served in a queuing network [61], the flow in interacting
particle systems (IPSs) [14], or certain quantities in stochastic thermodynamics [36, 59].

Notably, D. Andrieux and P. Gaspard [3] proved that for semi-Markov processes with
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DTI, the following fluctuation symmetry is satisfied

= a}
= —a}

Prob{Afw(t)]
~ E 1.112
Prob{A[w(?)] exp (Ea), (1.112)
where F is a field conjugated to A.

Alternatively it is possible to consider “static” contributions that do not depend on

the arrival state x;, and define type B functionals

Type B observable

n—1
Blw(t)] = Z Oz; (tit1 — ti) (1.113)
i=0

Examples of functionals of this type will be considered in more detail only in chapter 5.

For the same process, functionals of type A and type B are related [24, 45].

Hereafter, we will refer to both type A and type B observables as time-integrated
currents J[w(t)] and to their empirical average J[w(t)]/T simply as currents. However,

with the exception of chapter 5, we will mainly deal with type A observables.

1.5 Beyond semi-Markov processes

It is possible to define stochastic processes more general than the semi-Markov process,
where the WTDs

Prob{the jump is z;_; — x; and the transition is at age 7} (1.114)

depend parametrically not only on the configuration x;_1, as in the semi-Markov pro-
cesses, but also on events occurred during any instant in the past history. We make such
a parametric dependence explicit by using ¢y, 4, ,[7;w(t)] to denote the probability

(1.114), where t is the time at which the last transition occurred and 7 is the age.

Processes of this type appear naturally in compounded complex systems, where tem-
poral correlations are due to the joint effect of the mechanisms responsible for the single-
particle jumps. Another way to define a non-Markov process is to assign WTDs that
depend on the whole trajectory through the current J[w(t)]; as an example of models in
this class, we will study the IPS of R. J. Harris [35] in section 4.4.2 of chapter 4.

For all such cases, the probability density (1.115) of observing a sample path w(t) is
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replaced by

o[w®)] = ¢z, [t — tn; W) Vw20 1 [tn — th—r;w(tn—1)] - ..
X ¢$17x0 [tl — t[); w(to)]PxO (to), (1.115)

where the WID vy, 2., [tn — tn—1;w(tp—1)] that a transition from x,_; to z, occurs
during the infinitesimal interval [t,,t, + dt) now depends explicitly on the history until
tn—1. The non-Markov nature of equation (1.115) prevents us deriving a general instant-

wise Master equation in the form of (1.84). The implicit evolution law is then

Pm(t):i/tdtl/tdtg.../t Aty Y O, olw(t)], (1.116)
n=0" %o t tn—1

T0,T1 5005

which gives the probability that a configuration z € S is observed at t > tg.

1.6 The large deviation approach

Non-equilibrium statistical physics is mostly concerned with non-zero currents, whose
comprehension still is one of the greatest challenges of contemporary physics [69]. The
typical values of such currents can be obtained by the knowledge of the stationary state
| P*). However, currents fluctuate in time, and to study such fluctuations we resort to the
large deviation theory. The analysis of rare fluctuations is interesting for both applied
and pure science: in applications, it is important to predict how likely it is to have rare
but distressing events, while fundamental research also unveiled symmetries such as the
one in equation (1.112), which are known as Fluctuation Theorems (as reviewed, e.g., in
references [36, 59]).

In this section, we present a short introduction to the large deviation theory for
currents. Following reference [65], we formulate the theory only for observables extensive’
in the variable t. We require the probability density P(j,t) that the observable J[w(t)]/T,
i.e., the total current divided by the observation time T' = t—t(, assumes a value j at time
t. Such a time-averaged current is doomed to converge to its expectation value, denoted
by (j), in the limit ¢ — oo (for finite ¢y), as stated by the Central Limit Theorem. We

say that the current obeys a large deviation principle if the limit

(1.117)

"We mention that large deviation results exist also for sub-extensive or super-extensive observables [13,
17]
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exists, is finite and non-zero for some j different from (j). The limit (1.117) can be
interpreted as the exponential decay rate of P(j,t) with respect to t and is then referred
to as the rate function. It provides us with information about the limiting behaviour
of the current. Using the symbol ~ to indicate the asymptotic equivalence, the large

deviation principle can hence be expressed as

P, t) ~ e 10, (1.118)

The direct evaluation of é(j) is not straightforward for many systems of interest. In
this thesis, we compute the rate function following a standard strategy which consists
of some small intermediate steps. We first introduce the moment generating function
of J[uw()],

Z(s,t) = / o1 (0] ol (1)] du(t), (1.119)

and the scaled cumulant generating function (SCGF),

1
e(s) = — lim Eln Z(s,t), (1.120)

t—o00

which is always concave in s and represents an intensive field conjugated to J. If equa-
tion (1.120) is differentiable, then the Gértner—Ellis theorem [65] ensures that we can
compute the rate function (1.117) as the Legendre—Fenchel (LF) transform of e(s), that
is,

é(j) = suple(s) — 5.} (1.121)

Clearly, such a strategy has a limitation. In fact, the Legendre—Fenchel transform of
a concave function, such as equation (1.120), is always convex, while it is possible to
find random variables with a non-convex rate function [65]. Hence, care is needed when
non-differentiable SCGFs are found.

We also mention that, according to the Varadhan’s theorem (see again, for example,
reference [65]), if the large deviation principle (1.118) is satisfied, then the SCGF (1.120)

is given by the inverse transform
e(s) = inf{e(j) + s}, (1.122)
J

which is the inverse relation of (1.121) when é(j) is convex. Typically, the right hand sides
of equations (1.121) and (1.122) are both referred to as the Legendre—Fenchel transforms
of e(s) and é(j), respectively, the former being used for concave functions, the latter for

convex functions.
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Now, we consider the special case where e(s) is strictly concave, i.e., it does not

contain any linear branch. Then equation (1.121) reduces to
e(j) =e(s") — s J, (1.123)
where s* is the unique solution in s of
de(s)/0s = j, (1.124)

and the LF transform reduces to the Legendre transform of e(s). The strict concavity
implies that the function f(s) = de(s)/ds is monotonically decreasing, hence the inverse
function f~! exists. Applying such a function to both sides of equation (1.124), we get
an implicit expression for s, in terms of j, namely f~!(j) = s. It is convenient to define

a new symbol s for such an inverse function to get
s(j) = s. (1.125)

It is worth stressing that, according to equation (1.124), the derivative of the original
function e(s) is the argument of the function é(j) obtained after a Legendre transform.
We now show that the derivative of the Legendre transformed function is the argument

of the original function. Using equation (1.125), we have that

e(j) = els(h)] = 7s0), (1.126)

hence
9e(j) _ de(s) ds(j) d5(5) .
9j  8s 0j —sl) - a;

Here, by virtue of equation (1.124), the first and third term of the r.h.s. cancel to leave

(1.127)

0é(j)/0j = —s(j), a relation analogous to equation (1.124). Therefore, when e(s) is
differentiable, its slope has a one-to-one correspondence with the slope of é(j), a property
referred to as the duality of the Legendre transform. The graphical construction of é(j)

from e(s) is illustrated in figure 1.2.

Conversely, when e(s) is not strictly concave, the LF transform maps all the points
in the branch with constant slope de(s)/0s to the same point in é(j), as illustrated in
figure 1.3. As a consequence, é(j) can be non-differentiable at such a point. It is worth
noting that if the green linear branch in the function of figure 1.3(left) is replaced with a
convex branch (with values less than or equal to those of the linear branch), then the LF
transform remains identical to that of figure 1.3(right). This suggests that applying an LT
transform to a non-strictly concave function does not guarantee that all the information

on the original function is preserved. Such loss of information is physically relevant in
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— — &(j)
e(s5*) <
S
7 !

Figure 1.2: Graphical construction of the LF transform é(j) of a strictly concave function
e(s). For a given value of j* there is only one value of sup,{e(s) — sj*} (left figure).
This gives a value of the convex function é(j) (right figure). The original function e(s)
can be obtained applying the inverse transform (1.122). In this case the LF transform
is equivalent to the simpler Legendre transform, as in equations (1.123) and (1.125),
which only encodes for the generic extremum and does not make distinction between the
infimum and the supremum.

j*

Figure 1.3: Graphical construction of the LF transform é(j) of a concave function e(s)
with a linear branch. All the points corresponding to the shaded area in the left figure
are mapped to the point at j* in the right figure. The values of é(j) for j < j* (j > j*)
depend on the values of e(s) at the right (left) side of the shaded area.
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é(j1) —e(J)
é(j2)
‘ S
— e(s) ‘}\Sc /
J18
Ja2s jz jl

Figure 1.4: Construction of the LF transform é(j) of a strictly concave function e(s) with
a non-differentiable point s.. The value e(s.) — js. determines the values of é(j) along
an interval j; < j < ja (red line in the right figure). As suggested by equation (1.124),
the boundary values j; and ja are given by the left and right derivative of e(s) at s,
respectively.

the following scenario. Let us consider the LF transforms of non-differentiable functions.
The definition of the Legendre transform is, of course, inadequate for this case; on the
contrary, a LF transform can be easily computed even on non-differentiable points, see
the example on figure 1.4(left). Such a picture shows that the non-differentiable point
of e(s) contributes a continuous set of values in é(j) (red branch in figure 1.4(right))
whose values varies linearly with j (which determines the slope of the orange and green
line in figure 1.4(left)). We stress that, in such a case, the Gértner—Ellis theorem does
not apply and it is not guaranteed that é(j) is the correct rate function: in presence of
non-differentiable SCGF's, the LF transform only provides the convexr hull of the true
rate function, which can hide a non-convex branch. In this thesis, we will encounter some
non-differentiable SCGF's but the existence of non-convex rate function has been ruled
out by numerical tests. The mathematically inclined reader is referred to reference [58]
for a detailed and rigorous approach to convex analysis. Details about the mechanisms
that render or hide a non-convex rate function, in the context of Statistical Mechanics,

are in references [64, 66].

The SCGF of a type A current, in Markov processes, has a rather compact represen-
tation. We work on a joint configuration—current space, defined as the Cartesian product
S®J, where J is the set of all the values that the integrated current J[w(t)] can assume.
We also represent the random variable J[w(t)] as a diagonal operator J, whose diago-
nal elements are the set of possible values that the integrated current can assume. The
generic element of this space is the column vector [P'(t)) = >_, Py, i(t)|es;,) which
represents the joint probability mass distribution that the system has a certain configu-
ration and current; |ez, ;) is the generic element of a natural basis for S ® J. Hence, if

we begin the observation at the initial time ¢y = 0, the moment generating function can
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be written as

Z(s,t) = (1] (L @e ) |P'(1)), (1.128)

The vector |P'(t)) can be obtained from an initial state |P’(0)) with zero total current
through |P'(t)) = €G*|P'(0)), where Gt is the time evolution operator in the joint
configuration—current space and is tridiagonal with respect to the current sub-space. We
diagonalise eG't by means of a discrete Laplace transform, which in operator formalism
reads (1 ®e™*7) G (1 e) = ¢G? @ 1. This can be achieved by using the identity
operator in the form e*Je™*J, to obtain (1| (1 @ e™*7) Gt (L®e) (L®e ™) |P'(0)).
Hence, we obtain an operator G which is regrettably non-stochastic but encodes for the

statistics of the current without the need of the sub-space 7, i.e.,
Z(s.t) = (1 (eét ® 11) (1 ®e ) [P'(0). (1.129)

Since it has been assumed that at the beginning of the observation the current is zero,

we can more compactly write
Z(s,t) = (1S P(0)), (1.130)
where |P(0)) denotes the initial probability vector in the configuration subspace.

More explicitly, the generic row equation of the Master equation obeyed by the joint
probability P, j(t) is

d
&sz‘,J (t) = Z |:g$i:xjpxjy-]*ezi,z]~ (t) - gl‘j7$iPx17J(t) : (1'131)

Zj

s

Multiplying by e~*! and summing over J both sides of equation (1.131), it is straightfor-

ward to show that the discrete Laplace transform

Pe(t) =) e P, (1) (1.132)
J
evolves according to
d ~ —$0s: ©. T ~
apﬂ% (t) = Z |:gafi,aﬂje v Jij (t) - ng,wiPa:i (t) ) (1133)
zj

which can be thought of a Master equation with non-stochastic generator G, obtained
from G by multiplying by e %% the entries that contribute a term 0z, ,2; to the total
current. The products o~ Vmi; gz;z; are referred to as biased rates. Hereafter, we will

refer to the tilded operator G as the a biased or s-modified generator. It is worth noting
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that we can still apply the Perron-Frobenius theory of non-negative matrices® to &t

M1t on the spectral radius. We also

and expect that it has only one positive eigenvalue e
use the “tilded” notation to denote the generic column vector |P(t)) = exp(Gt)|P(0)) .
Let us denote by ]15,\1> the right eigenvector of G associated with the largest eigenvalue

A1; then, the long-time limit of the generating function is accessible through
Z(s,t) ~ (UBP[PO) M, ¢ = o0, (1.134)

as long as the pre-factors (1|Py,) and (Py,|P(0)) are finite and a point spectrum exists.
Under the same conditions, we can identify —\; with the SCGF (1.120). Conversely,
when one of the two pre-factors diverges, or when the leading eigenvalue is not known,

we rely on the study of the integral representation of the moment generating function.

We finally mention that large deviation functionals can also be defined for observables
extensive in a variable different than the time. For example, the equilibrium Statistical
Mechanics is formulated in the limit as the system size approaches infinity with the total
Energy being extensive in the size and thus taking the role of J. The analogues of s,
e(s) and é(j) are the inverse temperature (3, the Helmholtz Free Energy scaled by the
temperature A5 and the Entropy S, respectively [1, 16, 17, 65, 70]. This also justifies the
use of “canonical” density and “partition function” when referring to e=5/w®)] pw(t)]

and Z(s,t), respectively.

1.7 Monte Carlo methods

1.7.1 Stochastic simulation algorithm

A stochastic simulation consists of the generation of sample trajectories of a stochastic
process. In section 1.2 we defined a trajectory as the ordered collection of configuration—
time pairs of equation (1.7). The general strategy used in the stochastic simulations is
to decompose the problem of finding pairs of the type (¢;, z;), and hence find the answer

to two questions:

1) when is the next transition going to occur?

2) what configuration x; will the system adopt after such a transitions?

For continuous-time Markov processes, this problem has been solved by J. L. Doob [15];

years later, D. T. Gillespie [28] obtained the same result by making use of physical argu-

8when the configuration space is finite.
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ments. As the configuration z; is determined by the knowledge of the configuration x;_;

before the last jump and the reactions that yield z;, the question 2) can be replaced by:
2’) what type of transition z;_1 — x; will it be?

This makes explicit that, in a Markov process, the probability of having a certain con-

figuration in the future depends on the configuration before the last jump.

The steps of a statistically correct stochastic-simulation algorithm can be obtained
as follows. We divide and multiply equation (1.32) by ij gz;x;- This gives representa-
tion (1.46), with

gfbj,lBi

= 1.135
pxj Wi ij ng’xi ( )

wI]‘ (7-) = Z ng , T4 eXp - Z ng ,miT (1136)
Ty zj

(notice that this case satisfies the DTI). The Gillespie-Doob algorithm for the generation

of a sample path then reads:

1) Initialise the system to a configuration xy and a time ¢y. Set a counter to n = 1.

2) Draw a value 7 according to the density (1.136) and update the time to t, =
th—1+T7.

3) Update the system configuration to x,, with probability given by (1.135).

4) Update n to n+ 1 and repeat from 2) until ¢,, reaches the desired simulation time.

Widely used variants of the Doob-Gillespie scheme are the tau-leaping algorithm?, which
consists in combining many steps with exponentially-distributed waiting times into a
single step encoding for a Poisson-distributed number of events [29], the exact next
reaction method [27], wich uses only a single random number per simulation event, and
the random-sequential update [56], which conversely samples more events to reject some
of them!'?. More efficient, but still exact, versions of the stochastic-simulation algorithm

for Markov processes are reviewed, e.g., in reference [30].

1.7.2 Population dynamics approach to the large deviations

According to the large deviation principle (1.118), the probability to observe a value
of J[w(t)]/T different from the mean value decreases exponentially with time. A con-

sequence of this is that sample paths with current far from the mean are difficult to

9This is an approximate method.
10This is statistically correct, in agreement with the thinning property [34].
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sample. For this reason advanced procedures are necessary to compute numerically the

large deviation functionals.

In reference [25] a numerical procedure, which is referred to as the cloning or popula-
tion dynamics method, was proposed as a general scheme for the evaluation of large devi-
ation functionals of non-equilibrium Markov processes and demonstrated for a discrete-
time Markov process. Such a procedure consists of assigning to each trajectory of the
ensemble a population of identical clones consistent with a certain weight. As reviewed,
e.g., in references [32, 33|, the idea is not new. It seems to be born in the context of quan-
tum physics and credited to E. Fermi [51], who suggested its use to evaluate the ground
energy of a Schrodinger operator, see also reference [2] and the review of D. Ceperley and
B. Alder [6]. Since then, it has also been extensively applied within equilibrium statistical
physics [40, 46, 62] and proposed for applications in machine learning and probabilistic
artificial intelligence [42]. This method gives direct access to the SCGF e(s) and allow us
to tune the parameter s as it would be possible in equilibrium thermodynamics, where we

can tune, e.g., the temperature to obtain different values of the Helmholtz Free Energy.

The cloning approach to sample large deviation events in continuous-time Markov
processes, which obey a Master equation for the form (1.14), has been demonstrated in
reference [49] and has been widely used in literature, e.g., [4, 5, 18, 23, 24, 26, 43-45, 57].
Here we deal with the mathematics behind such a method, while a generalisation to
non-Markovian processes and some situations that can lead to inefficiency or failure are
discussed in chapter 4. Looking at the equation (1.119), we recognise that the modified
generator G defines a prescription for the evolution in time of a vector |P(t)). The Master
equation for this non-stochastic Hamiltonian reads

d - _
SIP(1) = GIP(®)). (1.137)

Let us define Dg and Dg as diagonal matrices with entries

Del,. . = Z i gy g = s (1.138)
Tj

[DG]xmwi == Zgﬂcj,ﬂcz' =:!0x; (1.139)
Tj

respectively. By summing and subtracting D& on equation (1.137), we get
d - ~ -
|P() = &P(1) + (Dg ~ Da,) [P(1). (1.140)

where G’ is a stochastic generator obtained from G after substituting its diagonal
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with Dg. Equation (1.140), indeed, does not describe an ordinary stochastic evolu-

tion as |P(t)) does not satisfy the normalisation condition for probability vectors, i.e.,
(1|P(t)) # (P(t)|P(t)) # 1, and does not conserve its norm as the system evolves over

time.

V. Lecomte and J. Tailleur [49] argued that the vector |P(t)) describes the stochas-

tic dynamics of a set of trajectories evolving according to G’ in time, while the weight

associated to each trajectory expands or contracts as prescribed by (Dé — Dc;). A sim-

ulation algorithm follows straightforwardly:

1)

Set up an ensemble of N clones and initialise each with a given time ¢y, a random
configuration xg, and a counter n = 0. Set a variable C to zero. For each clone,
draw a time 7 of the next jump from the density (sz gmi,wo) exp (— le gxi,xor),

and then choose the clone with the smallest value of t = ¢y + 7.

For the chosen clone, update n to n+1, and the configuration x,_1 to x, according

ﬁxn+1,$n/<2§xi,$n> : (1.141)
T;

Generate a new waiting time 7 for the updated clone according to

(Z gﬂm,:m) - €Xp (_ Z gxi,:ch) (1.142)
T T;

and increment the value of ¢ to ¢t + 7.

to the probability mass

Cloning step. Calculate a cloning factor

Y =exp [T Y (Gain — gx“xn)] . (1.143)
;i
Discretise!! the growth/decay rate to y = |Y +u], where u is drawn from a uniform
distribution on [0, 1).

1) If y = 0, prune the current clone.

2) If y > 0, produce y copies of the current clones.

Increment C to C' + In[(N 4+ Y — 1)/N]. Choose the clone with the smallest ¢, and
repeat from 2) until ¢ — to for the chosen clone reaches the desired simulation time
T.

1The numerical caveats deriving from the discretisation of such a cloning rate are discussed in refer-
ence [38].
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The SCGF is finally recovered as —C'/T for large T'. A major problem is that this pro-
cedure implies a fast growth or decay of the total population, thus not being sustainable
for many iterations. To tackle this issue the step 4) is supplemented with the following

instruction, which sets the number of clones back to INV:

4’) 1) If y =0, replace the pruned clone with another one, uniformly chosen among
the remaining N — 1.
2) If y > 0, prune a number y of elements, uniformly chosen among the existing
N +y.

This method has been reported to be inaccurate when the spectrum of the generator
G is totally continuous [57] (this implies a vanished spectral gap and a slow convergence

to |P(t))) and when the number of copies is close to the size of the ensemble [41].
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As a comprehensive theory of non-equilibrium phenomena does not exist, the study
of analytically tractable toy models is an effective way to build it up. We begin our
investigation by studying a model of interacting particles on lattice which we refer to as
the on-off zero-range process (on-off ZRP). Generically, the zero-range paradigm requires
that each lattice site can contain an arbitrarily large number of particles and that the
particles leave the site after a random waiting time that depends only on the departure
site configuration (thus encoding for on-site interactions). A modified ZRP, introduced
in Hirschberg et al. [28], incorporates memory by means of an additional discrete phase
variable for each lattice site, which has been referred to as a clock in the original litera-
ture. Specifically, in this chapter, we introduce and study the open-boundary version of
such a model. We derive the exact NESS solution of the one-site system and a mean-field
approximation for the general lattice. Both solutions correspond to that of a Markovian
ZRP with effective interaction. We also explore the case where such NESS does not

exists, a situation that is referred to as congestion or condensation.

This chapter is based on part of the results published in Cavallaro et al. [9] and is
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organised as follows. The standard ZRP is inserted into the wider context of interacting-
particle and queuing theory in section 2.1. The on-off ZRP with open-boundaries is
introduced in section 2.2. The exact results for the one-site system and the mean-field
approximation for the extended lattice are presented in sections 2.3 and 2.5 respectively,
while the quantum Hamiltonian formalism to handle the dynamics on the extended
lattice is discussed in section 2.4. The transition to the congested state is the topic of

section 2.6.

2.1 The zero-range process and queuing networks

Modelling is an essential part of physics. A widespread approach to model real-world
systems is to coarse-grain the physical space into a lattice, which is a discrete space
with some boundary conditions. A typical lattice topology choice is the integer lattice,
which is a subset Q of the d-dimensional space Z¢, Z denoting the set of integer numbers,
although it possible to define different lattice structures. Also, periodic or open boundary
conditions are typically specified. We assume that each site can be occupied by a certain
number of particles, which can jump to another site according to the lattice topology
and some dynamical rules. This defines an interacting-particle system (IPS) [34-36].
Formally, the state of the system is an element of the vector space IN and specifies the

occupation number of each site.

IPSs feed a lot of very active research in applied probability [37, 38], and a compre-
hensive review is infeasible here. It is worth mentioning though that one of the most
important models of IPSs is the asymmetric simple exclusion processes (ASEP). In such
a model each lattice site can contain up to one particle, which attempts to leave the site
after an exponentially distributed waiting time. Each static configuration is represented
by an element of {0,1}. Even in the simple one-dimensional lattice, the ASEP, with
open or periodic boundaries, has been used to model real-life situations, such as surface
growth and vehicular traffic; it also has interesting exact analytical results, see the details
in, e.g., the reviews [6, 12, 15, 26, 39]. Also, modified ASEPs on one-dimensional lattice
have been used to model the transport of kinesin and dynein along cytoskeleton micro-
tubules [32], ribosome dynamics during protein translation [45], and molecule transport

through microscopic channels [11].

The ZRP is another paradigmatic IPS, where each lattice site can contain an arbitrary
positive number of particles. We are concerned with a one-dimensional chain lattice, see
figure 2.1. The evolution proceeds in continuous time, i.e., transitions occur after a

waiting time which is an exponentially distributed random variable. Specifically, in the
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standard ZRP, a particle can hop to one of the neighbouring sites with rate proportional
to fin, which depends only on the occupation number n of the departure site. Obviously,
the departure rate from an empty site is given by pp = 0. The functional form of p,
encodes for the interaction between particles, which occurs only on the departure site,
hence the epithet “zero range”. The special case u, = an, where a > 0 is a constant,
corresponds to free particles since in this case each particle leaves the site independently
from the others. Other choices of u, correspond to attractive or repulsive inter-particle

interaction if the n-dependence is sublinear or superlinear, respectively.

Models with zero-range interactions have proven to display complex collective be-
haviour whilst allowing analytical treatment [18]. In particular, the ZRP is well suited
for theoretical analysis because the stationary probability distribution of a given config-
uration factorises and can be calculated exactly [46]. The stationary probability anl}z of
finding the system in a state {n;}; := (n1,ng,...nr) with n; particles on site I, 0 <1 < L,

is given by a simple factorised form

L
anz}l = H p;bkz;l7 (2.1)
=1

where P}, is the probability of finding the site [ with n; particles (this is also verified in
presence of Poisson arrivals from the boundaries). The one-site marginals are determined
by

Pn;l = Z HM;17 (22)

where z; is a site-dependent fugacity (which is a function of the hopping rates) and the
grand-canonical partition function Z; = 320 ) 2" [[, u; * ensures normalisation [33).
It is worth noting that, for certain choices of pu,, it is not possible for the sum in Z; to
converge for all z;. The divergence of Z; corresponds to the accumulation of particles on
the site [ and is referred to as congestion. Indeed, the infinite accumulation on one or more
sites in an open system can be thought of as a kind of condensation phenomenon [10,
33]. Hence, in the following, we will also use the “condensation” terminology even for
the single-site case. Condensation transitions far from equilibrium have been studied in
physics [17], as well as in economics [7, 8], biology [19], network science [5, 13|, and
queueing theory [10]. Toy models, such as the ZRP, provide a theoretical foundation
for understanding condensation in these systems. Exact results from the ZRP have also
been used in models of vehicular traffic [31, 43], reptation in polymer physics [1], and

transport and coalescence in granular systems [48].

The ZRP generalises to some extent the Jackson network [10, 14], which has been
developed in Queuing Theory (a branch of the Operational Research community) [30, 47].
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(o))

qHn ﬁ/-/n
/N

00

Figure 2.1: Zero-range process in one-dimensional lattice with open boundaries. A parti-
cle on a site with occupation number n leaves the site leftwards and rightwards with rate
proportional to u,. New particles enter the lattice through the rightmost and leftmost
sites.

Queuing networks are tools for the analysis of systems of customers that circulate among
a certain number of nodes, waiting for and then receiving service on each node. They
have also been proposed as tools for gene regulatory networks [2, 24] and epidemics [50].
Essentially, queuing networks can be safely thought of as IPSs, where the notion of
particle is replaced by the one of “packet” or “customer”. Such systems can also have
open boundaries, where customers arrive from or leave to the outside world (after the
service they asked for is completed); alternatively, closed networks do not receive new
customers and the existing customers cycle indefinitely in the system. Typically, the

stochastic dynamics at each node is characterised by the following quantities:

1. the arrival discipline A,

2. the service time policy B,
3. the number of servers C,
4.

the node capacity N, i.e., the maximum occupation number.

According to the Kendall notation these are packed into an expression of the form
A/B/C/N which defines a single queue. Some possible values for A and B are M for
Markovian (i.e., exponentially distributed) inter-event times, Ph for phase-type dis-
tributed inter-event times, G for general policy, and D for deterministic or constant
policy. The case with M/M/1/00 corresponds to a ZRP with departure rate p,, constant
in n, while the case M/M/oco/oco can be described by a ZRP with p, o< n. The ZRP is

more general as it allows an arbitrary functional form for p,.

In networks of queues, the arrival discipline A cannot be specified a priori; however,
a remarkable property of nodes of the type described above, when allowed to exchange

customers/particles, is that each one of them behaves as if it were subjected to Poisson ar-
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YUn\ /BHn

2
J

Figure 2.2: Single-site zero-range process. Particles enter the system with constant rate
a+ ¢ while they leave with rate p, (8 4 7), which depends on the occupation number n.

rivals, which in turns implies a factorised stationary solution of the form of equation (2.1)
(which also holds with open boundaries, if the arrivals are Poisson). The validity of this
statement is expressed by the Jackson theorem (see the reprint [30]), which applies to a
wide class of queuing systems, including the BCMP networks [4] and the Gelenbe net-
works [20, 21, 25] (these are related to spiked random neural networks [22, 23]). One of

the defining properties of such systems is that the node capacity N is infinite.

To illustrate the notions used in this and in the following chapter, we consider first
a single-site lattice in contact with two boundaries (namely left and right), as shown in
figure 2.2. Particles enter the site with constant rate, specifically the rate is « for particles
injected from the left boundary and is § for particles injected from the right boundary.
As the configuration of the system is represented by the site occupation number, the
probability of having the site with n particles at time t is written as P,(t). On-site
particles leave the site rightwards or leftwards with rate pu,8 or u,7, respectively. The

total extraction rate is u, (8 + ), which indeed depends only on the site configuration.

The Master equation can thus be written as a set of linear differential equations for
PTL (t)7

d
S Palt) = (04 8) P (1) = (o 8 (8 + 7pin) Palt) + (B + Nimsr Pasa (), (23)
when n > 0, with boundary conditions

d

SRt = —(a+ ) Po(t) + (B + MmPu(t), (24)
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This system also represents an immigration—death process in continuous time. We com-
pute the stationary state P as solution of %Pn(t) =0 for all n > 0, i.e., by solving the

remaining difference equations
(@+0)Py 1 —(a+ 0+ (B+7)pn) Py + (B+ 7)1 Py =0, (2.5)

for n > 0, with the initial condition

a+o
Pf=——_— P& 2.6
1 (B_'_’Y)Hl 0 ( )

The solution is

+5\" 1
=z (55 ) Tt (2.7
Btv/)

where the factor Z~! = P; is obtained imposing the condition Y, P =1 and satisfies

a+6\"
Z:Z( )[pg. (28)
n=0 'B T i=1
This can be seen as a grand-canonical partition function with fugacity
0
2= 219 (2.9)
B+~

in analogy to the equilibrium Statistical Mechanics. In fact, for the one-site case, such an
analogy is very strict, as the solution does not need the distinction between left and right
boundaries (which is instead important for the next sections). The partition function Z
allows us to express the mean occupation number as the logarithmic derivative

00 n " -1
Yoo om0y 1 _ZaZ(z) 1 :zﬁlnz(z), (2.10)

St Iyt~ 9z Z(2) "0z

(n) =

and, if we differentiate twice In Z(z)

02 9?Z(2) 1 0Z(z) 1 \* (n? (n)?
ﬁln 2(z) = 022 Z(z) < 0z Z(z)> o2 2 (2.11)
we get the variance
82
o? = zQQ InZ(z). (2.12)

The partition function also governs the range of validity of equation (2.7). In fact tuning
the parameters a, 3, and §, as well as the interaction factor p,, it is possible for Z either
to diverge or converge to zero. In such situations, the stationary solution (2.7) is not valid

any more and we say that a phase transition occurs. A classical physical example has
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been provided in the seminal work of C. N. Yang and T. D. Lee [53], stating that the
zeros of the grand-canonical partition function in the asymptotic limit as the volume
approaches infinity correspond to phase transitions (see also reference [6]). The poles in
the asymptotic representations of the partition function also represent phase transitions,
as discussed in reference [49]. For the one-site ZRP, the partition function (2.8) diverges
when 4+ v < a + §, which means that the average occupation number is doomed to
grow indefinitely and is infinite in the asymptotic limit as the time goes to infinity!'. In
the language of Queueing Theory the divergence of Z is referred to as congestion, while

in physics literature, an analogue situation is better called condensation,

2.2 The on-off zero-range process

Several generalisations of the ZRP have been proposed, such as the “inclusion pro-
cess” [27] and variants (some of which can display a phase described as “exploding”
condensate [52]). We are interested in a modified zero-range process with non-Markovian
dynamics, which has been introduced in Hirschberg et al. [28]. Its crucial new ingredient
is that each site has an additional clock/phase variable T and the particles cannot leave
the site when the clock is set to zero, which corresponds to the off phase. The clock
ticks and turns on with rate ¢ and turns off with each particle arrival. This mechanism
favours the accumulation of particles on a site. According to the zero-range dynamics,
the particles interact only on site, but now have a different departure rate p, . The
additional variable 7 takes into account events in particle configuration space that hap-
pened in the past and therefore introduces temporal correlations. Being an integer, 7
defines distinct stages, as in the case 2) seen in section 1.3.1. This model has sparked
interest as it displays, under certain conditions, a condensate with slow drift [28, 29].
Systems with distinct on and off phases are also of interest as models for intra-cellular
ion-channels [40, 51] and for data traffic streams [41], as well as providing examples of

stochastic processes with non-convex rate functions [16].

To the best of our knowledge, the ZRP with on-off dynamics has been studied only
on ring topology, i.e., with periodic boundary conditions. In this and the following chap-
ter we investigate the open-boundary version of the model, thus extending the work
of Hirschberg et al. [28, 29]. We implement the same dynamics on an open chain with
arbitrary hopping rates and boundary parameters, see figure 2.3. Particles are added and
removed through the boundaries. On the leftmost lattice site (site 1), particles are in-

jected with rate a and they are removed with rate vy, - which is non-zero only when the

'Notice that this is still represented by an honest stochastic process, as explained in section 1.2.
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Figure 2.3: Non-Markovian ZRP on a one-dimensional lattice with open boundaries.
FEach site has a hidden variable 7, whose values are represented by the positions of a gear,
which controls the departure rate. When 7 assumes value zero no departure is possible
and the corresponding state is referred to as off. This lock-down occurs in conjunction
with the arrival of a particle.

phase of site 1 is different from 7 = 0. Similarly, on the rightmost site (site L) particles
are removed with rate B, -, according to the phase of site L, and are injected with rate
6. This situation corresponds to a bulk system in contact with two different reservoirs.
In the bulk, particles jump to the left (right) with rate qunr (ppnr), which is again
non-zero only when the phase of the departure site is not 7 = 0. The dynamics is sensi-
tive to the specific rate values and we consider choices that induce a rightwards driving
along the chain. In particular, it is worth making the distinction between a process with
(7,9,9) = (0,0,0), which is referred to as totally asymmetric (TA), and a process where

these equalities are not satisfied, generally referred to as partially asymmetric (PA).

Specifically, we will consider explicitly two forms for the interaction factor pu, ., i.e.,
the case where p, , is constant with respect to n > 0, which corresponds to an on-site
attractive interaction between particles, and the case where p, ; is linear in n, which
corresponds to no direct interaction between particles (excluding residual correlations
due to the blockade mechanism).

The stationary state of the standard ZRP on an open chain has been extensively
studied in Levine et al. [33]. In this case the particles are distributed along the system
according to the product-form structure of equation (2.1) that implies no correlations
between sites. In contrast, the on-off ZRP can generate more complex patterns, as shown

in figure 2.4 for four sets of parameters. The clock-tick rate ¢ plays a major role in these
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patterns, the lower its value is, the more important the correlations are. Increasing the
value of ¢, the system eventually becomes spatially uncorrelated. We now study in detail

how the introduction of time correlations affects the stationary state.

2.3 Exact results for the one-site system

One of the most striking effects of the phase 7 = 0, which hereafter will be referred
to as off phase, is to create correlations between the occupation numbers on each sites.
Consequently there is no factorised steady state for the dynamics described in section 2.2.
However, for the single-site system an exact solution is straightforward. First of all, as
long as we are interested in the stationary state of the single site system, we do not
need to distinguish between left and right boundary terms. The state is defined by two
variables: the number of particles in the box n and a “clock” or “phase” variable 7, thus
(n,7) € S . We focus on TA dynamics and consider a box which receives particles with
rate a and ejects particles with rate Bu,, r, where pu, - is a function of the box state. The
departure event is possible only when 7 # 0. Also, the dynamics includes the advance
of the clock with rate ¢, and the reset to 7 = 0 when a particle arrives. If one defines
Py +(t) = P,,—1(t) = 0, the following Master equation is valid for 7 > 0 and n > 0:

d

apn,ﬂ-(t) = CPn,T—l(t) + Bﬂn+1,TPn+1,T(t) + 57—,0 Z Oépnfl,r’ (t) - (C+ /BMTL,T + Od)Pn,T(t),

/>0

(2.13)
where P, -(t) denotes the probability of finding the system with n particles and phase
7 at time ¢ and d, is a Kronecker delta. The first term on the right-hand side of (2.13)
corresponds to a clock tick, the second term to the departure of a particle, the third term
to the arrival of a particle and the fourth term to the respective escape events from the

state (n, 7). The transition graph for this process is illustrated in figure 2.5.

As in references [28, 29], we choose to simplify the dependence of the jump rate on 7
to pin,r = pn, when 7 > 0. Hereafter we specialise to this case, except when we explicitly
refer to a general form for u,, . In this simplified case, it is more convenient to write the
Master equation (2.13) in terms of P, on(t) = > oo P (t) and P, orr(t) = Pro(t),
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Figure 2.4: Monte Carlo time evolution of the occupation profile of the on-off ZRP
on a one-dimensional lattice. (a) Rates p,, = n if 7 > 0, pu,, = 0 otherwise, and
(o, B,7,6,p,q,¢) = (0.1,0.2,0,0,1,0,0.05). Only correlations due to the blockade mech-
anism are present. The particles organise in travelling clusters. Their speed is mainly
governed by c. (b) Same parameters as the former case, except (3,p) = (10%,10*). The
particles jump almost simultaneously to the next site as soon as the blockade is removed.
Each particle cluster tends to occupy a single site. The drift proceeds with a rate ~ c.
(c) Same parameters as (a), except fi, r = 1if 7> 0 and n > 0, 1, - = 0 otherwise, and
¢ = 0.15. As a result of the attractive inter-particle interaction, the clusters with more
particles travel slower than the less populated ones. This mechanism enhances conges-
tion. (d) Standard ZRP. Parameters are as in (a), except for the value of ¢, which can
be assumed to be infinite in this case. The density profile is rather uniform.
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Figure 2.5: Markov graph of the one-site on-off ZRP, in the extended configuration—phase

space.
ie.,
d
g mon() = cPa,orr(t) + Bpin1 Pri1,0n(t) = (Bpn + ) Pron (),
%PO,ON<t) =cPy orr(t) + B Pron(t) — aPoon(t),
%PHVOFF(t) =aP,_10n(t) + aPy_1,0Fr(t) — (¢ + @) Py orr(t),
%P{LOFF(t) = — (c+ a)Pyorr(t).

(2.14)
(2.15)
(2.16)

(2.17)

By equating the left-hand sides of equations (2.14)—(2.17) to zero, we find that the

stationary distribution is given by

n n

z

« _ 7 -1

P Tz chvi’
¢i=1

Bn,

P opp =————"%—P*,
n,OFF a‘*'c"i'ﬁ,un n
P* _ (a +C) *

n,ON_a+C+BMn ns

(2.18)

(2.19)

(2.20)

where z = o/, we; = pila+¢)/(a+c+ Bui), Ze = Y 0 02" [ iy w;z-l, and Pf =
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Figure 2.6: Occupation probability distribution of the one-site system for constant (u,, =
w,n > 0) and linear (u, = n) microscopic departure rate. The arrival and departure rate
are & = 0.1 and 8 = 0.2 respectively.

P;;ON + P, opp by construction. We recognise the same stationary state (2.2) as the
standard ZRP, with an effective departure rate wey, = pinPoNjn, Where Poxj, = (o +
¢)/(a+c+Buy) is the conditional probability of finding the site in the on state, given that
there are n particles. For ¢ — oo, the effective jump rate converges to the microscopic
rate, i.e., Wen — fn. The stationary probability distribution of the occupation number
is checked against Monte Carlo simulations in figure 2.6 for both constant and linear

departure rates. Its tail is longer than the corresponding Markovian model (¢ — 00).

The equations (2.18)-(2.20) can be derived as follows. Summing equations (2.14)

and (2.16), and imposing the stationarity condition, it follows that

Bun+1Py 1 08 — @by = BunPy on — Py, (2.21)

while the stationarity conditions on equations (2.15) and (2.17) imply the boundary

conditions

B Py on — oFg on =0, (2.22)
Py orr =0, (2.23)

which, together with (2.21), allow us to write the recursive relation

Bin+1Py 41,08 = Py on + oy opp- (2.24)
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Using the stationarity condition on equation (2.16)
(a+¢)Pyy1.0rr = aP, on + P, opp, (2.25)

we eliminate P from equations (2.24) and (2.25) and get

(a+¢)Pyi1.0rr = Bitnt1 P11 0N (2.26)

This, along with Py = P} o + P, opp, immediately yields equations (2.19) and (2.20).
The ratios (B, )/(a+c+pnB) and (a+c)/(a+c+ Buy) are the conditional probabilities
Poprp, and Poy,, respectively. Substituting in (2.24) or (2.25) we get the recursive

relation:

_ap,
Ol‘i‘c‘i‘ﬁ,un n+1_/8 n:

Finally, iterating and using the definitions of z and Z,. we find the probability mass (2.18).

The normalisation condition )" P} = 1 on the probability distribution (2.18) re-
quires lim,, o o/ (Bwey) < 1. For py, = p, the effective departure rate is referred to as
we, and this stationarity condition is simply a/(Sw.) < 1. This implies that values of ¢

smaller than the threshold

o

T Bu-a

exclude any stationary state and produce a congested phase. The onset of congestion in

(2.27)

Ccl .

a larger system with constant departure rate is explored in section 2.5 using a mean-
field approach. For unbounded microscopic departure rates, i.e., limy, o p = 00, the
effective interaction is still bounded, since lim,, o we,n = (@ +¢)/[. However, as long as
¢ > 0, the normalisation condition is always ensured, as lim;,_,oc o/ (Bwen) = o/(a + ¢).

Obviously, the linear departure rate case falls into this category.

2.4 The quantum Hamiltonian formalism

According to the section 1.2, the stochastic dynamics described by equations (2.3) and

(2.4) can be represented by a Master equation in the form

d
/P(t) = —H|P(?)) (2.28)
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with generator

—a—9 (B+7)m 0 0
at+td —a—0—(B+7)m —(B+7)p2 0
_H— 0 a+d —a—0—(B+7)u2 —(B+7)us

0 0 a+d —a—0—(B+7)us

(2.29)
The choice of the letter H and the sign convention used are part of the so-called quantum
Hamiltonian formalism, which is a convenient way to represent the dynamics of particle
systems. The epithet “quantum” has become standard, along with the warnings that
underline that the generator of a stochastic process is in general non-Hermitian, contrary
to the operators in Quantum Mechanics. Also, at the risk of causing some confusion, the
operator H is referred to as the Hamiltonian. For a classic account of such a formalism
see reference [44]. The generic element |e,) of the natural basis, which is a column
vector with the n-th component equal to one and the remaining components equal to

zero, represents a single-site configuration with n particles. Let define the creation and

annihilation operators

000 1 0
1 00 0 0 e
+ - _
a=1 410 and a = 0 0 0 , (2.30)
respectively, and the diagonal operator
0 0 0
0 1251 0
d= . (2.31)

0 0 po

Now the Hamiltonian in equation (2.29) can be written as
H=—a(a®—1)-6(at —1)—p(a” —d) —vy(a~ —d) (2.32)

where the diagonal operators 1 and d encode for the conservation of the probability.

Obviously, applying the ladder operator to the basis vectors yields:

atlen) = lens1) and a”len) = pn—1len—1). (2.33)
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These operators represent attempts rather than actual events; consistently the action of
a” on the empty site gives zero, i.e., there is no change in |P(t)). Let us now consider
the ZRP with open boundaries on the one-dimensional lattice of length L, and represent

the state as the tensor product
[P(t) = P(t)1 @ |P())2®...® |P())L, (2.34)

where |P(t)); is the marginal probability distribution of the occupation of the I-th site,
1=1,2,..., L. We also define the ladder operators for each site, so that af, a, , 1;, and
d; are defined consistently with equations (2.30) and (2.31) but act non trivially on the
[-th site, leaving the others unchanged. The jump of a particle from site [ to site m is
equivalent to the annihilation of a particle on site | and, simultaneously, the creation
of a particle on site m. The total action can be written as the product operator a,f@al*,
which only modifies the m-th and [-th sites if the [-th site is non-empty, while gives
zero otherwise. The boundaries are treated as in the single-site case. Consequently the

complete Hamiltonian can be written compactly according to

— H =oaaf —11) +7(a] —dy)
L—1
+> [plaf oy — dimy) + q(a) oy —dp)] + Bla —dp) +6(af —11) (2.35)
=2

We also mention that the formal solution of equation (2.28) can be expressed as

|P(t)) = e P(0)). (2.36)

We now present the quantum Hamiltonian formalism for the on-off ZRP on the single
site. We work in the joint occupation and phase vector space, defining a probability basis
vector |e,r) = |en) @ |e;) representing a configuration with n particles and phase 7.
Hence, the generic probability vector can be written as |P(t)) = >_,, | Pnr(t)|enr) Our
convention is to use the basis kets (1,0)7 and (0,1)T for the states |eopr) and |eon),
respectively, while a configuration with n particles is represented by a basis ket with the
n-th component equal to 1 and the remaining components equal to zero. Consequently,

the Hamiltonian is written as

H = —c(aj, — gn) — alal, fr, — 1) — Blay,dr, — dn,dr,), (2.37)
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with

1 0

9T1—11®<0 1),
00 0
100

+

“MT o010 ®L
0 m 0 0
0 0 py O

=00 0w |el
00 0 0
00 0 0
0 m 0 0

dy,=| 0 0 w0 ® 1.
00 0 u

(2.38)

(2.39)

(2.40)

(2.41)

We used the convention that a ladder operator with subscript Ny or T} acts non-trivially

only on the occupation or phase subspace respectively. The additional subscripts 1 under-

line that this Hamiltonian generates the dynamics for the single-site case. The resulting

operator H in the joint space has block tridiagonal structure:

c+a 0 0 0 0 0
—c Q@ 0 —Bur |0 0
H = —-a —alc+ o 0 0 0
0 0| —c a+pBu |0 —Bus

(2.42)

This type of representation is typical, in general, of stochastic generators of processes

with two variables, such as n and 7 in this case. The blocks correspond to changes in

the first variable, while the entries inside the blocks correspond to changes of the second

one. All the variables can change by at most 1. Such processes belong to the class of

quasi-birth—death processes and are simple cases of queues with Markovian arrival and

64



Chapter 2. Temporally correlated zero-range process with open-boundaries: steady state

Phase-type departure policy [42, 47]. We mention that the results in this section can be
adapted to the more general PA case with the replacement « — o+ and 8 — 8 + 7.

Specifically, the quantum Hamiltonian for PA dynamics on a single site is

H = —c(a}l - ng) - a(aj\}lle - ]l) - B(a]_\fldTl - ledTl)
- ’Y(a]_vldTl - ledTl) - 5(0’}1le - ]1) (243)

On a many-site one-dimensional lattice of length L with open boundaries, the quantum

Hamiltonian reads

L L—-1
Z ¢ aTl 91;) Z [p(aj\flﬂ sz+1a]7\/lde_szde)+Q(aJ+Vl fr a;\ledTHl_leJrldTlJrl)] +
=1 =1
—alay, fr, — 1) = Blay, dr, — dn,dr,) — y(ay dr, — dnydry) = 6(afy, fr, — 1),

(2.44)

where the ladder operators aEle ; N, Ty dry, g1,, and fr, have the same definitions as
in equations (2.38)—(2.41) after the replacement 1 — [. The additional index I, where
l=1,2,..., L, indicates that the operator acts on the configuration n;, 7; of the site of
index [. In the next section we will focus on an approximate stationary solution of the

dynamics generated by this Hamiltonian.

2.5 Mean-field solution for the many-site system

In the case considered so far, particles arrive on the site from the boundaries according
to a Poisson process. The many-site system is rather more complicated than this. In fact,
each site receives particles according to a more general point process, which alternates
time intervals with no events (corresponding to the off phases of the neighbour sites)
and periods with arrivals. Moreover, the exact statistics of the phase switching is not a

priori known.

In this section, we propose an approximate solution for the stationary state of the
on-off ZRP on the one-dimensional lattice of length L with open boundaries. The ap-
proximation consists in decoupling the equations which describe the dynamics for each
site, replacing the point process that governs the arrival on each site by a Poisson process
with an effective characteristic rate. The decoupling of the equations allows us to use the

results obtained for the one-site system in section 2.3.

Let us first consider the general model described in section 2.2, where the departure
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rates [, r retain a non trivial dependence on both n and 7. We are interested to write
the exact Master equation for the probability P,, ;,.;/(t) of having a configuration (n;, )
of the bulk site . However, we cannot isolate the behaviour of site [ from the remaining
L—1sites and it is more convenient to consider the joint probability Py, ;.1 (¢) of having

a configuration

{nj,Tj}j = ((nl,ﬁ)l, (712,7'2)2, ey (nL,TL)L), (2.45)

where the j-th lattice site has occupation number n; and phase 7;. To make explicit the

state of the site [, we also reserve the use of

{nj, 15} j40, (ng, 1) (2.46)

for the same configuration as (2.45). Summing the joint probability Py, .} (t) over the
occupation and clock states of all the sites except [, we obtain the marginal probability
of having the [-th site in configuration (n;, 7;). With a slight abuse of notation this can

be written as
”l 7777 H Z {”J )Tj }J (2'47)
i#L Ni,T

In a similar fashion, we use Py, 11 5,.(t) for the probability of having the same site [ with

n; + 1 particles and phase 7;. We finally write:

d
apnl,n;l(t) = CPnz,n—l;l(t) + (p + Q)Mnﬂrl,n Pnl-i—l,q—l;l(t)
Tp H Z Zﬂnl LT {n]1TJ}j;&la(nl 1,7 ( )57'17
£l Mg, Ti T
T4 H Z Zun“ﬂﬂ_ {n;,m5}j21,(m=1,7); ( )67'17
£l MG,Ty
<p+Q),UJm,Tl ny,ml T H Z Mnl,n {nJ,T]}] H Z My, 7 {n],TJ}J( )
Z#l NG, Ti ’L;él ni,T;
(2.48)
We now assume a product measure Hz 1 By, -, for the stationary joint probability P {n "
and impose this solution in the statlonarlty condition dP,, ;(t)/dt = 0 for equa-
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tion (2.48). This allows us to cancel the factor [[,, Py, . to obtain

CP;lﬂ—l_l;l +p E Z171P;Z_1,T;15n,0 +4q E ZlJrlP;:l—l,T;léTl»O + (p + q)unl‘FlleP;z-‘rl,Tz;l
T T
= [pz2-1+ gz + (P + Qponyr + €] Py, 1y (2.49)

for the generic bulk site 1 < [ < L. We use the symbol z;, already adopted in sec-
tion 2.3 for the fugacity, to denote the ensemble average of the departure rate, since
z = anm Hony iy P;zm;l' This equivalence, in fact, is easily verified in the one-site sys-
tem by means of equations (2.18)—(2.20) and remains consistent on chain topology. The
use of an average interaction term justifies the appellation mean-field. Similarly, for the

leftmost and rightmost sites we get, respectively,

cp;:hnflgl +a E :Pﬁklfl,‘r;léﬁ,o +4q E ZQP;:lfl,T;l(STLO + (p + 7)”711+1,T1P:1+1,T1;1
T T
=la+qz+ @+ +dPy 500 (2.50)

and

cPy, - —1.0+Dp E zL-1Py, 1 7.007,0+6 E Py, 150000t (B @) tng +1,7, Ppy 15y
T T
=pzL1+ 6+ B+ Qpnpm + Py 7. (2.51)

In equation (2.49) we recognise the stationarity condition for the single site with arrival
and departure rate equal respectively to (pzi—1 + gzi+1) and (p + q)pn, . Similarly,
equation (2.50) is the stationarity condition for a single site with arrival and departure
rates equal respectively to (a+qz2) and (p+7)tin, r , while equation (2.51) has arrival and
departure rates equal respectively to (pzr—1+9) and (8+¢q)pn, .- Analogous equations
hold when 7 = 0 and n = 0. These conditions, in the simplified case p,r = p, when
7 > 0, allow us to write an approximate stationary distribution for each site [ analogous
to (2.18) but with modified hopping rates

n
* zln —1
Pr = 7, | | w, (2.52)

" =1
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)
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B % e
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Figure 2.7: Representation of the on-off ZRP with open boundaries in mean-field approx-
imation. Each lattice site is thought of as receiving particles according to the fugacity
of its neighbours (which is constant in time), while on-site particles depart according to
the true on-off mechanism.

with Zey =32, %™ [, w, , and

o+ qzo pi(c+ o+ qz)
2l =" Wei1 = )

P+ c+a+qz+ (p+ 7))

Pzi—1 + qz41 i(c+Dpzi—1 + qz141
P e k. 2 S pal +1) , (2.53)

p+aq c+pu-_1+qzp1+ P+ Qi
0+ pzp B pi(e+6 +pzr_1)

zp =——p——, Weg:[, =

B+q c+o+pzr_1+ B+ q)u’

where 1 < | < L. For constant departure rates, we can safely drop the label ¢ from p;,
We,is1, We,isl, and we 3.1, The scenario of equations (2.53) corresponds to a one-dimensional
lattice where each site [ receives a uniform (in time) particle stream of rate gz;11 (pz;—1)
from the right (left) neighbour and sends particles according to its internal dynam-
ics (with the condition that the total current along the chain is conserved), as illus-
trated in figure 2.7. In the quantum Hamiltonian formalism, the approximation results
in the separation of the two-site bulk terms of equation (2.44), i.e., p(aﬁlﬂ fray, dr,) ~
pzl(a]'t,leTHl + ay,dr;), and q(a}llea]_VlHdTHl) ~ qu+1(aElle + a]_\71+1dTl+1)' The ap-
proximation results in the separation of the dynamics of each site, consequently, the

mean-field quantum Hamiltonian can be written as:

L—-1
Hmf = Hleft + Hright + Z Hla (254)
=2
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where Hiefr, Hyight, and H; are obtained from the generic one-site Hamiltonian (2.43)

using the mean-field arrival rates.

The fugacities z; can be calculated self-consistently from their definition in equa-
tions (2.53). However, to find their values, it is more convenient to impose the conserva-
tion of the current along the chain, as has already been done for the standard ZRP on a
chain [33] in terms of the quantum Hamiltonian formalism. The first observation is that

the stationary state satisfies the following relations:

af|P*) =z di|P*),

e ) (2.55)
a; |P*); = z|P*),

where is | P*); the probability distribution of the occupation of the [-th site, i = 1,2,..., L.

Substituting back into the Master equation, we obtain the stationarity condition

—H|P*) = (a+q2)(z; 'di—1)+(v+p)(z1—d1) +(pz1+q23) (25 " da—1)+(p+q) (22— d2)
+.o+ (P21 +0) (2 dp — 1) + (B4 ¢)(21 — dr)|P*) = 0, (2.56)

which is satisfied for
a—yz1 = pz — qz41 = Bz — 0 = (J). (2.57)

[l =1,2,...,L. It is proved in reference [33] that the solution of this recursive relation

yields the fugacity z; and the mean current (j):

o8 (2) 26— (2) " 1B~ 20 - (@+0)p—a)]
5(2) -0 1B -pta)
s () s

Yp—q—=B)+Bp—q+7) (%)Lil,

Zl = s (2.58)

(=r-9 (2.59)

which complete the mean field solution for the model.

While the fugacities (2.58) are identical to those of a standard ZRP on an open
chain [33], the effective departure rates w.n,; are affected by the time correlations
(they retain a dependence on the parameter ¢) and, significantly, become site depen-
dent. This is evident at the level of stationary density and variance profile, respectively
(n)) = 20(In Zey) |0z and 072 = (n;?) — (m)* = 220%*(In Z,;) /02 in the mean-field ap-
proximation. The predicted density profile can be non-monotonic, which contrasts with
the stationary profile of the standard ZRP [33]. This feature is indeed present in the
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12

100 (a)

Figure 2.8: Density profile (n;), and
variance profile o;? (insets), | =

ol 1,2,..., L for the on-off dynamics on a

Ll chain of length L = 20 with (a) constant

18 and (b) linear departure rates. The re-

6l 1ok (b) sults obtained within the mean-field

bl o pm=n approximation (line vertices) are com-

® feesooaacac®’ ] pared with the simulation results ob-

ol :HMTM%TMHTHAH tained by means of the Doob—Gillespie

_or 510 15 method of section 1.7 (markers). TA

£ s go°° and PA refer to rates (o, 5,v,0,p,q) =
gooooBl d

(0.2,0.3,0,0,1,0) and (o, B,7,9d,p,q) =
(0.1,0.2,0.1,0.1,0.55,0.45) respectively.
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TA ¢ = 0.1 mean-field TA ¢ = 0.1 simulation
— PA ¢ = 0.1 mean-field [1J PA ¢ = 0.1 simulation

Monte Carlo simulated density profiles for certain parameter combinations. In fact, for
the parameters considered, the agreement between mean-field theory and simulation is
excellent, except when c is very small, as shown in figure 2.8. For all the sets of parameters

considered, the agreement increases with c.

In figure 2.9 the mean-field predictions for the per-site occupation distributions are
also checked against Monte Carlo simulations. Both mean-field and simulation results
show an exponential decay of the tails which decreases as the site index [ increases.
The agreement is again good, except for the cases with smaller values of c. In fact, in
contrast to the mean-field prediction (2.52), the empirical distributions are glaringly

non-Geometric when the parameter ¢ is small enough.

The failure of the product solution (2.1) is also reflected in the behaviour of the
cross-correlation Cj; = ((nin;) — (n;)(n;))/(oio;) between the occupations on site 7 and

j. This is shown in figure 2.10, where we report a negative cross-correlation between
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Figure 2.9: The mean-field probability distribution (line vertices) of the site occupa-
tion numbers in a chain of length L = 5 are checked against simulations (markers).
Symbols +, x,0,[, A and solid, dotted, dashed, dot—dashed, dot—dot—dashed lines of
the corresponding color (grayscale) refer to sites [ = 1,2,3,4,5 respectively. Parameter
combinations as in figure 2.8.

neighbouring-site occupations for small values of c.

2.6 Congestion threshold

In the cases explored above, the values of ¢ have been chosen in order to guarantee
the existence of a well defined NESS with constant average occupation number. In the
one-site system seen in section 2.3 this choice was straightforward, as we can derive
exactly the congestion threshold. In an extended system with unbounded departure
rates, we expect that any strictly positive value of ¢ guarantees the NESS because,
although a large number of particles can pile up during the off phase, they can be
released arbitrarily quickly during the on phase. On the contrary, the extended system
with bounded departure rates appears to be more interesting. In fact, for values of ¢
smaller than a certain value, the particles accumulate on one or more of the lattice sites.
We now compare the prediction of the mean-field theory for this congestion threshold
with the results of Monte Carlo simulations performed on a chain of length L = 20. In

order to evaluate numerically the onset of congestion, we make use of the parameter
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Figure 2.10: Simulation results for the cross-correlation C71; of on-off ZRP on a chain
of length L = 20 with p, = n. (a) PA case. Adjacent sites have negatively-correlated
occupation numbers. Hopping-rate combinations as in figure 2.8. Inset, (b). TA case.
Spatial cross-correlations appear weaker than the PA case, but with longer range. As ¢
grows the correlation is gradually lost and a factorised solution is realistic.

(inspired by reference [3])

. Niot (t + At) — Ntot (t) 1
" At (@ +9)’ (2:60)

where t > At, nyot(t) is the average total number of particles in the system at time t.
The parameter x measures the difference between the rate at which particles arrive and
the rate at which particles leave the system, scaled with respect to the total arrival rate.
The congestion occurs when  is strictly positive?. For the one-site model (2.14)—(2.17)

with p, = p, it is straightforward to show that the value of ax is

— + if ¢ < ¢,
o uBe/(c+a) ife< e (2.61)

0 elsewhere,

where ¢y is given by equation (2.27). In fact, in the congested regime we can assume that
the site is never empty and the total growth rate is given by the difference o — uSP3y,
where P&y = > n.on s the stationary probability of having the site in the state
on. Summing over n the equations (2.14) and (2.16), and imposing the stationarity

conditions, we get P8y = c¢/(c+ ).

Equation (2.61) allows us to approximate a local x; for the generic site [ of a chain,

2Precisely at the threshold, we expect congestion/condensation but with sublinear growth in time.
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Figure 2.11: Congestion transition for the on-off ZRP with © = 1 on a open chain of
length L = 20. The parameter x obtained by Monte Carlo simulations is plotted against
¢ for a TA case and a PA case. Hopping-rate combinations as in figure 2.8. The mean-

field congestion thresholds are cﬁ‘? = 0.4 and cgf? ~ 1.4 respectively. These values are

pinpointed by the mean-field approximated local x; (light lines) of the site [ where the
congestion sets in first.

by replacing a and  with the mean-field arrival and departure rates, respectively. The
numerical Monte Carlo study of x; reveals the first site where the congestion sets in,
tuning ¢ from large to smaller values. In a chain with TA jumps, this seems to occur on
site 1, for p < (8, or on the site L, otherwise. In the PA case, the congestion can set in
on the bulk site L — 1, as suggested by the non-monotonic density profile of figure 2.8.
Not surprisingly, the mean-field theory predicts this possibility.

We define the mean-field congestion threshold ¢, as the smallest value of ¢ such that
none of the sites [ of the system with Hamiltonian (2.54) has x; > 0. In the TA case,
as long as p > 3, ¢y is equivalent to the threshold ¢; of equation (2.27), derived for
the one-site system with boundary rates o and . The numerical evaluation of x for the
whole system, plotted against the mean-field estimate in figure 2.11, suggests that cpy¢
is an upper bound for the true congestion transition in this case. We argue that this
relation arises as the TA jumps set the system in a highly organised configuration, with
wave-like fronts which are precursors of the slinky motion observed in Hirschberg et al.
[28, 29] and enhance the particle transport. This fact can be deployed, to some extent,
to design real-life queuing systems. When p < 3, et = o?/(pp — a) marks exactly the
onset of the congested phase. Conversely, PA interactions seem to promote congestion,
as there are many jumps which block the site and contribute negatively to the particle

current. In this case the congestion transition occurs for a value of ¢ larger than both ¢
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and ¢y (see figure 2.11).

2.7 Discussion

In this chapter, we commenced the investigation of the effects of temporal correlations
on stochastic systems. Specifically, we focused on a variant of the ZRP, namely the on-off
ZRP, that incorporates memory by means of hidden variables. In the on-off ZRP, the
hidden variables affect the on-site dynamics by blocking the particle jumps for a certain
amount of time which is tuned by the parameter c: the smaller its value is, the stronger
the memory effects of the hidden dynamics are. In the limit as ¢ — oo, the standard

ZRP is recovered.

In the single-site case, we found the exact NESS, which can be written in terms of
a standard ZRP process, with effective departure rate. Moving to the many-site case,
one of the major consequences of the on-off interaction is the lack of a simple factorised
form (as in equation (2.1)) for the stationary state, while it exists for the standard
ZRP. As an approximation, we derived a mean-field stationary-state solution where the
statistics of the particle jumps from site to site in a lattice are smoothed over time,
while preserving the lattice topology. Such an approximation restores the product-form

solution and makes excellent predictions when the value of ¢ is large enough.

The mean-field approach gives also an analytical approximation for the value of ¢ at
which the system enters a congested phase. This prediction is particularly accurate for
the case with totally symmetric interactions. On the contrary, in the partially asymmet-
ric system, the mean-field congestion threshold underestimates the result suggested by
simulations. The particle density and variance profiles within this approximations do not
fit the results from the simulation for values of ¢ very close to ¢r. However, for larger
values of ¢ (but still of the same order of ¢y,¢), the mean-field predictions are in excellent

agreement with the simulations.

This section also introduced interesting analogies between IPSs and Queuing net-
works. Due to their common ground, our results could be exploited by the Queueing
Theory community and could lead to interesting applications, where on and off phases

can be used to improve packet traffic.

The main message of this chapter can be summarised as follows. For small values
of ¢ the behaviour of NESS is heavily altered; however, the value of the mean current
(j) across the chain only depends on the jump rates for a wide range of parameters,

regardless of the value of ¢ (as long as the congestion does not set in). This motivates
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the study of rare fluctuations of the current, which is the topic of the next chapter.
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This chapter is devoted to the study of particle-current fluctuations for the model
introduced in chapter 2. Such fluctuations are quantified by means of the SCGF e(s)
as detailed in section 1.6. In section 3.1 we explore analytically and numerically the
current fluctuations on a one-site system, focusing on the difference between the small
fluctuation regime, obtained by analytic continuation of the NESS (subsection 3.1.1),
and the extreme fluctuation regimes (subsection 3.1.3), and explaining the mechanisms

that separate the phases (subsection 3.1.2).

Along the lines of the previous chapter, we focus on two simple functional forms for
the particle-particle interaction factor, viz., linear and constant with the site occupation
number n. This second case appears analytically more challenging and its SCGF is ob-
tained as the asymptotic limit of the integral representation of an approximated moment
generating function (developed throughout subsection 3.1.3). The analytical results are
tested against the numerical method of Lecomte and Tailleur [12] (as described in sec-
tion 1.7.2), which is also used to measure the bond-current fluctuations for the many-site

model in section 3.2. Akin to the one-site system behaviour, in the many-site system it is
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possible to separate a small-fluctuation regime, which is not influenced by the temporal

correlations, from the extreme-current regimes where memory plays an important role.

3.1 Exact results for the one-site system

Despite its simplicity, the single-site ZRP exhibits a rich fluctuating behaviour, even in
the absence of time correlations, as shown in references [5-7, 14]. The introduction of
the on-off dynamics creates a still more interesting scenario. In fact, the study of the
fluctuations reveals some aspects of the correlations which, in the stationary state, are
hidden within an effective interaction factor. Throughout this chapter we assume that
the observation starts at a time ¢y = 0, hence the length of the observation time is t. We
denote by j the empirical output current J/t, i.e., the difference J between the number of
jumps of particles which leave the site rightwards (with rate ) and the number of particle
injections from the right boundary (which occur with rate ¢) divided by the observation
time. The input current, i.e., the rightwards current between the left boundary and the
site, can be obtained by reflection in the PA case (while in the TA case this is given by

a simple Poisson process).

The strategy outlined in section 1.6 is to build an s-modified generator, where the

rates that contribute an increase or decrease in the current are multiplied by a factor

—S S

e~ % or e, respectively. Our choice is to work with the Hamiltonian (2.43), where such
rates are grouped into the ladder operators Say, and 5a}1. Consequently, the s-modified

Hamiltonian corresponding to the output current is

H= *C(CLJTZ - ng) - O‘(ajtflle - ]l) - ﬂ(e_saji\/’ldTl - ledTl)

- ’7(a]7\[1dT1 - ledTl) - 5(esaxl le - ]l)‘ (31)
We concentrate now on the eigenproblem
(H - AL)|Pa) =0, (3.2)

where | P4) is the generic right eigenvector and A is its eigenvalue. Specifically, we are first
interested in the leading eigenvalue Ag, which is proven to be equal to the SCGF, at least
in the neighbourhood of s = 0. Notice that the quantum Hamiltonian formalism uses a
sign convention different than the one of section 1.6; in fact, its leading eigenvalue Ag
corresponds to the leading eigenvalue A; of the generator G (but has opposite sign) and
is the smallest eigenvalue of H (at least in the neighbourhood of s = 0). The associated

right eigenvector is also called ground-state eigenvector.
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3.1.1 Small current fluctuations

The working hypothesis is that the eigenvector ]15A0>, associated to Ag, has a form similar
to the stationary solution (2.18)—(2.20). To lighten the notation, we drop the subscript Ay
and use | P) and (P| for the right and left eigenvectors associated to Ag, respectively. It is
convenient to write the ground-state eigenvector |]5> in a form similar to the stationary

solution (2.18)—(2.20), i.e., with components

Pn,ON = pON,n,st (3'3)
P, orF = (1 = Poxns) Pa, (3.4)
anrl = pn+1,spn~ (3.5)

Equation (3.2) is hard to solve in general. To gain insight into the appropriate structure

of pps and pox,n,s, we study first the case with constant departure rates.

3.1.1.1 Constant departure rates

Let the departure rate be p, = p when n > 0 (obviously, there are no departures when
n = 0, i.e., up = 0). Motivated by the stationary-state result, we assume here that the
factors pon,n,s and p, s have no dependence on the occupation number and we drop the
subscript n with the exception of n = 0, i.e., pon,0,s is distinct from pox s. By direct

substitution into equation (3.2) we get:

—(c+a+0—A0)(1 —poxo,s) =0, (3.6)

(1 = pon,0,s) — (@ + 8 — Ao)poxo,s + (Be™" 4+ ¥)ppox,sps = 0, (3.7)
(a+de”) — (c+a+ 36— Ag)(1 —pon,s)ps =0, (3.8)

(1 = pon,s) = [a+ 0+ (B+7)p — Aolpon,s + (Be™* + ) upon,sps = 0. (3.9)

Equation (3.6) trivially requires poxs,0 = 1, while we expect that pox,s < 1. After a

long but straightforward algebraic manipulation, the system is solved as

c+ (Be™ +7)(a+de’)/(B+7)

Poss = T B )it (Be - 7)(a+ 00/ (B+7) (3.10)
B (o + de) 1
ps = NCE) (upons) ™, (3.11)
_ 0B sy 0 s
A= (- e+ (-, (3.12)

Note that setting s = 0, the factor pon,s becomes the conditional probability PSN\n in
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the steady state. Also, the parameter ps; and the eigenvalue Ay have a counterpart in
the stationary probability, in fact for s — 0, ps — zw, !, and Ag — 0. Consequently, we
argue that Ag is the lowest eigenvalue of H and, according to section 1.6, the SCGF at
least in the neighbourhood of s = 0.

For later convenience, we define a modified fugacity

5 S
b = 20e (3.13)
B+
and a modified effective interaction
We,s = HPoN,s; (3'14)

such that ps = zswgs1

and w. s — p for ¢ — oo. It is worth noting that, while the bias
affects only the fugacity in the ordinary ZRP [5], it affects both the interaction term and
the fugacity in the on-off model.

3.1.1.2 General departure rates

The solution (3.10) and (3.11) suggests an ansatz for the case with arbitrary dependence
of the departure rates on n, which is now considered. This also covers the special case
with linear departure rates p, = n. Motivated by the results for constant w, = pu,
we assume that the components of the ground-state eigenvector ]P> satisfy equations
(3.3)—(3.5) with

Pn,s = stc_ﬁlz,sa (315)

Wen,s = UnPoN,n,s, (316)

for n > 0. With this assumption, the second row equation of the eigenproblem (3.2) is
solved for A = Ay = a4+ § — (Be™* + ) zs and the remaining equations yield a solution
for zs consistent with (3.13) and an n-dependent effective interaction

w, . = —Hmlet (Be +7)(a +0e?)/(5 + )] (3.17)

(Be=s +7)(a+de%)/(B+7) +c+ (B+7)n

A comparison with the constant departure rate case shows that w., s can be obtained

from w, s, replacing p with p,.

The eigenvalue we obtained is the same as the lowest eigenvalue Ay (3.12) of the
s-Hamiltonian for the standard ZRP [5]. In fact, the affinity between the two models
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appears closer if we work in the reduced state space obtained by collapsing the states
corresponding to 7 = ON and 7 = OFF, for each occupation number, and considering
the sum of their non-conserved probabilities J-:’n = ~n7ON + pnyopp. We represent the
column vector of components P, with the starred symbol! |P*). It is easy to show that

(see appendix B) |P*) is the right eigenvector with eigenvalue Ag of

" = —a(a® 1) - d(e*a* — 1) —y(a5™ — &%) — Ble™al™ — d2), (3.18)
where
0 weis 0 0
0 0 We2,s 0
a:i = 0 0 0 We,3,s , (319)
0 0 0 0
0 0O
1 00
+
av =141 0 , (3.20)

and the operator d has entries ;;w. ;. The operator H* is equivalent to the s-modified
Hamiltonian of a standard ZRP with departure rates w., s. However, it is not a genuine
s-modified Hamiltonian for the on-off ZRP as it shares only the lowest eigenvalue Ay with

H (the higher eigenvalues being different, in general) hence it only contains information

about the limiting behaviour and does not generate the dynamics.

As a partial conclusion, we underline that both the systems with bounded and un-
bounded rates display the fluctuating behaviour seen in the standard ZRP as long as
the ground state satisfies equations (3.15) and (3.16). This is certainly true for current
fluctuations close to the mean (j). However, the effective interaction we,, s has a depen-
dence on n and s different from the standard ZRP and this alters the range of validity of
this regime. In the following, we show that larger current fluctuations in the on-off ZRP

can be strongly affected by time correlations.

'Being defined in the occupation state space, |P*) is different from the vector |P) that is element of
the joint occupation—clock space.
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3.1.2 Dynamical phase transition

The scenario seen so far is an analytical continuation of the stationary state. Despite this,
certain values of the bias s correspond to non-analyticity in the SCGF, as demonstrated
in this subsection. From section 1.6 we recall that such a behaviour is often referred to
as a dynamical phase transition because of the analogy of the SCGF with the Helmholtz
Free Energy. A dynamical phase transition occurs as soon as one of the scalar products
(1|P) or (P|P(0)) diverges. It is worth noting that the choice of the initial distribution
|P(0)) influences the value of the second norm. In order to ensure a finite (P|P(0)), we
will always consider an empty site as initial condition, unless explicitly stated. We must
also ensure that the norm (P|P) is finite, i.e., that the eigenvector is normalizable and
the discrete eigenvalue Ag exists. We now derive analytically the conditions under which
the norms (1|P) and (P|P) converge and it is possible to identify the SCGF with the

lowest eigenvalue Ay given by equation (3.12).

3.1.2.1 Linear departure rates

We focus first on the case with u, = n. For this particular choice of the interaction,
particles in the memory-less ZRP can never pile up and the current shows a smooth
SCGEF. On the contrary, in the on-off model, the particle blockade alters the statistics
of small currents in the following way. During an off phase, particles accumulate on
the site thus provoking a short-lived congestion, as the boundaries continue to inject
particles. The presence of this mechanism suggests that the corresponding (short-lived)
state cannot have the same structure as the NESS?, hence the ansatz (3.3)—(3.5) is no
longer adequate. From a mathematical point of view, a transition occurs when (1|P)
diverges. The condition (1]15> < oo is satisfied for lim,,—,o pn,s < 1 where py, ¢ is defined

in equation (3.15). Taking its limit as n — oo, we get

(8 +7) (a+de’)

3.21
o(B+7) + (@t 00 (3 + B ) 321

For later convenience, we simplify this condition as
Ap < c+0(1—¢%), (3.22)

2When the state turns on, the particles are released with a rate proportional to n—which can be very
large—thus freeing the site from the congested particles and granting a steady state: the congestion is
only instantaneous.
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which is satisfied for s > s, where

B 203
" af— B0 — Be—cy+ /4B + (af — B — Be— )2

In the PA case, s; is real and finite. However, when § = 0, the denominator in the

S1

(3.23)

argument of the logarithm is negative for ¢ larger than the threshold value

_af
B+

Co (3.24)
In other words, for § = 0 and ¢ > ¢g, the critical value s; is not well defined and the rare
currents are not distinguishable from those of a standard ZRP with effective departure
rates. This is particularly clear in the TA case, i.e. (v,d) = (0,0), as the critical value is

simply
o

s1=1n

(3.25)

o —C

which is well defined only for ¢ < ¢y = a.

We now prove that, when j, = n, the norm (P|P) is always finite. In appendix C, the
eigenvector (P is derived. Its components have a form similar to equations (3.3)—(3.5),
with the factors pox s and ps replaced by pSy s = 1/2 and p5™ = (Be™* +7)/(8 +7)
respectively. The series (]5|]5> is simplified by summing first the pairs corresponding
to the same occupation number and the condition for convergence can be written as
limy, 00 P pn,s < 1, which is always satisfied. Consequently, for linear departure rates,
the only mechanism responsible for dynamical phase transitions is the on-off clockwork,

which becomes dominant when (1|P) diverges.

It is also interesting to notice that, collapsing the components corresponding to
7 = ON and 7 = OFF for each n, we find the left eigenvector of the standard-ZRP
Hamiltonian, i.e., (P*| = <1,pf§“,pf§“2, .. .), where p" = (Be™° 4+ v)/(8 + ). This is

also the left eigenvector of the reduced operator (3.18).

3.1.2.2 Constant departure rates

Let us consider now the case p,, = 1, n > 0. The scalar product (1|P) is finite when the
n-independent parameter ps is less than 1 and a dynamical phase transition occurs at
ps = 1. In the PA case, the solution of this equation for s involves a cumbersome cubic

and therefore is not reported here. Conversely, in the TA case, after some algebra we can
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prove that the equality is verified at the critical value

a(a — pp)
(cuB — apf — ca)’

s1 =1In (3.26)

In order to check whether the second norm (P|P) is finite, we again need the left eigen-

vector (P|. As the dependence on j,, cancels in the left eigenproblem, (P| is the same as

the linear departure rate case (see again the appendix C). The condition for convergence
left

is pps < 1 and the value of s such that p®p, = 1 is referred to as so. For the TA case,

it has the closed form solution

(—c+/c*+4cB)
2c

so = —1In , (3.27)

left
S

underline that the values s = s1 and s = s9 mark the onsets of new phases.

while for the PA case, a closed form solution for p'*ps = 1 has not been found. We

It is important to notice that the scenario seen so far is entirely encoded into the
operator H* of equation (3.18). In fact, this operator not only has lowest eigenvalue
Ap, as seen in section 3.1.1, but the normalisation of its ground-state eigenvector yields
sums (1|P*) and (P*|P*) that diverge at the same critical points as (1|P) and (P|P),

respectively.

3.1.3 Large current fluctuations

In this subsection, we focus on the large fluctuation regimes s > s; and s < so. We
employ different approaches to study the large fluctuation regimes in the linear and

constant departure rate cases.

3.1.3.1 Linear departure rates

To get some insights into the regimes with large current fluctuations we consider first a
finite-dimensional version of the on-off ZRP on the single-site lattice. In fact, the SCGF
on a discrete finite configuration space is always given by the smallest eigenvalue Ag of
the s-modified Hamiltonian, as the prefactors in (1.134) are always finite. For the TA

case we truncate the Hamiltonian (3.1) by imposing a reflective boundary in the state
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with occupation number N. The resulting matrix in block form is

c+a 0 0 0 0 0
—c @ 0 —Bur |0 0
—a —a|ct+a 0 0 0
0 0 —c o+ 0 —
Hy — ' B @uz | (3.28)

0 —Bun
c 0
—c  Bupn

which defines a Master equation where the n-th block row specifies the dynamics of the
configuration with occupation number n and within each block the first and the second

rows correspond to an off and an on phase, respectively.

In the present linear departure rate case u, = n and the matrix Hy generates the
dynamics of a special queue of type M/Ph/N/N, i.e., with Markovian arrival, phase-type
departures, N servers and finite capacity N (see the Kendall notation in section 2.1).
According to the procedure of section 1.6, the finite-capacity s-modified Hamiltonian
Hy is obtained by multiplying the upper-diagonal rates p, (n=1,2,3,...,N) of Hy by

e—S

The numerical evaluation of the spectrum of Hy, see figure 3.1, shows that the two
lowest eigenvalues get closer around s; with increasing values of N. This gives a clue
about the limiting behaviour for N — oo, where the eigenvalues would coalesce at s = s1
and two different dynamical phases emerge. The SCGF converges to a constant branch
of value ¢ for s > s1. An heuristic reasoning allows us to understand the mechanism
that leads to this dynamical phase. In the limit s — oo, the truncated s-modified Hamil-
tonian is lower-diagonal and its eigenvalues are given by the escape rates. As long as
the condition ¢ < ¢y = « holds, the smallest eigenvalue is c¢; this is the escape rate
from the configuration with N particles and off state. We argue that, in the infinite ca-
pacity case, such a configuration corresponds to an instantaneous situation where the
occupation number grows indefinitely (“instantaneous” congested state) and clock is off.
We also argue that, in the asymptotic limit as the time approaches infinity this is the
dominant behaviour not only for s — oo, but also for the other values s > s;. We ex-
pect that the corresponding eigenvector does not satisfy the same ansatz as the one of
equations (3.15)—(3.16); hence the dynamical phase transition is due to the crossover of
two distinct eigenvectors. This has been observed in spatially-extended non-equilibrium

models, such as the Glauber model with open boundaries of reference [13].
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0.3 —
Wi S

Figure 3.1: Real part of the spectrum of the finite-capacity s-modified Hamiltonian for
parameters («, 8,7, 9d,¢) = (0.2,0.3,0,0,0.5) and p,, = n. The two lowest eigenvalues get
closer at s = s1 for increasing values of NV and it seems that the merge in the infinite
capacity limit N — oo. For s < s; the smaller eigenvalue converges to Ag = a(1 —e™%),
while for s > s1 it converges to c.

Our prediction is checked against the output of the cloning algorithm of Lecomte and
Tailleur [12] (see section 1.7.2 of this thesis). The results are shown in figure 3.2(a). Our
implementation correctly reproduces the most relevant features of the SCGF, i.e., the
non-analyticity at s; and the constant branch for s > s;, but loses accuracy for large

positive currents (s < 0) presumably due to the finite-ensemble effect.

In the PA process, the lowest eigenvalue does not appear to converge to a finite value
in the limit s — co. From the condition (3.22) for the eigenvalue crossover, we suggest

af —s 0 s
m(l—e )+77T5(1—e), s < sy (3.29)

c+ (1 —e°). 5> 5.

The right branch (s > s1) can be physically understood by separating the contributions
of the particles leaving the site rightwards, which contribute a term c¢ as in the TA case,
and the particles injected from the right boundary, which independently follow a Poisson
process with rate ¢ and contribute a term §(1 —e®). Since in this regime the particles pile
up, the corresponding SCGF branch does not depend on the left boundary. Numerical
simulations, shown in figure 3.2, confirm our argument. There is no analogue, in the
memory-less ZRP, of the c-dependent dynamical phase for s > s;, which arises as a

consequence of the temporal correlations.
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Figure 3.2: SCGF of the single-site on-off ZRP with u, = n for (a) TA hopping
rates, (a,f,7,0,¢) = (0.2,0.3,0,0,0.1), and (b) PA hopping rates, («,,7,d,¢) =
(0.1,0.2,0.1,0.1,0.1). Points are data from the cloning algorithm with number of clones
N = 10* and simulation time ¢t = 10*. The SCGF is systematically overestimated for
small values of s. This prescription is believed to be exact for N — oo, t — 00, and is
not reliable when the cloning factor is larger than N (shaded areas). We expect a better
approximation but a slow convergence for larger ensembles and longer simulation times.

For SCGFs with non differentiable points, as the one in equation (3.29), the Legendre—
Fenchel transform (1.121) of e(s) gives in general the convex hull of the true rate function
which can hide a non-convex shape. However, for this system, we argue on physical

grounds (see following) that equation (1.121) gives indeed the true rate function, which

is
C+6+]_]ln(%])7 jgjl,a
—s1j+c+ (1—e™™), Jia <J <Jip
s of Yo o af o
e(j) = + ————/jc+4 —F 3.30
) B+~ B+y ¢ B+vB+n (3:50)
F s
. o aB 5 J = J1,b-
+'ln]+ J +4f3+7,6’+7
j 2% 9y
B+

The two critical currents

j17a =9 esl, (3.31)
. aff v

Jip = el ————e 3.32
YT B+ B+ (3.52)

are, respectively, the right and left derivatives of e(s) at s = s;. The value of jj 4 is

non-positive, and is zero in the TA process, the value of jj; is strictly positive. The
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0.05 :

0.1 J1b(j) 0.3

Figure 3.3: Rate function é(j) for the on-off TA process with («,f3,7,0,¢) =
(0.2,0.3,0,0,0.01) and p, = n (solid blue line). The points are simulation
data for the finite-time rate function —In[Prob(J/t = j)]/t computed at t =
200, 300, 400, 500, 600, 700 (top to bottom). An ensemble size of N = 10'° has been
used. Notice that information about the tails of the rate function is quickly lost. The
rate function of the memory-less ZRP for s < s; is plotted in light blue. Comparison
with the solid red line manifests the extent of memory effects on rare events, while the
statistics around (j) are identical.

phase j < ji, is obtained from the Legendre-Fenchel transform of e(s) in the interval
s > s1, while the phase j > ji is derived from e(s), with s < s;. The transition
value s; is mapped to the whole linear branch in ji, < j < jip. This behaviour is
equivalent to an ordinary equilibrium first-order phase transition, where a linear branch
of a thermodynamic potential corresponds to the coexistence of two phases. In this non-
equilibrium system, the mixed phase consists in a regime where, for some finite fraction
of time, the current assumes value j; 4, while during the rest of the time it has value ji .
As aresult, the rate function in this region is linear with j, as predicted by the Legendre—
Fenchel transform. This argument is supported by standard Monte Carlo simulations and
is particularly evident in the TA case, see figure 3.3. Such a figure, alongside figure 3.7,
underlines the main difficulty in simulating rare trajectories; in fact, according to the
large deviation principle, all the trajectories tend to display current close to the mean
and obtaining information about the extreme events is hard, although the ensemble used

is several orders of magnitude larger than the one used for the cloning simulations.

The different phases can be physically understood by observing the effect of the
particle blockade. In the case with TA hopping rates, when the site is off, the particles
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accumulate and the outgoing current is necessarily zero. The zero current is mapped
to the flat section of the SCGF. This is the dominant mechanism responsible for zero
current. At the end of an off period, we have a configuration with many particles on the
site. When the lock is released, particles can leave the site with a rate proportional to
the occupation number, the more the particles on site, the higher the departure rate.
Consequently, the particles are quickly released after an off period and the current jumps
to a positive value. In particular, the probability of having currents larger than ji is
dominated by the phases during which the site is in a state on. In the presence of
arrivals from the right boundary (§ # 0), the blocked configuration becomes important
for negative currents j < ji 4, and the rate function has an additional term corresponding

to an independent Poisson process with rate §.

As an aside, the dynamical phase transition seen at s is not restricted to the partic-
ular on-off ZRP explored here. For example, an alternative on-off ZRP with unbounded
departure rates and on-off dynamics independent from the arrivals, displays the same
fluctuating scenario. Specifically, we assume that the phase switches between the on and
off states with rates respectively ¢ and d and the total departure rate u, is proportional

to n. The modified Hamiltonian is:

ct+a —d
—¢ d+a —Bure”?®
-« c+ —d
H = — —c  d4+a+ P —Bugse* ) (3.33)
-« c+« —d
-« —c a4+ Bus+d

The spectrum of the truncated version of H’ (with capacity N) reproduces the scenario
of figure 3.4, which is similar to the one of figure 3.1. In the limit as s — oo, such a
truncated Hamiltonian is block lower diagonal with the smallest eigenvalue Ay = %(c +
d~+ pN — N % + 1), which converges to ¢ for N — co. Also, spatially-extended spin
systems such as the contact process [12] and some kinetically constrained models [3, 4],
can possess active and inactive phases coexisting at s = 0. For a review on kinetically

constrained models see reference [15].

3.1.3.2 Constant departure rates

The study of the extreme fluctuation regimes when p, = 1, n > 0, requires a different

approach. In fact, in this case the spectrum of the operator H has a continuous band
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Figure 3.4: Real part of the spectrum of the finite-capacity version of s-modified Hamilto-
nian 3.33 for parameters (o, 3,7, 9,¢,d) = (0.2,0.3,0,0,0.5) and p, = n. The minumum
of its spectrum for N — oo is identical to one plotted in figure 3.1.

that governs the fluctuations in certain regimes (this can be inferred again by looking at
the truncated operator). A way to obtain the SCGF is to evaluate the long-time limit
of the matrix element (1|e_m|P(0)) by computing the full spectrum and the complete
set of eigenvectors of H in the style of S. Karlin and J. L. McGregor [10] (see also a
related discussion in section 1.2). This task appears to be rather complicated for the s-
modified Hamiltonian (3.1), requiring spectral theory and integral representation of block
non-stochastic operators®. As an approximation, we can use the reduced operator (3.18)
and study the simpler expectation (1]6*H "|P(0)). Recall that H* has the same lowest
cigenvalue Ay as H, at least in the regime s < s < 51 where the ansatz (3.15)(3.16)
is valid. Outside this regime it is expected to yield only approximate information about

the current fluctuations.

The integral representation allows us to take into account the dependence of the fluc-
tuations on the initial condition. We follow the same procedure as in references [6, 14],
with the difference that the departure rate here is wy s and depends on s. Actually, it
seems that the function wy, . s only has a weak dependence on s for large positive or nega-
tive values of s (this can be checked numerically for many parameter combinations) but,

nevertheless, we report the explicit calculations for completeness. As initial condition,

3The integral representation of Markov chains described by a stochastic block tridiagonal generator
is derived, e.g., in reference [2] after some formidable mathematics.
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we choose a geometric distribution with parameter z, i.e.,
(e.9]
[P(0) = (1— ) a"[en) (3.34)
n=0

where |e,,) denotes the configuration of the site with n particles and is an element of the

natural basis for H*. The steady state is obtained for z = zw !, where

o+ 9
z= and 3.35
B+ (3:35)
w0, = pla+9+c) (3.36)

a+d+c+ B+

are the PA counterparts of the fugacity and effective departure rate, respectively, found

in section 2.3, while the limit z — 0 corresponds to the empty-site state.

The exact calculation of the full spectrum and of its eigenvectors, reported in ap-
pendix A, gives the following representation:

1—2z ec(Ot

2mizd Jo, (- £)(C— 1)

1—x (y¢ — 1)e==©)!
_ dc¢,
2mix fcvz (I (IS ¢

(L=t P(0)) = d¢

(3.37)

where £(¢) is obtained from the expression for the continuous band of the spectrum e(k)

after the substitution ¢ = ¢** and

(Be=s + 7)“}0,8

¢ (a+des) (3.38)

1 . w
Yy CETIIN \/(a + de*)(Be* + 7)we,s, (3.39)
e(k) =a+0+ (B +7)wes — 2\/(oz + de¥)(Be% 4+ y)we,s cos(k). (3.40)

The integration contours C7 and C5 are anti-clockwise circles centred around the origin

with radius =1 < |¢| < (#2)~! and infinitesimal size respectively.

The integrand of equation (3.37) has a saddle point at {( = 1. This suggests that we
can compute the long-time limit of (1|e_H*t|P(0)) by means of the method of steepest
descents. In other words, we deform the integration contours Cy and Cs such that they
pass through the saddle point. As the integrand also has poles on the real axis, care is

needed when the new contour engulfs one of such poles and their residue must also be
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Figure 3.5: Phase diagram, based on equation (3.37), for the current fluctuations in the
PA process with p, = 1 and («, ,7,0,¢) = (0.1,0.2,0.1,0.1.0.5). The lines s; and s4
correspond to first-order dynamical phase transitions while so and s3 mark second-order
transitions. The red line (s = s1) corresponds to the solution of ¢ = y. The green line
(s = s2) corresponds to y = 1. The blue line (s = s3) and the cyan line s = s4 are
found from the solution of 1 = (¢z)~! and y = (¢z) ! respectively. z.. is the point where
S§3 = S4.

taken into account?.

1‘671:1*15

Py)
is given by the slowest decaying exponential and the SCGF is determined by one of the

For fixed parameters s and x, the leading term in the long time limit of (

rates £(¢),e(y),e(1),e[(z¢)"!]. Tuning s or z, the positions of the poles with respect to
the saddle point contour are altered and, consequently, the leading term in the integral
expansion changes. This produces the phase diagram of figure 3.5 for the SCGF. The
critical line corresponding to the solution of ¢ = y is s = s1. The line s = s9 corresponds
to y = 1. These two phase transitions were also previously found in section 3.1.2 as
critical points in the joint occupation number and clock space. The curves s = s3 and
s = s4 are solutions of 1 = (¢x)~! and y = (¢x)~! respectively. The tri-critical point
s3 = s4 is at x.. It is worth noting that higher positive current fluctuations retain a
dependence on the initial condition x and that, unlike the memory-less ZRP, the critical
point s; can fall in the positive current range. While in the general PA case the curves
that separate the dynamical phases do not seem to have closed form expressions, in the
TA case, closed form solutions have been obtained with the help of symbolic computation

software and reported in the following list (the colours refer to figure (3.5)):

(i) s = s1 (red line). The knowledge of | P*) is sufficient to verify when the pre-factor

4The importance of the poles of partition function has been discussed, e.g., in reference [16] in the
context of large deviation theory.
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(1|P*) is finite, i.e.,

alc+e Sa+ Bu)

XS 1, (3.41)
e > _CO‘O; (fi M_ﬁa“ 4 (3.42)

_ a(Bp — a)
s<81_1n<ca—cﬁ,u+aﬂu)' (3.43)

Notice that this condition makes sense when the denominator in the argument of the
logarithm in (3.43) is positive, i.e., ¢ < afu/(Bu — «), while the stationarity condition
a < Pw, ensures that the numerator is positive. This phase boundary can also be

obtained from solving ¢ = y.

(ii) s = s2 (green line). This critical point marks the left boundary of the region

where the condition p™ps < 1 holds, i.e.,

S

alc+e Sa+ Bu) o

<1, 3.44
(c+e™a)Bu (3.44)
_ Ve +dep —c
S Y 4
et < o : (3.45)
2+ dep —c
§ > 89 = —In (2(}/‘> . (346)

It corresponds to a solution of y = 1.

(ii) s = s3 (blue line). This line corresponds to (¢z)~' = 1. The critical point s3

satisfies
2
s \/(c;w:Q + a?)? + 4a2p22? — cuz? + o? (3.47)
a2 ' ’
(iv) s = s4 (cyan line). This phase boundary is c-independent, specifically
e % =g b (3.48)

It corresponds to the condition y = (¢x)~ 1.

The resulting phase diagram is similar to the PA one shown in figure 3.5, but with the

transition lines identified by s; always mapped to a positive value of the current.
The four phases (in the general PA case) are detailed in the following list:

Phase A: s > s;. In this case the leading term arises from the pole at ( = ¢. The
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product (1|P) diverges and the SCGF is different from the lowest eigenvalue Ag, being
instead given by
6(8) = 6(1 - es) + ch,s(l - e—s). (3.49)

This phase corresponds to very small positive currents (if § = 0) or large backward
currents (if § > 0). Large negative currents are mainly governed by the rate § of particle
arrival from the right, which contributes to the SCGF with the first term of (3.49).
The second term corresponds to particles that jump rightwards from the site with an
effective rate Sw, s. The current fluctuations in this phase are optimally realised by a site
with arbitrarily large occupation number that acts as a reservoir, so that the outgoing
current has no dependence on the left boundary hops. This behaviour is equivalent to the

instantaneous condensation seen in the linear departure rate case (subsection 3.1.3.1).

We argue that the presence of a left and a right term in equation (3.49) is generic for
this phase, although there is no a priori reason for the effective rate w. s to have the
same form as in the small fluctuation regime. In the PA case, for large values of s, the

SCGF is dominated by the first term and is not sensitive to the functional form of w, s.

Phase B: (s2 < s < s1) A (z < xc)) V ((84 < 8 < 81) A (& > x)). This phase
arises when the pole at ( = y, corresponding to the lowest eigenvalue Ay (3.12), becomes
dominant, hence

af _ ~d

e(s) = 1—e )4+ ——(1-¢%. 3.50
(5) = (=) + (- ) (350)

The probability of fluctuations in this regime is asymptotically identical to the standard

ZRP. In this range the site has finite occupation and the probability that a particle leaves

is conditioned to an arrival event, just as in [5, 9, 14].

Phase C: (x < x.) A (s3 < s < s2). This phase arises from the saddle-point at { =
1. It corresponds to a large forward current sustained by a large inward current from
the left boundary. Here the spectrum of H* is completely continuous. The asymptotic
form (1.134) still holds, as the prefactors (1|Pa,) and (Pa4,|P(0)) are finite, but with an
oscillating (non-decaying in n) ground state |]5A0>. This also represents an instantaneous
condensate, but with particle number growing as the square root of time [14]. Here the

spectrum of H* is continuous and the SCGF is given by its minimum (3.40):

e(s) = €(0) = a+ 6+ (B+ Ywes — 24/ (a +8e5) (B +Jwes. (351

Phase D: [(s < s3) A (x < )] V [(s < s4) A (x > x.)]. This phase arises when the
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Figure 3.6: SCGF of the on-off ZRP with («,,v,d,¢) = (0.1,0.2,0.1,0.1,0.5) and
lin, = 1. Points are data from the cloning simulations, N = 10%,¢t = 10%. Dotted line
is the SCGF of the Markovian-ZRP (¢ — oo) with same boundary rates. Solid line is
the analytic approximation (3.49)—(3.51). The SCGF of the ZRP with s-independent
departure rate w, would overlap the solid line at this scale.

residue at ¢ = (¢x)~! dominates the long-time behaviour:
e(s)=a+d+ (B+7)wes — (e +Y)we sz — (a + de’) /. (3.52)

It corresponds to a large forward current of particles that is most likely to be realized
from an initial configuration with very high occupation number and also has an analogue
in the standard ZRP [14].

These results are compared to the cloning simulations in figure 3.6 for z — 0. Similarly
to the independent-particle case, the cloning data for the left branch, corresponding to
large positive currents, is potentially affected by finite ensemble effects, as documented
in reference [8]. It turns out that for the chosen parameters our approximation (3.49)-
(3.51), plotted as a solid line, is very close to the naive approach (not shown) in which the
same representation (3.37) is used, but the effective departure rate has the s-independent
form w, (defined in section 2.3) for all the regimes. The analytical SCGF does not match
the simulation points in both phases A and C. We attribute this to the failure of the
assumption (3.15)—(3.16) for the ground state in phases A and C. In other words, large
fluctuations cannot be exactly described by an effective departure rate w, s with a simple

functional dependence on s.

As alast step, in figure 3.7, the rate function é(j), computed by means of a Legendre—
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Figure 3.7: Rate function for the on-off ZRP. Parameter combinations as in figure 3.6.
Points are data for — In[Prob(.J/t = j)]/t from standard Monte Carlo simulations at times
t = 100, 200, 300, 400, 500, 1000, 2000 (top to bottom) with an ensemble size N = 10°.
The solid line is the analytical result for ¢ — oo; in the central range it is the exact
asymptotic limit, while in the regimes A and C the line is an approximated solutions, as
discussed in subsection 3.1.1.1, 3.1.2.2, and 3.1.3.2.

Fenchel transform on the SCGF (3.49)—(3.51), is compared to the finite-time rate func-
tions obtained from standard Monte Carlo simulations with an ensemble size of 10'°.
Although approximate, é(j) appears to capture well the shape of the long time limit for

the simulation data points.

3.2 Numerical results for the many-site system

In chapter 2 we showed that the on-off ZRP on an extended lattice lacks a product-form
stationary solution. This, in turn, makes the analytical study of fluctuations, across the
generic bond, impractical. It would be possible to use the mean-field stationary solution
to derive an approximate SCGF using the same procedure as in the single-site model.
However, we do not expect the result to be accurate, especially for small values of ¢
and for current fluctuations far from the mean. To explore the larger system we make
use of the cloning method. This small section is concerned with the full statistics of the
empirical currents j;, which is the difference between the number of particle hops from site
[ to site [ + 1 and the number of hops from site [ 4 1 to site I, divided by the observation

time ¢. This definition is extended to the input current jo and output current j;. In
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Figure 3.8: Simulation results for the SCGF in a five-site on-off ZRP with p, = 1 and
parameters (o, 3,7,9,p,q,¢) = (0.1,0.2,0.1,0.1,0.55,0.45,0.5). The solid line is the c-
independent lowest eigenvalue of the s-modified Hamiltonian for the five-site Markovian-
ZRP.

figure 3.8 the results of the cloning simulation for a one-dimensional lattice are plotted.
While the statistics of rare currents is bond-dependent, it is possible to appreciate that,
for each bond, the SCGF matches that of a Markovian ZRP in the neighbourhood of
s = 0, a feature shared with the one-site system. The SCGF of the Markovian ZRP for
the one-dimensional lattice has been obtained in Rékos and Harris [14] and is reported
here for convenience

e(s) =a'(1—e®)+ (1 —e), (3.53)

where

' (r— @) (p/9) qap
ST —a— B+ b/ B —a+7)’ (3.54)
P p(p — q)v0

p(p—q—0)v+ p/)FabBp—q+7)

(3.55)

As a general consequence, the central regime satisfies a Gallavotti-Cohen fluctuation
symmetry [11] with E = In[(p/q)"'a3/(7d)] (see also section 1.4.2). Such a symmetry
has been discussed in references [5, 6, 14| for the functional form (3.53). In the on-off
ZRP, it seems to be ensured by the fact that the relative probabilities of particle jumps
towards the left or the right are independent of the time that the particle spends on a site;
this property is indeed the direction-time independence seen in section 4.3, which has

been proved (in reference [1]) to be a sufficient condition for the fluctuation symmetry to
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hold in finite state space. However, the fluctuation symmetry is not guaranteed to hold
on an arbitrary domain in systems with infinite state space [6]. In fact, as expected, we

see here a c-dependent breakdown for large fluctuations.

3.3 Discussion

In this chapter we have supplemented the stationary-state analysis for the on-off ZRP of
the previous chapter with an investigation of the particle current fluctuations in the same
model. The selected tool to deal with such fluctuations is the large deviation theory. We
mainly studied, both numerically and analytically, the one-node system. Fluctuations
around the mean are obtained by analytic continuation of the stationary state and are
indistinguishable from those of a memory-less ZRP. However, under certain conditions,
large current fluctuations are optimally realized by the instantaneous piling up of parti-

cles on the site and the statistics of such fluctuations change abruptly.

In the absence of direct inter-particle interaction we have found a memory-induced
dynamical first-order phase transition, i.e., the SCGF e(s) is non-analytic at a particular
value s1. In the totally asymmetric case, this occurs only if the parameter c is smaller than
the arrival rate a.. The system with constant departure rates, i.e., attractive inter-particle
interaction, undergoes second-order as well as first-order dynamical phase transitions.
The state of the system during a small fluctuation event has the same form as the
stationary state, but with a more general modified effective interaction factor. Indeed, the
exact phase boundaries and the large deviation function of this regime are encoded in the
reduced operator H* of equation (3.18), which has the same structure as the s-modified
Hamiltonian of the standard ZRP, but with an s-dependent effective interaction factor.
We have used the same operator H* to find an approximate solution for the fluctuations
outside this phase. Numerical tests confirm the presence of the predicted c-dependent

dynamical phase transitions.

The separation between a small-fluctuation regime, with a memory independent
SCGF, and high-fluctuation regimes, where memory plays a more obvious role, is a
feature also found numerically in the spatially-extended system. It would be of interest
to explore the role of topology in more detail as well as to look for similar memory effects

in other driven interacting-particle systems and complex systems in general.

To conclude, these results highlight a situation where complex interactions are not
seen in the stationary state and do not affect, qualitatively, the typical long-time be-

haviour of a system. They emerge at the fluctuating level and alter the probability of
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observing rare phenomena. Such an observation leaves us with an interesting open ques-

tion: “it is possible to predict when theories of real-world complex systems fail to forecast

their rare behaviour, even though they are in perfect agreement with the typical one?”.

To attempt an answer to such a question, we need to be able to explore the large devia-

tions of non-Markovian non-equilibrium systems systematically. As analytical progress is

difficult (this chapter indeed revealed a number of subtleties) it would be important to

resort to and rely on numerical methods appropriate for non-Markovian systems. This

is the topic of the next chapter.
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As we have already seen, when the stochastic dynamics of a model system are Marko-
vian, i.e., memory-less, we can specify the rules for its evolution in time by means of
the constant rates g, »; of transitions from configuration z; to configuration ;. The full
set of rates encodes inter-event times with simple exponential waiting-time distributions
(WTDs), which indeed possess the memory-less property. However, to model real-world
systems, there is little double that such a naive description may not be appropriate.

In fact, non-exponential WTDs and non-Markovian dynamics seem to be the norm in
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many contexts, e.g., in physics [4], finance [44], biology [33], teletraffic engineering [40],
and complex systems in general [20]. Furthermore, reckoning with non-Markovian dy-
namics is essential in non-equilibrium statistical mechanics. In fact, a strategy to study
non-equilibrium systems is to target trajectories in space—time rather than static configu-
rations [17, 32]; to this purpose, the details of the time evolution of the system, including

the presence of non-exponential WTDs, are essential.

The model of chapters 2 and 3 incorporates memory by means of a device, called phase
or clock, that stores information about past events (specifically particle arrivals). As seen
in the previous chapters, this device permits analytical and numerical progress using tools
developed for Markovian processes. However, there are processes whose waiting times
cannot be reconstructed by means of the inclusion of hidden phases, as their WTDs
simply cannot be expressed in terms of such phases (see the discussion on semi-Markov
processes in section 1.3). In an even more general case, the waiting times depend on
the whole history, as anticipated in section 1.5. Such genuine non-Markovian models are
widespread in physics literature [7, 8, 37, 38, 43], but analytical progress is difficult and
simulations are necessary to explore them systematically, especially at the fluctuating
level. However numerical schemes able to efficiently probe large deviation functionals

have been discussed only for memory-less systems [18, 22, 29, 34, 35].

Based on our results in Cavallaro and Harris [10], we present here a general numer-
ical method to generate non-Markovian trajectories corresponding to arbitrarily rare
currents, which is a generalisation of the cloning procedures of Giardina et al. [18] and
Lecomte and Tailleur [29]. This chapter is organised as follows. In section 4.1 we briefly
recall the general formalism (making explicit the dependence on the history). In sec-
tion 4.2 we present the simulation scheme for non-Markovian processes and the numerical
method to evaluate their large deviation functionals. Section 4.3 deals with semi-Markov
processes, where the formalism has a particularly lucid interpretation in terms of the
generalised Master equation. In section 4.4 we test the method in some examples of in-
creasing complexity, where the large deviation functions can be computed exactly and
hence serve to test the exactness of our numerical method. We conclude the chapter in

section 4.5.

4.1 Thermodynamics of trajectories

Following the argument of section 1.6, we are interested in the partition function

Z(s,1) = / =T gl (1) du(t), (1.119)
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where the probability density of observing a sample path starting at fy and ending at
time ¢ is given, in the most general case, by equation (1.115). In this chapter we consider

observables of type A, whose partition function can be written explicitly as

0 t t t
Z(s,t):Z/ dtl/ dtg.../ dt,, Z
n=0" to t tn—1

Z0;Z15-yTn

G [t — tn; Wt Vn oy [t — tn1;W(En—1)] X -+ X ey wo[t1 — to; w(to)] Pay (to), (4.1)

where

Q;xn,rnﬁ [tn —tph-1; w(tn—l)] = e_sax"’xnflwﬂfn,rnA [tn —tph-1; w(tn—l)] (4'2)

is the “biased” W'TD of a stochastic dynamics that does not conserve total probability.
The strategy is to simulate an ensemble of trajectories and measure the behaviour of in
the long time limit. The exponential rate of divergence of equation (4.1) in the limit as

T =t — tg approaches infinity gives the SCGF

e(s) = — lim %an(s,t), (4.3)

T—o0

which in turns can be used to compute the rate function
é(j) = sup{e(s) —sj}, (4.4)
S

as we have already seen in section 1.6.

4.2 The “cloning” approach to large deviations in non-

Markovian processes

4.2.1 Non-Markovian stochastic simulation

The recent interest in non-Markovian processes can be seen in a number of publications
dealing with efficient methods to simulate their dynamics, either exact [1, 9, 12] or
approximated [6, 13, 31]. Here we present a naive exact scheme to generate sample paths
of non-Markovian processes, which provides the backbone for the non-Markovian cloning
method. This outputs a series of waiting times and instantaneous configuration changes,
consistent with the Markov and semi-Markov cases detailed in chapter 1. Generically,
the WTD can be expressed in terms of a time-dependent rate or hazard gy, u, ,[tn —

tn—1;w(ty—1)], which is the probability density that there is a jump from x,_1 to z, in
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54‘)&
Xn-2
Xn-3
age
r——
Xp-]——————————— -
tn—3 tn—2 tn—]

Figure 4.1: Representation of a portion of trajectory. The time elapsed from the last
jump is called age. The conditional probability of having a configuration x,, at an instant
t, > t,—1 depends on the age, as well as on events which happened during the history
(e.g., the one marked by the red star).

[tn, tn + dt), conditioned on having no transitions during the interval [t,,—1,t,),

Vapan_i1ltn — =13 W(tn—1)] = Gopwn_1[tn — th—1;W(En=1)] X a1 [tn — ta—13w(tn—1)]-

(4.5)
For brevity we define 7 = ¢, — t,—1, which is the value of the age, i.e. the time
elapsed since the last jump, when the next jump takes place. This is illustrated in
figure 4.1. Roughly speaking, the hazard g, », ,[7;w(tn—1)] is the likelihood of hav-
ing an almost immediate transition from a state z,_1 known to be of age 7, to a
state x,, and, crucially, can also depend on the history w(t,—1). From equation (4.5),
summing over z, € S, and defining g, ,[T;w(tn-1)] = >, Grnz, [T w(tn-1)] and
Vo, o [T5w0(t—1)] = Zmn T/an,an[T; w(ty,—1)], we get

Vrnarswltn 1)) = = 2 -Gau [ 0(tn 1) (16)
=g 7500 1)) % s[5 0(00 1) @)

The age-dependent sum g, [7;w(t,—1)] is also referred to as the escape rate from 1,

and using equation (4.7), can be written as a logarithmic derivative

d

o [T w(tn-1)] = =~ I o,y [T 0(tn-1)]- (4.8)

105



Chapter 4. A numerical approach to large deviations in non-Markovian processes

Integrating equation (4.8) with initial condition ¢, ,[0;w(t,—1)] = 1 gives:

Gz, [T w(tn—1)] = exp <_/ o [t 0(tn-1)] dt) ) (4.9)
0
Y [T 0(En-1)] = Ga o [t 0 (En—1)] exp (— /O Gana [t w(tn-1)] dt> : (4.10)
Equation (4.5) can be cast in the form (1.40), which is convenient for simulations,

Vg a1 [T3 W(tn1)] = P 1 [T 0 (1)) X Y, [T w0 (1)), (4.11)

where
gxnyxn—l [7—7 w(tn_l)]

B an Gann 1 [T W(tn—1)] ’

is the probability that the system jumps into the state x,,, given that it escapes the state

Pann_1 [T W(tn—1)] (4.12)

Tn—1 at age 7. It is important to notice that the normalization conditions

> Panana[Tiw(tn-1)] =1, (4.13)
/000 Yo, [T3w(tn—1)]dr =1 (4.14)

are satisfied. Hence, we can sample a random waiting time 7, according to the density
Yy, o [T;w(tn—1)] and, after that, a random arrival configuration xz,, according to the
probability mass pg,, 2, , [7; w(tn—1)]. This suggests the standard Monte Carlo algorithm
for the generation of a trajectory w(t) (1.115):

1
2
3
4

Initialise the system to a configuration xy and a time ty. Set a counter to n = 1.
Draw a value 7 according to the density (4.10) and update the time to ¢, = t,_1+7.
Update the system configuration to z;,,, with probability given by (4.12).

~— — ~— “—

Update n to n + 1 and repeat from 2) until ¢, reaches the desired simulation
time T =t — tg.

4.2.2 The cloning step

We now need to take into account the effect of the factor e *%=nen—1 on the dynamics,

which is to increment (if 6,, 5. , < 0) or decrement (if 6,, 5, , > 0) the °

‘weight” of
a trajectory, within an ensemble. This can be implemented by means of the cloning
method, introduced in section 1.7.2. Here, we refine and extend this idea to the case of
non-Markovian processes. One of the devices used in the original literature on Markovian

cloning methods [18, 29] is to define the modified transition probabilities (1.141) and

106



Chapter 4. A numerical approach to large deviations in non-Markovian processes

(1.142), which are indeed valid only under the Markovian assumption, and a modified
cloning factor (1.143), encoding the contraction or expansion of the trajectory weight.
In fact, it is implicit in the original work that the redefinition of such quantities is
unnecessary; in some cases it may also be inconvenient, see section 4.3.2. An arguably
more natural choice, especially for non-Markovian dynamics, is to focus on the WTDs.

Specifically, equations (4.1) and (4.2) suggest the following procedure:

1) Set up an ensemble of N clones and initialise each with a given time ¢y, a random
configuration xg, and a counter n = 0. Set a variable C' to zero. For each clone,
draw a time 7 until the next jump from the density ., [7; w(to)] and then choose

the clone with the smallest value of t =ty + 7.

2) For the chosen clone, update n to n + 1 and then the configuration from x,_1 to

&y, according to the probability mass py,, 4, ,[T;w(t — 7)].

3) Generate a new waiting time 7 for the updated clone according to vy, [7; w(t)] and

increment its value of ¢t to ¢ + 7.

4) Cloning step. Compute y = [e%n=n-1 4 4|, where u is drawn from a uniform
distribution on [0, 1).

1) If y = 0, prune the current clone. Then replace it with another one, uniformly
chosen among the remaining N — 1.
2) If y > 0, produce y copies of the current clone. Then, prune a number y of

elements, uniformly chosen among the existing N + y.

5) Increment C' to C'+In[(N 4e *%=n=n-1 —1)/N]. Choose the clone with the smallest
t, and repeat from 2) until ¢ —¢( for the chosen clone reaches the desired simulation
time T'.

The SCGF is finally recovered as —C/T for large T'. The net effect of step 4) is to

maintain a constant population of samples whose mean current does not decay to (j).

4.3 Semi-Markov systems

We now focus on the statistics of time-extensive variables for semi-Markov processes

based on references [2, 16, 30].
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4.3.1 s-modified generalised Master equation

Recall that, in systems described by a standard Master equation, one strategy is to
analyse a process that obeys a modified rate equation, obtained replacing the time-
independent rates' 9z;.z;, with the products e S0rim; gz;,z;, Which are referred to as “bi-
ased” rates (as seen in chapter 1). In semi-Markov systems it is possible to investigate the
statistics of J]w(¢)] in a similar, but more general, way. Instead of the standard Master
equation, we deploy the GME (1.84). The probability P,, ;(t) of having a configuration
x; with total current J at time ¢, under the constraint that the current can only grow or

decrease by one unit at each jump, obeys the following GME:
d
P (t) = Ia )t —to) + Z K (s; 3y (a;,0) (t = T) P, 3y (7) d7
T AT
+Z/ (z4,d)+( :EJ,JJrl)(t T) (x],JJrl dT—i—Z xz, (x5,d— 1)(t T)P(x],_l 1)( )dT
- > / Kz 0y (@it — 7)Pa, ,J)(T)dT_Z/ K(z; 311)e(2:,0)(t = T)Pa; 5)(7) dT
zjFT; T to
t
- Z/t Kz -1y (i) (t = T) P, 0y (T) d7. (4.15)
CE]' 0

The reader is reminded that I(,, j(t — to) is an initial-condition dependent term, which
contains the primed WTDs corresponding to the first jump of a sample path. We now
make the assumption that the memory kernels are independent of the time-integrated

current (only depending on the current increment), i.e

K(Ij,J)(—(Ij,J*C) (t) = KJTi,lfj,C(t); (416)

where ¢ = —1,0, 1. The system is diagonalised with respect to the current subspace by

means of the discrete Laplace transform

t)=> e P, () (4.17)
J

Tn a slight shift in notation, we now use z; and z; as configuration labels.
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and is then equivalent to

d. / i
G =Lt =t + 3 [ Kaisyolt =P, () dr
wj#£m; Y0

t t
+ Z/ esKwi,zj,*l(t - T)P:ch (r)dr + 2/ e_sti,l"jHrl(t - T)ij (r)dr
. to
Ty

. t
z; 0

t t
_ Z / Kxﬁmi’c(t—T)Pxi(T) dr _/t Ky 2y —1(t — 7) Py, (T)dT
0

C,xj£T; to

t
- / Koyt — 7) By (1) dr, (4.18)
to
which can be represented in a more compact form as
0| P(1)) = L(1)|P(1)), (4.19)

where £(t) is a linear s-dependent integral operator and |P(t)) has components P, (t).
The limit as 7' — oo of In(1|P(t))/T (where (1] is a row vector with all entries equal to
one) is the SCGF of J. Clearly, equation (4.19) does not conserve the product (1|P(t)),
except for s = 0 when this corresponds to the condition ) = P, (t) = 1. The dynamics
described by equation (4.18) is equivalent to the dynamics described by the GME (4.15),
where the memory kernels corresponding to jumps that contribute a unit ¢ in the total
current are “biased”, i.e., multiplied by a factor e™. From linearity, it follows that the

Laplace transformed kernels are

Ry oV) = €, (V) [81,(0) (4.20)

where f(v) = [;¥e™"T f(T)dT. This confirms that the modified dynamics can be simu-
lated biasing directly the WTDs )y, 4, c(t), i.e., multiplying them by e™“.

In section 1.4.1, we studied the behaviour of I, (t) and saw that, under some gen-
eral conditions, it converges to zero in the limit as ¢ — oo. We now consider the s-
dependent case, and study the asymptotic behavior of I, (t) = e I, 3y(t). In the

joint configuration—current space, the term encoding for the initial WTDs is, in the
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Laplace space conjugated to time,

T(:pi,J) (V) = Z v:ci,a:j,O(V)P(mj,J) (t()) +

TiFET;

Z w:r:j,x,-,O( )+

T; AT

¢’m W p
+ ¢x x; : z;,J
szﬂ R 27 (pxl (V) (

TjFT;

hence,

Z Wz,-,zj,O(V) + Z

I/in,xj, ( ¢m] I/

Z Wzi,xj,c(V)P(xj,ch) (t())
Tj,c==*1
Z vxj,:ci,c() P(xi,J)(tO)
zj,c==x1
5 v)
Z ¢x],mz,c (xi,J—c)(tO)
xj,c==%1 ¢$z V)
E (V)
D VeV P, .n(to), (4.21)
xj,c=+1 ¢$J’ V)

e_CSWxi,wj,c<V) PI]' (t())

T T xj,c==%1
Z ij,wi,O( )+ Z ij,zi,c(y) sz (o)
T F£T; xj,c==%1
V —csTT qb/ml (V) )
Z %:],x“ + Z sz)x],xl,c V) Py, (o)
T F#T; V xj,c==%1 gﬁxl(y)
¢’a: )| -
%l,x ,0 wxz,x ,C ! Pz'(t0)~ (4-22)
%@ ; ¢M> 2 VeI T P

As at the beginning of the observation time the total current is zero, we can replace
Py, (to) with P, (t). Using WTDs that satisfy either (1.86) or (1.87), which were intro-
duced in section 1.4, we again find that the limit as v — 0 is finite, hence, according
to the final-value theorem?, Iin (t) decays to zero in the long-time limit. However, the
initial-condition term may still substantially affect the large deviation functionals and
their numerical evaluation, as such a decay may be slow for certain choices of WTDs. In
general, ixl( ) does not vanish even when ¢/, ajeV) = @xi’x%c(y). In fact, in this case

we have

Loy ) = S {7 = 1) [, 41 (1) Pay(t0) + P, 2 (V) Py (10)]

T4

(€ = 1) [Bay iy 1 (V) Py (t0) + By 1 () Py (t0)| | (4.28)

2This was also introduced in section 1.4.
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which is in general non-zero (except for s = 0, when I,,(v) = 0 is recovered). Conse-
quently, the algorithm of section 4.2.2 must be iterated for sufficiently long time in order

to neglect this finite-time contribution.

4.3.2 The Markovian case re-examined

The Markovian case is recovered for Ky, . o(t) = gz, 2; c0(t). Using such a kernel, equa-
tions (4.18) and (4.19) can be written as

| P(t)) = GIP(1)), (4.24)

where G is the s-modified stochastic generator of the Markov process with time-independent

rates gz, ., and components®

|:G~ ]m . 9z;,2;,0 +e Sg:ci,.tj,—&—l + esgzi,zj,—la (425)
iybg

|:~:| ) ngi,xi,-i-l - esg:ci,:r:,-7—1 9z;.xi,—1 — Guix5,+1 — Gz (426)
T;,T;

where g, = > e a; Jrjwie is the rate of escape from z;. This shows that biasing the
rates is consistent with biasing the WTDs (see also some related discussions in [17]).
However, from a numerical point of view, the latter choice remains convenient even for
the Markovian case, as it avoids us having to define the modified transition probabilities
of Lecomte and Tailleur [29]. To see this, we consider the biased Markovian WTD

'(;xi,m]-,c('r) - e_csgxi,xj,c exp (_gm] 7_) 9 (427)

which is the product of an exponential probability density 1., (7) = g, exp (—ng 7'), a
time-independent probability mass p, » e = Gzizjc /G » and a simple cloning factor e™“*.
These specify the two steps of the standard Doob—Gillespie algorithm for Markov pro-
cesses (see section 1.7.1), followed by a cloning step of weight e™“. Another legitimate

choice is to define the biased rates Gzizje =€ PGz a;c and gp, = in’c Gz ,x;,c tO write
772)%790;'76(7_) = €Xp [T (?]zj - ng)] gl‘i,l’j,c exp (_gwﬂ') . (4.28)

With such an arrangement, we recognise the scheme of Lecomte and Tailleur [29], i.e., at
each temporal step, the configuration evolves according to a stochastic generator with

rates gu, z;.c, (this is equivalent to the steps 2) and 3) of the algorithm in section 1.7.2)

3Note that the equation (4.26), and also the earlier (4.18), takes into account events that do not alter
the configuration, but modify the current statistics. This slightly generalises the treatment of section 1.7.2,
where the change in current is always accompanied by a configuration change.
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and the ensemble is modified with the cloning factor exp [T (@mj — gmj)] , as in the cloning
step 4) of section 1.7.2. As the cloning factor here is exponential in time, during long
intervals the relative number of new clones can be large. This can cause major finite-
ensemble errors, which are shown to be important, e.g., in reference [11, 26]. Conversely,
an implementation based on equation (4.27) seems to be one way to reduce (but not

completely eliminate) such a problem.

Noticeably, for exponentially distributed waiting times we have

- IBIZ']C
() = mes 4.29
ROES (4.29)
/
— Ti,Xi,C
Toums o) = 5220 (4.30)

Substituting into equation (4.23), it is straightforward to show that the finite-time effects

due to I, (t) are only minor. In fact, the resulting exact equation

= Bﬁ',mi,O_B/ ixq,0 Bx‘,xi,C_B/ REZT)
[mi(y) = Z : 21 —— Pxi (to) + Z - 3/ - CP” (to)
Ti#x; B i +v xj,c==%1 '8 i +v

/lei,xj,o - Bﬂci@j»o B/xi,xj,c - /Bxi,zj,c
oy TPty 5 P
T; T B Ty Tv zj,c==%1 B Zj Tv

P, (to), (4.31)

is sum of Laplace transforms of exponential functions and implies an exponential decay
of I, (t) to zero.

4.3.3 SCGF as pole of the partition function

We report here a neat procedure to find the long-time behaviour of current fluctuations
in semi-Markov processes proposed in Andrieux and Gaspard [2]. This will be used to
test the exactness of the non-Markovian cloning method. In this section, we derive such
a procedure with the minor extension to semi-Markov processes with special (primed)

initial WTDs. The starting point is the explicit form for the biased probability of the
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configuration x after a time ¢t — ¢y (since the reference instant tp),

= Z 5z,wo¢§co (t = to) Py (to) / dty Z Oz m1¢x1 )77/):01 ,Z0o (t1 — to) Py (to)
to

0,1

/ dtl/ dto Z Oy Dy (t — 12) WUy 2y (o —tl)lﬁgl,xo(h — t0) Py, (t0)

Z0,T1,22

/dtl/ dtz/ dt3 Z Oy Gy (t = 13) Vs o (t3 — 12) Uy 0 (t2 — 1)U, 4 (11
to t1 to

Z0,21,22,T3

- tO)Pﬂlo (tO)

- (4.32)

which gives the partition function Z(s,t) = 3" Py(t). Equation (4.32) can be Laplace

transformed recursively to yield

Z Oz z0¢x0 zo tO Z Og ,T1 (bacl w 1, xo( ) fols) (to)

Z0,T1

+ Z 59“32¢$2 1/]12,11( )¢ 1, :Jco( ) xo(tO)

Z0,T1,T2

S GeasBay (V)P s (V) s (V)T 1 0 (V) Pry (o)

+ ...,

which can be compactly written as

Z 517 ,Z0 Qs:po JJO (tO)

+ZZ§Z%wnﬁmxwﬁwmmmmmm

o n=1T1,...,Tn

— iy

(v), ¢ (v), ¥ (v), with entries

<

Introducing the matrices ¢(v),

W(V)]xj,xi = 63@,%6331- (V)a
B0, 0 = Vo, (),
(V)} = 6xj,mi$;ci(y)7

Tj,Tq

W) =Tm®),

Tj,Tq
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respectively, equation (4.34) can be written as

Py, (to) (4.39)

S B w) Y (v)
n=1

Pxo (t()) + Z

S F0) + S 3B Pult) (4.40)
xo L n=1 T,T0
. L
NP0+ d)———F ()| Puylto): (4.41)
QUZO L 1- ’(p(y) T,x0 ’

In order to obtain the dominant mode in the long-time limit, one can study the poles

of the matrix of equation (4.41) with entries [qﬁ’(u) + ()Y (v)/(1 — @(1/)) . Such

»L0

poles occur where the determinant of 1 —1(v) is zero. The main limitation of this method

is that it only applies to semi-Markov processes on finite configuration spaces.

4.3.4 Discrete-time case

We now consider discrete-time processes. A discrete-time chain can be seen as a stochastic
process in continuous time where the next jump occurs after a constant waiting time of
one unit. Such a scenario can be represented by means of a semi-Markov process with
WTDSs Yz, 2, [T3wW(E)] = Papani [W(E)] Vs, (T), Where pg, o, [w(t)] is an entry of a
transition matrix and ., _,(7) = §(7 — 1) is the Dirac delta measure translated by 1.
In fact, the procedure of section 4.2.2 can be implemented with reasonable accuracy by

setting, e.g.,
1

oV 2

Vo, (T) = exp [~ (1 —1)?/(20%)] , (4.42)

with ¢ < 1. In particular, a discrete-time Markov chain can be seen as a special DTI
semi-Markov process, since the transition probabilities do not depend on w(t). However,
such a continuous-time implementation neglects the major computational advantage of
dealing with discrete time, namely, all the ensemble elements can be updated simultane-
ously. This feature can be used to prevent a single clone replacing a macroscopic fraction
of the ensemble, thus reducing finite size effects. Therefore, we suggest the following

parallel algorithm:

1) Set up an ensemble of N clones and initialise each to its own random configuration
xo. Also, initialise a unique counter to n = 1, the variable C to zero, and each

element of an array C of length N to 1.

2) For each clone, update the configuration from x,_; to z, according to the mass
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Py .oy [1;w(n — 1)]. Store the individual values of e~ *%n-=a-1 in C.

3) Cloning step. Compute the arithmetic mean y of all the entries of C. Perform
a weighted random sampling with repetition (see, e.g., reference [15]) of N clones
from the ensemble, according to their weights C. This sample replaces the existing

ensemble.

4) Increment C to C' +1In(y). Update n to n+ 1 and reiterate from 2, until n reaches

the desired simulation time.

The SCGF is recovered as —C'/n for large n. As the sampling at step 3) is performed
simultaneously for all the clones, it is very unlikely for a single clone to replace all the
remaining ones, even in the presence of a strong bias. We argue that this further reduces

the finite ensemble effects.

In continuous time an equivalent strategy is to mimic the discrete-time steps, as
in, e.g., reference [5], so each trajectory evolves independently for a constant interval At;
in this case, the product of the cloning factors encountered during the interval, as well
as the time elapsed since the last jump must be stored. This permits the application of

the cloning step to all clones simultaneously.

Finally, it is worth making the link to the procedure originally proposed by C. Gi-
ardina, J. Kurchan, and L. Peliti [18]. In their seminal paper, the use of the cloning
method to probe large deviation functionals for Markov processes is proposed and the
general idea is implemented in discrete-time. Indeed, for the Markovian case, we can
arrange the biased WTD as

. / qa
Zﬂﬁk,c' G,z j,c 9z;,z;,c

ka,d Gxp,xj,c! Zxk,c' 9zp,xj,c

Uiy y,0(T) = 5(r—1). (4.43)

This suggests the following steps for each ensemble element: increase the time by one unit,
change the state according to the modified transition probability Gu, ., c/ Zxk’cl 9oy ;¢!

and modify the ensemble population according to a cloning factor

Zga:k,a:j,c’/z /Ba:k,;tj,c’ ) (4‘44)

T, T,

which only depends on the departure configuration x;, as indeed explained in refer-
ence [18].
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4.4 Test on non-Markovian toy models

We now test the non-Markovian cloning procedure against three non-Markovian models,
whose exact large deviations are known from the literature or can be deduced from

Markovian models.

4.4.1 Semi-Markov models for ion-channel gating with and without
DTI

The current through an ion channel in a cellular membrane can be modelled with only
two states, corresponding to the gate being singly occupied (z1) or empty (z¢); an ion
can enter or leave this channel via the left (L) or right (R) boundary and non-exponential
waiting times lead to a complex behaviour [3]. Specifically, we denote the WTD for a
particle that succeeds in entering (or leaving) through the boundary L by 9y, 40.1(7)
(or g z1,—1(7)) with respective density g, z0.0(7) (Or ¥gg2,,0(7)) for the boundary
R. The rightwards current is measured by a counter that increases (decreases) by one
when a particle enters (leaves) the system through the boundary L. Its exact SCGF
is obtained numerically by D. Andrieux and P. Gaspard [2] as the leading pole of the
time-Laplace transform of Z(s,t) (procedure detailed in section 4.3.3), for the DTI-case
Vas25,e(T) = Payaj P, (T) With 23271,0 Drozr,c = ZCZO,lpme,c = 1, and the particular
choice 1, (7) = g(7; kj, Aj), where

Aka_l

(k)

is the PDF of a Gamma distribution with shape k and scale 1/\ and

g(T3k,\) = exp(—AT) (4.45)

(o)
(k) :/ a*1e® dz
0
is the Gamma function. The Markovian case is recovered for k = 1.

We intend to find the points where the determinant of 1 — 1 (v) is zero, as detailed

in section 4.3.3 and reference [2]. The Laplace transforms of the Gamma WTDs are

_ Ao\ .
Yy, (V) = <)\j n y) . fori=1,2 (4.46)

Notice that if the shape parameter k; is integer, then @x]— (v) has k; real poles and an

Erlang distribution with k; stages is obtained. The total Laplace-transformed biased
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0.02 T T T 2 T T T T T

[)00 L. (a‘) .................... MBI g ]
x

—0.02}

E —0.04 ; 1 N
w .

—0.06 |

_p.o8| * * Sol of Andrieux and Gaspard (2008) a —  Hidden Markov |

* ¢ Cloning * Cloning

—0.10 I | I J —14 L L L L L
—-1.0 -0.5 0.0 0.5 1.0 -3 -2 -1 0 1 2 3

S S

Figure 4.2: SCGF of current in ion channel. (a) DTI model with (ko, Ao, k1, A1) =
(0.1,0.01,1,1) and (pa;,20,15 Pro,21,05 Pao,z1,~15 Pr,z0,0) = (0.5,0.6,0.4,0.5); the cloning
result is consistent with the solution given in [2]. (b) non-DTI model with Markov repre-
sentation and inverse scales (A}, A\F, A, AfY) = (20, 10, 10,20/3); The cloning reproduces
the leading eigenvalue of the Markovian s-modified generator. In both cases N = 103
and t = 10°.

WTDs are;

@xo,:m (v) = (p:co,m,o + pCCOJ?Lleis)Jxl (v), (4.47)
@ml,mo (V) = (prhro,o + pm,ro,—les)amo (V); (4'48)

these are the off-diagonal elements of the matrix 1 — 1p(v), whose determinant 1 —

@xl’xo(y)@xom(y) is zero when

AN RN — -
< A1 ) ( Ao :(pzo,zuo + Pzo,z1,1€ s)<pzo,$1,0 + Pzo,z1,1€ s)' (4'49)

The leading zero of equation (4.49), computed using the Newton—-Raphson method, is
plotted in figure 4.2(a) along with the cloning results. Notably, the cloning method of sec-
tion 4.2 can be implemented for any WTD, as only a bias of e® for ions leaving the channel
leftwards and a bias e™* for ions entering from left are needed. The figure shows that the

cloning reproduces, within numerical accuracy, the solution in v of equation (4.49).

In a quest for more general classes of models to illustrate the power of our approach,
we now relax the constraint of DTI and assume that each transition can be triggered
independently by two mechanisms, corresponding to the two boundaries. We still assume
that memory of the previous history is lost as soon as the system changes state, thus
preserving the semi-Markov nature. At the instant when the gate is emptied, a particle
attempts to enter the system from the left boundary after a waiting time 7" with density

distribution !ZIOL (1), while another particle attempts to arrive from the right boundary
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after a time T{? distributed according to ¥ (7). The waiting times TF and T}, as well as
the densities ¥{*(7) and ¥{*(7) are defined similarly. In order to have a right (left) jump
during the interval [r, 7 4+ d7), we also require that the left (right) mechanism remains

silent until time 7. Consequently, the WTDs are

Var0,0(T) = U (T)F (7), (4.50)
Yar,m0,-1(7) = Yy (1) (7), (4.51)
Yoo 0(T) = VH(T)PT (1), (4.52)
Yoo 1 () = V1 (1)L (7), (4.53)

where @g.p )(7') = [~ W;p ) (t) dt are survival probabilities, with p denoting the mechanism
L or R. As a concrete choice, we again assign a Gamma probability distribution to the

waiting time of each event,

Py — (P) (p)
W] (7—) - g(Ta kj ) A] )7 (454)
so that the survival probabilities are
() () — (P) (p) (p)
b; (1) = F(kj s AS T)/F(kij ), (4.55)

where I'(k,z) is the upper incomplete Gamma function. The time to the next jump,

given that the system just reached state x; (i.e., its age is zero) is min{TjL, TjR} and is

associated with the total survival probability,

P, (1) = (25]]-*(7')@53(7'). (4.56)

Once the transition time is known, either the left or right trigger is chosen, according to
the age-dependent rates

B (r) = g(r; kP AT’ /4 (B, A7), (4.57)

where y(k, x) is the lower incomplete Gamma function. The SCGF of the left current is

computed by biasing the WIDs ), 4,.1(7) and 5, », —1(7) with eT®, respectively.

While the implementation of the method of section 4.2.2 remains straightforward for
this model, a general solution for the exact SCGF is missing. We thus specialise to the
case with integer shapes k' = kf* = kl' = kI = 2, where the Laplace transform of
Va2, (T) = D e Vo, 2;,6(T) is a rational function of v, viz.,

AP +3AF+ L) (D)2 (r + AT +3M0)

Vo . (V)= + ; 4.58
e PRV I VAL (v + AR £ ALY? (4.58)
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its first term corresponds to the right boundary, while the second one corresponds to the
left boundary?. Notice that there is no dependence on the arrival state x;, the model

being defined on a two-state configuration space. Equation (4.58) can be conveniently

written as (AR L) (AR Ly3
_ PVLNEpY AN
W) =y @ T ; i T4 4.59
T PR v V3 R T PRV S V5 9
with
A2 4 (AL)2
- M , (4.60)
i TA
2AENE
Qi3 = m, (4.61)
i TA

which clearly defines a Coxian distribution of the type seen in equation (1.37) (notice
that a; 2+0a;3 = 1). To study the effect of boundaries we separately decompose in partial
fractions the left and right WTD contributions of equation (4.58), i.e.,

2 2 2 2
RN ) i L) R f)
o (AR AL (W AR (b AR £ AL (b AR AL
(4.62)
which can be rearranged as
2 3
G . () =k (AF+0) L (AF+HAD)
ZL‘j,l‘i

i +a;

OSSR PRV L

CE4AR)? L R
(6

R
e eyt
where
L\ 2
aly = 444£51)444§ (4.64)
T (AN
9 (AL)2 AR
1L3 = ()‘z ) )\ng (465)
Y
R 2
T (AN
2 (AR)2 \L
aﬁr=—l§)—§g- (4.67)
(AR

Notice that oeiLg +a£3+af2 +a5°3 = 1. The first and second terms correspond to left jumps,

“This can be verified by Laplace-transforming the two terms in 3, %z, .« ;.¢(T) separately.

119



Chapter 4. A numerical approach to large deviations in non-Markovian processes

21

(a)

Figure 4.3: Two graphical representations of the WTD (4.59). The waiting time is equal
to the adsorption time of a random walker from the leftmost site to any of the grey sites.

while the third and fourth terms correspond to right jumps. We also underline that the
choice (4.64)—(4.67) is only one of the possible decompositions of the WTD (4.58). Tt
follows, straightforwardly, that

2 3

T ) = (ol + ) (5 ) + el rody) (35) - o9
where we used, for convenience, \; instead of )\f + )\f. A comparison with (1.37) shows
that it corresponds to the case with three stages (i.e., k = 3), po = p1 = 0, and ps =
an + aZL?Q. Hence, the jump from z; to z; can be modelled as a process of three stages,
in each of which the system is trapped for an exponentially distributed time with rate
i, as in explained in section 1.3. At time zero, with probability 1, the system enters the
first stage and waits there. Then, again with probability 1, it enters a second identical
stage. After leaving the second stage, the escape occurs immediately with probability po,
or the system enters the third and last phase with probability 1 — ps. Hence the WTD is
the time to absorption of the Markov process with the transition graph of figure 4.3(a),

given that we start at state 0.

Recalling the notion of trigger, it is possible to build an alternative but equivalent
absorbing Markov process with the same time to absorption. We think of each of the
two Gamma triggers (R or L) as a device with two exponential stages (with rate Af
or )\ZL) The escape occurs when either of the two triggers leaves the last stage. The
transition graph of the associated Markov process is shown in figure 4.3(b). Hence,
the two-state semi-Markov process with WTD (4.50) and (4.53) can be seen as a six-
state Markov process. With the phase-type representations of 95, 4, (7) and g, 2, (7),
it is straightforward to build a Markov transition graph of the full model. In order to

study the non-equilibrium aspects, we need to distinguish the contributions of the two
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Figure 4.4: Graphical representations of the non-DTI ion-channel model with hidden
states. The bonds corresponding to biased rates are drawn in thick lines. The modified
generators associated with these two models have the same leading eigenvalue.

boundaries L and R. Hence, in order to obtain the s-modified generator and find the
SCGEF of figure 4.2(b), we only bias the true/visible transitions of type L. The resulting

Markov representations are then encoded in the multi-graphs of figure 4.4.

The linearity of the Laplace transform permits the distinction of the left and right
contributions in (4.68), hence it remains easy to bias the rates that correspond to a
change in J and the SCGF can be exactly found as the leading eigenvalue of an s-
modified Markovian stochastic generator. Figure 4.2(b) shows convincing agreement of

our cloning method with this exact approach.

4.4.2 TASEP with history dependence

More general non-Markovian systems are those whose WTDs depend on events occurred
during the whole observation time. Systems in this class are the “elephant” random
walk [38] and its analogues [24, 36, 42], where the transition probabilities at time ¢
depend on the history through the time-averaged current j(¢). We focus here on an IPS
with such current-dependent rates, namely the TASEP of Harris [23].

Non-Markovian interacting particle systems can be described by assigning a trigger
for attempts with WTD W,;[r;w(t)] and a corresponding survival function ®;[7;w(t)] to
each elementary event ¢ that controls the particle dynamics. The probability density that

the next transition is of type i and occurs in the time interval [t + 7,¢ + 7 + dt), given
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that, for each j, a time 7; has elapsed since the last event of type j, is given by®

YilT;w(t) |0, T, T2, . ) = W4T + T w(t)| ) H Q[ + 75 w(t)|75], (4.69)
JFLI=12,...

where W;[1 + m;w(t)|r] = Uilr + 135 w(t)]/ i w(t)] and @;[1 + 75 w(t) 1] = Pi[r +
Ti;w(t)]/Pi[mi; w(t)]. With exact expressions for these WTDs, we can implement the

algorithms of section 4.2.

As mentioned in section 2.1, the TASEP consists of a one-dimensional lattice of length
L, where each lattice site [, 1 <1 < L, can be either empty (7, = 0) or occupied by a
particle (n; = 1). We assume that particles on a site | < L are driven rightwards. In
a non-Markovian variant of the model, they attempt a bulk jump to site [ + 1 with
WTD Uy [7;w(t)], the attempt being successful if ;41 = 0, as in [13, 21, 27]. With open
boundaries, a particle that reaches the rightmost site L leaves the system with WTD
U [r;w(t)]. Also, as soon as i1 = 0, a further boundary mechanism turns on and particles
arrive on the leftmost site with WTD Wq[7; w(t)]. The special choice ¥o[r; w(t)] = ae™7,
Up[r;w(t)] = pe 7, and Vi [r;w(t)] = Be P corresponds to the standard Markovian
TASEP with constant left, bulk and right rates «, p, and 3.

Let us provide more details about this model. From equation (4.69) we get

W[ + 7 w(t)] D[ + 755 w(t)]
Y[ w(t)|mo, 71, 72,.. ] = : (4.70)
D575 w(t)] j;éi,jl_()[,1,2,... D;[73 w(t)]
which also yield, multiplying and dividing the r.h.s. by ®;[r; + 7; w(t)],
il + 73w ()] D[ + 755 w(t)]
wi[T;w(t)h—OaTlaTQv"'] = (471)
Bilr + 7 w(D) OH &, [ry; ()
In equation (4.71) we recognise the total survival probability
im0, Plmiw®)
and the age-specific hazard
U, [7 + 735 w(t)] (4.73)

D;[7 + 75 w(t)]

5In a slight abuse of notation, we continue to use the full history w(t) as a parameter but explicitly
show the conditioning on the 7;s.
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By dividing and multiplying the r.h.s. of equation (4.71) by the sum

U, [m + 75 w(t)]
I E— (4.74)

we obtain the convenient form (4.11), i.e., the product of an inter-event time distribution

T+ 75 w(t)] Q[T + 755 w(t)]
{Z@TM, m}x Il = mwo) ()

§=0,1,2,...

and the conditional probability of having a specific event
U, [1 + 735 w(t)] T+ T w(t)]
. 4.76
Bl + 7 0) /Z 7 w(0)] (470

Notice that all the quantities here are history-dependent, while, if we remove the general

dependence on w(t) whilst maintaining the dependence on the elapsed times 19, 71, 79, . . .,
we obtain the case of a process with semi-Markov triggers [21]. We now assume that
only the left boundary has a non-exponential WTDS, while the particle triggers have
exponential WTDs with rate 1 for free particles in the bulk, and rate g for the particle

on the rightmost site. Exponential triggers allow us to write

Uyl + 75 w(t)] 1

4.77
Oy [T + 735 w(t)] (4.77)

for each free particle in the bulk, while we have
Urr+ 15 w(t)] _ 5 (4.78)

O [r+ 1 w(t))

for the particle on the rightmost site. Consequently the inter-event time density distri-

bution, conditioned on a time 7y having elapsed since the last arrival event, is

strswoin] = (M )40 o)
Qo[ + 05 w(t)]
X exp {ln [ Dol w(i)] ] (1—mnp)— (n+ ,877L>T} , (4.79)

5As we wish to model arrivals with current-dependent rate.
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while the probability mass distribution, conditioned on an age 7 and elapsed time 7g is

Wo[r + 105 w(t)]

po[T; w(t)|mo] = Dol w(d)] (1 —mno)
v - -
( %Z[;ng)%t)] (I —mo)+n+ 577L> : (4.80)
. -1
mlrwoln] = () ) (4.81)
v ; -

pL[T;w(t)|T0] =BnL ( (&EZ[;T?;(IS)(]U] (1=mo) +n+ BUL) , (4.82)
where the 79 and 77, encode the exclusion rules at the boundaries, ¢ = 1,2,...,n, and n

is the number of free particles in the bulk, which depends on the lattice configuration

before the jump. The survival probability is

D[ + 705 w(t)]
Po7o; w(t)]

olriu(tin] = exp {1n Ja-m-@eomrh. sy
which is the product of the Markovian exponential decays for the bulk and right-

boundary particles and a memory-dependent prefactor for the left-boundary arrivals.

We now define the stochastic dynamics of the boundary trigger. Let us impose that

the arrival rate a depends linearly on the inwards current j(t), i.e.,
a(j) = ap + aj, (4.84)

which defines a time-dependent rate Sy(t) := afj(t)]. A similar functional dependence
(but on the instantaneous output current) has been used to model ribosome recycling
in protein translation [19, 39]. Generically, such rates describe a simple form of positive
feedback (for a > 0), whose effect on the stationary state of the TASEP is to shrink the
low-density phase [23, 39]. The current fluctuations are also altered; the rate function
é(j) in this phase has already been computed, for our model, by means of the so-called
temporal additivity principle [23, 25], hence this model provides a testing ground for the
cloning method of section 4.2. The particle arrival mechanism starts when the leftmost
site is emptied, when we set an age of 7 = 0. Denoting by ¢ the current immediately after
the last arrival, which occurred at t — 79, the value j(t + 7) at age 7 can be expressed as
q(t —70)/(t + 7), hence the trigger hazard is

Bo(t+7) =ap+ aq(t —10)/(t +T), (4.85)

where 7 is the trigger age. Initial values of 79 and ¢ are chosen to be 1 and 0, respectively.

This allows us to derive the trigger survival probability and the resident time distribution

124



Chapter 4. A numerical approach to large deviations in non-Markovian processes

which are, respectively,
Dg[m; w(t)] = exp (—/ Bo(t + u)du> (4.86)
0

+ aq(t—T70)
fry ( > e—()é()T’ (487)
t+7

and Vo[r;w(t)] = Bo(t + 7)Po[r; w(t)]. Using these in equations (4.79)—(4.82) allows us
to generate the trajectories. The survival probability (4.83) for whole process obtained

pooling the single-trigger processes has the simple form

¢ aq(t—70)(1—no)
) exp{—rloo(l —mo) —n—Bnrl},  (4.88)

olriw®)] = (14

which has been used to generate random inter-event times using the “inverse sampling”
method (see, e.g., reference [41]) as follows. With the definitions @ := aq(t — 70)(1 — n0)

and R := ag(1l —n9) — n — Bnr , we are concerned with the solution in 7 of

( ! )Q TR =1—u, (4.89)

t+ 71

where v is a drawn from a uniform distribution on [0, 1). Equation (4.89) can be rewritten

as
(t+7)R/QeHDRIQ = (1 —u)" @ tR/Q e/ = C, (4.90)

which can be solved numerically with respect to z := (¢t + 7)R/Q to get the time to
the next jump 7. Interestingly we recognise that z = Wy(C) is the principal branch of
the Lambert function [14]. A numerical problem here is that equation (4.90) contains
the exponential of ¢, which for large time causes computational overflow. This has been
avoided by taking the logarithm of both sides of equation (4.90) and solving In z+2z = InC

with respect to z.

We evaluated the SCGF of the left-boundary current simply by applying a bias e™® to
the conditional WTD of the arrival events and implementing the algorithm of section 4.2
for this model. The results are plotted in figure 4.5(a). It is worth noting the existence
of a linear branch with slope j* for large negative values of s. In agreement with the
discussion of section 1.6, this branch is mapped to a unique point of the rate function
é(j) in figure 4.5(b). It would be interesting to probe larger negative values of s but,
far from the central regime s = 0, the algorithm shows some convergence problems and
systematic errors. These indeed are a feature typical of the cloning approaches and are

presumably due to the finiteness of the clones population [26]. A simple way proposed
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Figure 4.5: (a) Cloning evaluation of the SCGF for the non-Markovian TASEP, with

(ag,a, B, L) = (0.2,0.1,1,10%), using 7' = 103. Ensemble size is N = 5-10% (N = 10*) for
s > —2 (s < —2). The markers correspond to the direct evaluation of e(s). Numerical er-
rors are of the order of the symbol size, except for large negative s, where finite-ensemble
errors still seem to play a role. The red line is obtained as [ (de(0)/do) do, according to
the thermodynamic integration of [29]. (b) Comparison between the Legendre—Fenchel
transform of the red line in (a) and the rate function of [23]. The dotted line is a numer-
ical artefact due to the finite range of s in (a); the Legendre—Fenchel transform maps
the whole linear branch of e(s) to the value at j* and larger values of j are, in fact, not
probed. In both (a) and (b), the dashed lines are the large deviation functionals of the
corresponding memory-less TASEP with “effective” arrival rate.
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by Lecomte and Tailleur [29] to smooth out the numerical error consists of the following
trick. From the definition of the SCGF one gets, by differentiation,

d 1 Jw®)] )]
— = t)|dw(t 4.91
560 = go | TR 0w ), (491)
which is the expectation value of the time-averaged current J[w(t)]/T among the popu-

lation of clones; we can use, of course,

e(s) = /0 | <ded(;)> do, (4.92)

thus computing the SCGF from its derivative. Such a procedure is referred to as the
thermodynamic integration and has been used to make a better estimate of e(s), see the
red solid line in figure 4.5(a). A further observation we wish to make here is that the
integral in equation (4.92) averages the systematic finite-ensemble error of e(s) from 0
to s; as the error in the neighbourhood of s = 0 is negligible, the accuracy of the SCGF

at s is enhanced.

If e(s) remains linear with the same slope for s < —4, its LF transform will be defined
only for j < j*. This appears to be related to the dynamical phase transition seen in
the Markovian TASEP, where large current fluctuations require correlations on the scale
of the system size, and the rate function diverges with L [28]. Indeed the space-time
diagrams of the density profile from the cloning simulations, plotted in figure 4.6, seem

to suggest that the correlation length increases as s becomes more negative.

In figure 4.5(b), the numerical LF transform of e(s) is validated by the exact numerical
minimization calculation of Harris [23], which assumes the temporal additivity princi-
ple [25].

Figure 4.5 also shows the large deviation functionals of a standard (Markovian)
TASEP obtained by replacing the history dependent arrival rate with a constant “effec-
tive” rate a(j), where j is the stationary current and is heuristically obtained as follows.
We use the fact that, for the standard TASEP with open boundaries in the low-density
phase, the mean current in the long-time limit is given by the arrival rate at the left
boundary [28]. Similarly, for the history-dependent TASEP with rate (4.84), intuitively,
the current in the long-time limit can be obtained as the solution j of the fixed-point
equation j = «(j) [23]. The SCGF for the standard TASEP with open boundaries is
known analytically [28]; the limit as L — oo, which represents a valid approximation for
L = 1000, is

e(s) = 1= 0 00) =t s (4.93)
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Figure 4.6: Space—time diagrams of the biased history-dependent TASEP of 100 sites.
For all cases, the ensemble size is N = 100 and the parameters values are (ag,a, ) =
(0.2,0.1,1). It is possible to appreciate that the density profile is rather uniform in (a)
for s = 0, while it displays patterns in (b), (c), and (d) for s < 0, suggesting an increase
of the correlation length with large negative values of s.
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for s > —1In <%3()3)) =: S., and is plotted in figure 4.5(a) as a dashed line. Its LF
transform yields the rate function é(j) in the semi-interval j < 1/4, also plotted as
dashed line in figure 4.5(b). For values of j larger than the critical current 1/4, é(j) is
instead proportional to L [28] and can be assumed infinite for a macroscopic chain lattice.
We notice that the fluctuations around the mean current for the two models are similar,
while it is possible to appreciate that the large deviation functionals differ far from the
central regimes. Interestingly, according to the cloning method, the critical current for
the history-dependent TASEP j* is larger than the critical value 1/4 for the standard

“effective” TASEP and it would be interesting to further explore this memory effect.

4.5 Discussion

We have demonstrated that the cloning algorithm for the evaluation of large deviations
can be applied consistently for both Markovian and non-Markovian dynamics. In fact,
the cloning/pruning of trajectories at each temporal step can be performed according to
a very simple factor multiplying the WTDs, as in equation (4.2). Our analysis encom-
passes classes of systems with different memory dependence and exploits the similarities
between their different formalisms. The efficacy of this approach is confirmed by numer-
ical results for some of the rare non-Markovian models whose large deviation functions

can be obtained exactly.

For general non-Markovian cases, the implementation of our procedure is not much
harder than the exact simulation of the original trajectories. In Markov processes, the
procedure is equivalent to those of Giardina et al. [18], Lecomte and Tailleur [29], where
biased dynamics involving alternative rates or transition probabilities have been defined.
We expect that, to minimize finite-ensemble effects, an optimal choice of modified WTDs
and cloning factors exists for both non-Markovian and Markovian systems, along the lines
of the feedback control of Nemoto et al. [35]. Further developments can thus be antici-
pated. We also mention that the discrete-time case of Giardina et al. [18] is interesting
as the jumps and the cloning steps occur simultaneously for each ensemble element. This
feature can be used to prevent a single clone replacing a macroscopic fraction of the

ensemble, thus reducing finite size effects.

Large deviation functionals are often hard to obtain analytically, and such a difficulty
is exacerbated in non-Markovian systems, which better describe real-world situations.

We think that the results of this work open up a promising avenue for numerical studies.

To explore real-world applications of the cloning method, in the next chapter we
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consider some aspects of teletraffic engineering, where time-extensive observables and

their large deviations are of special interest.
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Natural systems made of many coupled components, ranging from ideal gases to
living organisms and their communities, have long been of interest to scientists. By con-
trast, recently, some of the most studied complex systems are man-made, for instance
telecommunication networks and financial markets. The ways used to approach these
technological systems is similar to those used in natural sciences. Indeed, at a sensible
level of detail, the system’s properties appear as random variables, and the scientist ef-
fort is directed towards the quantification of such randomness, as well as of its effects.
Specifically, in telecommunication engineering, we are interested in relating the elemen-
tary (“microscopic”) description of the telecommunication networks in terms of packets
and servers, to a perceivable (“macroscopic”) quantity, such as the service available to

the final user.

Here, indeed, we aim at demonstrating that it is possible to apply the machinery
developed in the previous chapters to a real-world problem in telecommunication engi-

neering, that is, “how can we decide whether a server can accept or refuse some work,
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without dissatisfying existing customers?”. We only deal with simple examples, while

there is potentially much more which could be done in terms of actual applications.

This small chapter is organised as follows. In section 5.1 the concept of workload is
introduced. In section 5.2 we state three theorems that allow us to bound probabilities. By
means of these, we introduce and motivate the notion of effective bandwidth in section 5.3,
which is closely related to that of the SCGF. Finally, in section 5.4, we consider toy
models of packet traffic and some analogies with the formalism developed in the previous
chapter, showing how to use the cloning method of chapter 4 to compute their effective

bandwidths. We conclude the chapter in section 5.5.

5.1 Introduction

In a queuing network, we have a collection of servers that exchange packets or customers.
In chapter 2 we drew a parallel between the ZRP and a queueing network, but in order
to study more general non-Markovian queuing systems, we find convenient to set up
a slightly different notation than the previous chapters, based on references [14, 15,
18]. When a collection of packets leaves a server to reach another one, we say that a
communication channel has been established. In such a channel, we refer to the random
amount of work brought by customers arriving during the interval [to, t) as X (¢o,t). This
is the integral over [to,t) of a renewal process z(t), viz., a series of random events which
describe particles (or customers) feeding a server. Similarly we consider the amount
of work Y (to,t) that the server can do during the same amount of time, which is the
integral over [tg,t) of another renewal process y(t). It is of central importance here that
we assume that such quantities are time-extensive. They can thus play the role of the
current J[w(t)], as defined in the previous chapters of this thesis, and their rare statistics

can be studied using the cloning method of chapter 4.

We now define the random variable W (to,t) = X (to,t) — Y (to, t), which is referred to
as the workload process. As shown in figure 5.1, W (¢, t) has an increment at the instants
(t1,t2,...,ty), with tg <t; <...<t, <t, where an arrival or service event occurs. It is
important to notice the service cannot be stored. After each increment, it is possible that
there still is a certain amount of work waiting to be done; this is referred to as the queue
length and is denoted by Q(¢). The dynamics of the server are as follows. The work to
be done at time ¢, is the sum of the length of the queue at the previous event instant
t,—1 and the workload increment W (g, t,) — W (to,tn—1) done during the same interval;
however, when W (to, t,,) —W (to, tn—1)+Q(tn—1) < 0, the work surplus is wasted, yielding

a zero queue length (instead of a negative one). This can all be expressed compactly in
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Figure 5.1: Workload process. (a) The light red line is the total amount of work (e.g.,
customers to be served) requested during the interval [to, ), while the blue line is the
service that can be provided during the same amount of time. (b) The red spikes are
the arrival events, while the blue spikes are the attempted service events. (¢) Workload
process W (to,t) = X (to,t) — Y (to,t). (d) Time evolution of the occupation of a queue
subjected to the arrivals and services of (a) and (b). The initial occupation number is 4.
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the recursive relation

Q(tn) = maX{O, W(to, tn) — W(to, tnfl) =+ Q(tnfl)}. (5.1)

In a discrete time setting, the events can be thought of being equally spaced and equa-
tion (5.1) is referred to as Lindley’s formula. The definition of Q(¢) given the workload
process when both time and packet sizes are continuous is much more subtle and can be
found, e.g., in reference [11]. A simplification consists of assuming constant deterministic
service (i.e., a queue of type G/D/1, according to the Kendall notation). In the next

sections, we will deal with such a type of queue, unless explicitly specified.

5.2 Bounds and limit theorems

A very loose bound theorem on a generic random variable X that takes only nonnegative
values with density function f(u) can be derived from the knowledge of its expectation

value, i.e., . .
/ uf(u)du > :13/ f(u) du, (5.2)
0 T

for > 0. This can be rewritten more conveniently as

Prob{X >z} < <i(> (5.3)

A more general version of the bound (5.2) valid for nonnegative and nondecreasing

functions h of X is called Markov inequality and reads,

oo oo
/ h(u)f(u)du > h(m)/ f(u) du. (5.4)
—0oQ x
The Markov inequality is not immediately useful for many real-world situations (as
the bound can be very loose) but allows us to derive more interesting bounds as follows.
We assume that the variance 0% = ((X — (X))?) of X is finite, and define a new random

variable
Y = (X — (X))~ (5.5)
Then, from relation (5.3), we get Prob{Y > 22} < %, which can also be written as

Prob{|X — (X)| > 2} < X (5.6)

and is referred to as the Chebychev inequality for X. Notice that this is more general
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that equation (5.3) as it holds for random variables that can take negative values.

We now consider a function h(z) = %, for s > 0 in equation (5.4) and obtain
Prob{X > z} < e 5%(e*¥). (5.7)

This inequality is referred to as the Chernoff bound. Further details can be found, e.g., in
the book of W. J. Stewart [26]. In the next section we see that it provides an useful link
between the theory developed in chapters 1 and 4 and the assessment of the performance

of a communication channel.

5.3 Effective bandwidth

We refer to the effective bandwidth e(s,t) of a process X (to,t) of duration T" that starts

at tg, ends at t = T + £, and describes a time-extensive observable, as the functional

ln<e5X(t0 ,t) >

e(s,t) = St

(5.8)
This notion provides a way to evaluate the performance of a communication channel
subjected to an arbitrary arrival process, as explained, e.g., in references [14, 15] and
outlined below. When the service is continuously and deterministically provided with
a constant rate r, the service capacity in the time interval ¢t — ¢y is r(t — tp), and the
total workload process for this amount of time is W(to,t) = X(to,t) — r(t — tp). In
telecommunications, the quantity r is typically a data transfer rate and it is referred to
as the bandwidth. We also assume that a number n of sources contributes to X (to,1),

ie.,

X(to,t) =Y Xi(to, t) (5.9)
i=0

According to the Chernoff bound (5.7), the probability that the service request overflows

the capacity satisfies

In Prob{ X (to,t) > r(t — tg)} < In(e3(X(to:)=r(t=to))y (5.10)
= In(e*X D)y _ s (t — ). (5.11)

for all s > 0. In this context, we say that a certain quality of service—for which the

acronym QoS is commonly used—for a given -, is guaranteed if the following condition
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Figure 5.2: QoS control. X (to,t) and X,,+1(to, t) are Poisson processes of duration (t—t¢)
with rates 0.09 and 0.05, respectively. The QoS is calibrated on v = —0.01 and the deter-
ministic service rate is r = 0.23. As there are values of s such that the moment generating
function of X (¢o,t) + Xpn+1(to,t) is smaller than sr(t — tg) — 7, the condition (5.12) for
X (to,t) + Xyy1(to, t) is satisfied and the new arrival X,,1; can be accepted.

is satisfied:
PrOb{X(to, t) >r (t — to)} <e 7. (5.12)

The same inequality is also referred to as service requirement or admission criteria. We
prefer to work with another condition instead,

in%{ln(es(x(to’t))> —sr(t—to)} < —, (5.13)
s>

which is sufficient for equation (5.12) to hold. This means that if In(e*(X(t0:1))) — s (t — 1)
is less than —v for some s > 0, then the QoS is guaranteed. We are now in the position
to decide whether the server can accept another service request X,41(to,t) (which is

independent of X (t¢,t)), without violating the condition (5.12). The criterion is that the

new request X, 1(to,t) is accepted if there is at least a value s such that

In(es(X(t0D)y 4 n(e3(Xnt1toD)y _ gp(t — 1) < —7. (5.14)
A simple example where a new Poisson arrival process X, 11(to,t) can be accepted is
shown in figure 5.2. Dividing by s(t — tg), we get

s(X (to,t)) 5(Xn+1(to,t))
In(e ) | Ine . (5.15)
S(t — to) S(t — to) S(t — to)
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This explicitly shows how the effective bandwidths compare with the true bandwidth r.
In conclusion, we can evaluate whether a new connection allows us to maintain a promised
QoS by computing the effective bandwidths of the sources X (¢,t9) and X,1(t, to).
Clearly, the effective bandwidth can be calculated for the outwards traffic departing
from a server, as well as for the available work Y (¢o,¢). In the next sections we will com-
pute the effective bandwidths of selected processes and we will use the cloning method

detailed in chapter 4.

5.4 Examples

5.4.1 A periodic source

As a first example, we consider a simple source that produces a given (fixed) real positive
number b of packets at random times (n + Upy)d, where the U,, n = 0,1,2,..., are
uniformly distributed on the interval [0,1), and 0 < d < 1. This model can be thought
of a source where b particles are produced at each cycle (the period of each cycle being
subjected to noise) and has been used to describe the workload produced by a constant
rate information source [23]. The analytic expression for its effective bandwidths appears

in reference [14] and is plotted in figure 5.3; it reads:

e(s,t) = ? BJ + éln [1 + Cl - MD G 1)] . (5.16)

We derive equation (5.16) as follows. The arrival process X (to,t) can be written as

t

Xttty =0 (|3] + 80)). (5.17)
where B(p) is a Bernoulli random variable with p = g — L%J, i.e., B(p) is zero with
probability p and one with probability ¢ = 1 — p. The moment generating function of
X(t) is simply obtained as the product of the generating functions of a constant and a

Bernoulli random variable, viz.,

(e3X (b)) = oxp (sb m ) (g + pe®), (5.18)

which, after taking the logarithm and dividing by st, leads to equation (5.16). The same
functional can be evaluated directly realising an ensemble of N trajectories according to
X (to, t), but cloning/pruning some of the trajectories by a factor (N +e®—1)/N at each

arrival, as detailed in chapter 4, section 4.2.2. The result obtained with this method is
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Figure 5.3: Effective bandwidth of the periodic source (5.17) with parameters b = d = 1.
The source produces a single packet at each step.

compared to the analytical curve in figure 5.4. Not surprisingly, the two approaches are

consistent.

5.4.2 Fluid workload

Generically, a fluid queue is a stochastic model used to describe the flow out of a source
(or server) subjected to random periods of filling and emptying. It was first introduced
by P. A. P. Moran to describe the level of a dam, based on a discrete-time stochastic
process [20]. Since then, many continuous-time variants have been used in wildfire mod-
elling [25], in ruin theory [2], and, above all, in high-speed data-networks simulations,

see, e.g., reference [1].

A source or workload is called a Markov fluid if its time derivative is function of a
continuous-time Markov process. We consider a server that can be in many states, and
during the stay on each state it releases a fluid with a certain deterministic rate. In
such a model, deterministic and stochastic dynamics coexists, and the traffic generated
is represented as a piece-wise continuous flow, which contrasts with the particle/packet
models. The flow intensity varies according to the state of an underlying continuous-time

Markov process. Each state ¢ of this Markov process corresponds to a different flow b;.
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Figure 5.4: Section of the effective bandwidth (5.16) with parameters b=d =1 and s =
1. The solid line corresponds to the analytical prediction (5.16). The points correspond
to the numerical results using the cloning algorithm of chapter 4.

This generates a workload process which we now call B(tg,t), to point out the analogy
with the type B observables found in chapters 1 and 4. As an example, combining a
number n of identical on-off sources, the configuration state of the underlying Markov
chain has dimension |S| = n, each one corresponding to the number of active source. The
flow is at its peak when all the sources are active. The set of all the possible values of
total flow are organised into the matrix B = diag(by, ba, . .. by 5|). Rather than formally
developing the whole theory of fluid queues, focus on the analogies with the formalism

seen so far. The total workload process can be written as continuous functional of the

trajectory (to,xo, t1,x1, ta,To ... tn,Tp, t):
n—1
Bto,t) = Bw(t)] = Y (tit1 — ti)ba, + (t — tn)ba,. (5.19)
i=0

Similarly to the type B observables, each term of this only depends on the time-increment
(ti+1 — t;) and the configuration z;, excluding the last term. In analogy with what we
seen in the previous chapters, where we worked on a joint configuration-current space,
we now define a joint configuration-flow space and refer to the probability of having a
configuration x;, at time ¢, with a value B for the flow as P,,(B,¢). This probability

satisfies the Master equation

d
P (B,t) = Y [Glua, Py (By) + b

d

e~ P, (B, 1), 2
5P (B1) (5.20)

Ty

where G is the stochastic generator of the underlying Markov process. Now, this sys-
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tem can be diagonalised with respect to the subspace of Bs, by means of a Laplace
transformation that yields the biased Master equation

CPr(1) = Y[, P (1) + b, P (), (5.21)

Zj

which, along the lines of the algorithm of [17], as described in section 1.7.2, corresponds
to the dynamics of a system that changes configuration according to G, whose weight
evolves exponentially with rate sb,, during the stay in state z;. Also, after a visit to x;

of duration 7, the observable B(tg,t) increased by by, T.

We now present a derivation of the effective bandwidth of a Markov fluid that fol-
lows closely the one of reference [16]. We follow a standard argument based on the
Master equation (1.14), while reference [16] is based on the backward equation (1.16),
which is more popular in the Queuing Theory community. The aim is to find e(s,t) =
In(esBot)y /(s(t — tg)) = In(1]esBEoD| P(t0)) /(s(t — to)). We focus first on

|P(t)) = e*BU—dD| P(¢ — dt)). (5.22)

Component-wise, this is equivalent to

Pt)=% [eGdt} [esBﬂ P, (t — dt). (5.23)
Since [eXp(Gdt)]xMj = []l]xmj + [G]xhxj dt + o(dt) and [exp(sBdt)],, , =1+ sby,dt +

o(dt), we get

P,.(t) — Py, (t — dt)
dt

= Py, (t—dt)([Gla,; », +5bs,)+ Z ﬁmi(t—dt)[G]xj,anO(dt) (5.24)

TjFT

In the limit as dt — 0, we directly get equation (5.21). In matrix form this equation is
d - .
&|P(t)> = (G + sB)|P(t)) (5.25)

and has formal solution

|P(t)) = exp [(G + sB)(t — to)] | P(to), (5.26)
from which the following form for the effective bandwidth is obtained

e(s,t) = $1n<1| exp[(G + sB)(t — t0)] | P(to)). (5.27)
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As a simple example, we focus now on a simple source modulated by a telegraph

process i.e., a two-state (0 and 1) continuous-time Markov process with generator

_(—a B
G( . _5>. (5.28)

When the configuration is 0, workload is produced deterministically at a rate by = h,

while no workload is produced during a stay in state 1,

hoifi=0
b = : (5.29)
0 ifi=1

as the example of reference [14]. The biased Master equation explicitly reads

d [ Pyt —a+h Py(t
d D@ _ [ —a+hs § () (5.30)
dt \ P(t) o —p Pi(t)

Such a model would describe a source that is either in a idle state, i.e., not transmitting

any packet, or in a active state and transmitting at its peak rate. Assuming that the

observation starts at the stationary distribution
B
[Py = i), (5.31)
B+a

we can compute the effective bandwidth

e(s,t) = iln(l\exp [( —a;— hs B > t| |P*). (5.32)

—p

We mention that a related model is the so called Markov-modulated Poisson process
(MMPP) [10], which is a Poisson process with random intensity, defined by an underlying
Markov process. This can be still represented by the Master equation (5.25), but has
a different interpretation, as each state x; produces a Poisson process with intensity
bsz,. Both fluid sources and MMPP are characterised by the generator G and the rate
diagonal matrix B. Furthermore, one can think of replacing the Poisson process in a
MMPP with a generalised birth-death process, thus obtaining a similar but more general
process, which has been used to model populations in randomly switching environments
(see, e.g., Hufton et al. [13] and references therein). Within such class of models, the
lowest-order approximation of the modulated birth-death process leads to the piecewise-
deterministic Markov processes (PDMPs) [6, 7], which have been recently shown to be

appropriate also for the natural sciences (where the underlying Markov process represents
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the extrinsic noise) [13, 19, 21, 22, 28, 29]. Such PDMPs are more general than the
Markov fluid (as defined earlier in this section), as the transition rates of its underlying
Markov process can depend on the state of the population and the deterministic part
can be non-linear (while the fluid workload is linear). It is finally worth mentioning that

a non-equilibrium statistical mechanics of PDMPs is presented in references [5, 9].

5.4.3 Statistics of packet loss

We present here another simple example of s-modified generators G with biased rates in
the diagonal entries [G]y, . Let us consider a one-dimensional random walk on a linear
chain of length N. When the walker is in position N, a new arrival (with rate \) causes
the total-current counter to tick, but leaving the occupation number unchanged. Such a
system has a lucid interpretation in queuing theory and is referred to as an M/M/1/N
queue in the Kendall notation. Customers arrive according to a Poisson process at rate
A and are processed by a single server at rate p. Contrarily to an M/M/1 queue, here
there is space in the server only for N customers. When the server is fully occupied,
there is no interruption of the arrival process; however the new customers do not alter
the queue, simply disappearing instead. In communication systems, such customers are
said to be “lost”. Formally, the occupation number of the queue follows a birth-death
process, where the new arrivals can be neglected when n > N, i.e., A, = 0 for n > N,
Ao = 0, and A\, = X elsewhere. Hence, the stationary state is

1—

" = W()\/M)n> n <N, (5.33)

if A\ # p,or PF=1/(N+1),if A = p. This can be obtained easiliy and is in agreement
with the detailed-balance solution (1.101).

We are interested in the statistics of particle loss, i.e., we want to count the number
of customers that arrive when the occupation number of the queue is N. For this case,
we do not consider the effective bandwidth, but rather compute the standard SCGF.
The mean packet loss is simply given by the arrival rate A times the probability Py that

the queue is full. Such arrivals correspond to jumps that leave that state as it is, but

144



Chapter 5. Applications to telecommunications engineering

—0.03 — Exact Numeric -
* * C(Cloning

-04 0.2 0.0 0.2 0.4

Figure 5.5: SCGF of packet loss in an M/M/N/1 queue with (A, i, N) = (0.19,0.20, 10).
The solid line is the lowest eigenvalue of the matrix (5.34). Esemble size and simulation
time are N = 5-10% and t = 5 - 103, respectively.

contribute a factor e~* in the modified dynamics. The s-modified generator G is

A W 0
A A p
s 0 A “A—p
G=| (5.34)
—A—p I
A —“A—p+Are”?

This can be derived from a Master equation in the extended configuration—current space
(a configuration here is given by the occupation number, while the number of packets
lost represents a total current) as done, for semi-Markov processes, in section 4.3. The
negative terms of {G}N+1,N+1 correspond to the “escape” rates from the state with
occupation N. The positive entry Ae™® encodes for the jumps that does not modify the

state though increasing the count of the lost particles.

Figure 5.5 shows that the SCGF computed by means of the cloning method of the

chapter 4 has an excellent agreement with the smallest eigenvalue of G.
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5.5 Discussion

While physicists have been regarding the large deviation theory as the way to formulate
Statistical Mechanics, teletraffic engineers and operational researchers have been using
large deviation results to estimate the likelihood that a demand in service overflows the
available resources. A central role in teletraffic engineering is played by the effective
bandwidth e(s,t), a function that provides a criterion to decide whether a given quality
of service (QoS) can be maintained. This chapter reports some observations regarding
the analogies between the effective bandwidth and the SCGF e(s). It also suggests that

the cloning methods of section 4 is a general scheme for the evaluation of e(s, t).

This is akin to the other problems discussed in the previous chapter; in fact, realistic
queuing models must incorporate memory as they convey the patterns of human dynam-
ics, which are non-Markovian [3, 12]. Despite the fact that the specialised literature is
rich in exact solutions (mainly for Markov processes, see, e.g., [4, 14, 18, 24, 27] and the
references therein), a systematic and general way to compute the effective bandwidth

can be of interest.

It is important to remark that the effective bandwidth is a finite-time quantity and
for short times the use of the cloning method is not justified (we recall that this method
has been conceived to cope with the exponential expansion/contraction of the weight
associated to each trajectory). Hence, it would be interesting to estimate the conditions
under which the standard Monte Carlo calculations outperform the cloning method. We
also mention that the long-time limit of the effective bandwidth is equally interesting,
as demonstrated in Elwalid and Mitra [8] for Markov processes. This leaves ground for

further development.
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6 Conclusions and outlook

This thesis is concerned with the effects of memory in non-equilibrium systems. We con-
sidered models governed by stochastic dynamical rules, which can be encoded into a
set of inter-event waiting-time distributions with transition events not satisfying the de-
tailed balance. Such waiting-time distributions can describe well physical systems that
are driven out of equilibrium (by, e.g., self-propulsion or the environment) or techno-
logical systems that follow man-made directives. More specifically, we analysed large
deviations for these models. The results obtained are discussed in the last sections of
each chapter. In this final chapter we summarise the results, add a few comments from

a general point of view, and re-pose some questions left open throughout the thesis.

The first chapter is an original overview of the established mathematics of stochastic
processes, where we introduced the dichotomies of memory-less/non-Markovian processes
and equilibrium/non-equilibrium states, and the fuzzier distinction between typical and
rare trajectories in large deviation theory. In the absence of a unified framework that
comprehends all the non-equilibrium systems, out first step in chapter 2 was to study a
specific driven model of particles on lattice, where we established new results, through
both analysis and computer simulations. We studied the open-boundary on-off zero-
range process (on-off ZRP), a model that incorporates memory by means of an addi-
tional “phase” variable (such phase is also referred to as a “clock”). This model is the
open-boundary version of a non-Markovian ZRP introduced in Hirschberg et al. [10],
where the temporal correlations derive from the following mechanisms: the particles are
blocked on a lattice site (“phase off”) when a new particle arrives (this facilitates con-
gestion, i.e., the accumulation of particles on the site), the block being removed (“phase
on”) after an exponentially distributed waiting time with parameter c. The simple, but
important, message of chapter 2 is that, at first sight, the effects of time correlations are
hidden. In fact, the stationary-state solution of the one-site system (equation (2.18)) can
be written as in the Markovian case (see equation (2.7)), with an effective on-site inter-
action we,. This means that it is not possible to distinguish the on-off dynamics from

a standard memory-less ZRP based only on the site-occupation distribution, hence we
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cannot predict phase-dependent interactions when we are totally unaware of them. How-
ever, the presence of the on and off phases alters the statistics of the outwards particle
hops. This becomes important in the spatially-extended system where each site receives
particles, from its neighbours, according to a non-Markovian process. As a consequence,
a product form solution is in general not expected and we have relied on a mean-field
approach for the analytical treatment. This approximation consists of replacing the true
arrival process on each site with a Poisson (i.e., memory-less) process, while keeping ex-
act information about the on-site particle departure as well as the lattice topology. This
procedure can be applied in principle to decouple non-Markovian ZRPs on an arbitrary
lattice, provided that it is possible to solve the consistency equation for the fugacities (as
done in section 2.5 for the one-dimensional chain). We found that, in the chain topology
studied here, the mean-field approach is accurate for large values of ¢ and gives an an-
alytical approximate estimate c,,¢ for the congestion threshold. However, it fails when ¢

is small, as the temporal correlations are more important in this case.

The memory effects at the fluctuating level appear more interesting even in the single-
site case, as seen in chapter 3. The theory of large deviation allows us to quantify the
change in the fluctuating behaviour due to the addition of temporal correlations. Fluctu-
ations close to the mean current are obtained by analytic continuation of the stationary
state and are indistinguishable from the fluctuations in the memory-less ZRP. However,
under certain conditions, large current fluctuations are optimally realized by the in-
stantaneous piling up of particles (a situation that is mathematically equivalent to the
congestion transition) on site and the statistics of such fluctuations change abruptly. This
behaviour is referred to as a dynamical phase transition. We treated separately the case
where the particles are independent (if we exclude residual interaction due to the on-off
dynamics) and the case where the particles have a weak attractive interaction (encoded

in constant departure rates).

e In the absence of direct inter-particle interactions we have found analytically a
memory-induced dynamical first-order phase transition, corresponding to a non-
analyticity of the scaled cumulant generating function (SCGF) e(s) at particular
value s, which depends on ¢. When s < s; the fluctuations can be described
using an s-dependent effective interaction factor w.y, s. A very interesting point to
mention here is that this occurs only if the parameter ¢ is smaller than a threshold
value cp; otherwise, current fluctuations are unaffected (in the infinite-time limit)

by the on-off dynamics'.

e The system with constant departure rates, i.e., attractive inter-particle interaction,

!This is valid only when a real co exists, see equations (3.23) and (3.24).
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undergoes second-order (at s = s9) as well as first-order (at s = s1) dynamical
phase transitions. The state of the system during small fluctuation events has the
same form as the stationary state, but with an s-dependent effective interaction
factor we s, only when s3 < s < s1. We proved that the exact phase boundaries and
the large deviation function of this regime are encoded in the “reduced” operator
H* (defined in equation (3.18)), which has the same structure as the s-modified

Hamiltonian of the standard ZRP, but with the s-dependent interactions w s.

e Numerical tests confirm the presence of the predicted c-dependent dynamical phase
transitions in both cases within numerical accuracy. The separation between a
small-fluctuation regime, with a memory independent SCGF, and high-fluctuation
regimes, where memory plays a more obvious role, is a feature also found numeri-
cally in the spatially-extended ZRP.

In summary, for the model explored in chapters 2 and 3, time correlations can be
absorbed in an effective memory-less description for the steady state, but can emerge at
the fluctuating level and alter the probability of observing rare phenomena. This may be
connected to the behaviour of stochastic systems with interacting fast and slow degrees
of freedom, as studied, e.g., in reference [2] or to the effect of bulk hidden nodes in
biochemical networks [17]. It would be of interest to explore more details of the on-off
ZRP and look for similar memory effects in other complex systems. Further aspects

regarding the on-off ZRP that could be addressed in future research are:

e For the constant departure rate case, we have used the integral representation of the
reduced operator H* in order to find an approximate solution for the fluctuations
corresponding to s < s and s > s;1. It would be interesting to solve the eigenprob-
lem (3.2) for the exact s-modified Hamiltonian H of equation (3.1), which provides
exact information about the strongly fluctuating regimes. This would probably be
relevant for Queueing Theory: in fact, stochastic models with on-off dynamics are

widely used in performance evaluation of queueing systems [15, 18].

e A further research direction is to look for a threshold value of ¢ that separates a
regime where the factorized solution is permitted from a regime where it is not; this
is suggested by the presence of the threshold ¢ for the dynamical phase transition
in the independent-particle case; in fact, in the absence of such dynamical-phase
transitions, the current fluctuations are identical to the memory-less ZRP (with
independent particles) which has a factorised steady state. At the present stage we

do not have any proof that such a factorised solution exists for the on-off ZRP.

e It would also be interesting to explore the limit case ¢ — 0T for the TA model with
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independendent particles. In this situation, in fact, the critical point s; approaches
0 and the mean current would have a first-order jump. This is reminiscent of the

“glassy” behaviour described, e.g., in Garrahan et al. [5, 6].

The chapters 2 and 3 left interesting open questions about the predictive power of
effective theories for real-world systems, where rare events can be of crucial importance.
Hence a natural step forward is to find a way to probe systematically large deviations
in more realistic models. We remark here that the analysis of non-Markovian models
with hidden variables, such as the on-off ZRP, benefited of a Markovian representation
in the joint configuration—phase space; this permitted us to derive both analytical and
numerical results using some established tools for Markov processes. However, it is not
hard to conceive non-Markovian models that are more appropriate to model real-world
systems and cannot be represented in terms of hidden variables. In order to explore
these models, we devised a general cloning algorithm and demonstrated it in chapter 4.
This is another important result of this thesis, as it allows further numerical studies of
large deviations in non-Markovian stochastic system, regardless of the mechanism that
encodes for the memory. We mention that finite-ensemble errors for the cloning method
in Markovian setting have been addressed in very recent literature [8, 9, 14] and a method
with “feedback control” has been shown to mitigate such errors in Nemoto et al. [13];
similar results may be found in non-Markovian setting. In chapter 4 we tested the method
on three selected non-Markovian models (namely, two simple semi-Markov models of ion
channel and the history-dependent totally asymmetric exclusion process (TASEP) of
Harris [7]) and showed that it seamlessly reproduces, within numerical accuracy, exact
large deviation results obtainable by other means. It is worth mentioning that the cloning
simulations for the history-dependent TASEP suggested the presence of a dynamical
phase transition at a critical current value of j. Interestingly such a critical value is
larger than the one obtained on the basis of an effective Markovian theory, while the
typical behaviour of this model is only slightly modified by the presence of temporal
correlations. This again seems to support the generic claim that the memory strongly

affects the rare behaviour even when the typical behaviour is not noticeably altered.

In chapter 4 (and similarly in chapter 1), we reserved more attention to semi-Markov
processes rather than to generic non-Markovian processes, as their long-time behaviour
can be better understood in term of the generalised Master equation. Our opinion is
that there still is ground for further development. We stress here that some important
results (obtained in references [3, 16, 19]), show that, in order to have reversibility in a
semi-Markov process, we need that both the number of transitions and the durations of
the intervals between events in a trajectory and its reverse are “balanced” (see section

1.4.2). This suggests that in order to explore fluctuation symmetries in non-Markovian
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systems, it is appropriate to consider functionals whose contributions take into account,
simultaneously, configuration changes and inter-event times and hence define generic

currents

n—1

Jw(t)] = Z O,y i (tit1 — ti), (6.1)

=0

which generalise both the functionals of type A and B (defined in equations (1.111) and
(1.113), respectively) more commonly found in scientific literature [6, 11]. To the best
of our knowledge, non-equilibrium semi-Markov systems have been mainly studied by
means of type A observables [1, 4, 12], while further progress could involve the statistics

of the inter-event times.

Finally, in the second-to-last chapter, we reported some observations concerning
analogies between large deviations in physics and teletraffic engineering, which com-
plement the well-known analogies between queuing networks and interacting-particle
systems (discussed at the beginning of chapter 1). Chapter 5 is intended to present a
preliminary analysis on the applicability of the cloning method to the problem of per-

formance evaluation in teletraffic engineering. This could feed further numerical studies.

In conclusion, a general understanding of non-equilibrium systems with memory re-
mains a challenge. We wish to continue the work along the lines drawn in this thesis and

contribute more to both the relevant applied and theoretical research.
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A Spectrum and integral representation

In this appendix, we detail the procedure to diagonalise the infinite-dimensional tridiag-

onal matrix

—bo C 0 0
- a —-b ¢ 0 Al
- 0 a —-b c ’ (A1)

This has been used in chapter 3 to derive the integral representation (3.37) for the special
tridiagonal operator H* of equation (3.18). Such a representation is related to the one
of Karlin and McGregor [2] for the transition probabilities (1.25) (see also refence [1])

First, we transform H into the symmetric form

by ac 0

A -1 _
e e R , (A.2)
where
Ve/a 0 0 0

v 0 a0 0 A
1 o 0 cJa’ 0 ’ (A.3)

and consider the following eigenproblem for H’
H'[4') = X¢'), (A.4)

where the eigenvector |¢)') has components ¢/, n =0,1,2,....
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Appendixz A. Spectrum and integral representation

A.1 Spectrum of H

Equation (A.2) corresponds to the generator of an unbounded bidimensional random

walk at equilibrium. For n > 0, the generic row equation of A.4

\/%wn—l - (b + )\)wn + \/@1/1%1 =0 <A5)
implies, after a bilateral Z-transform 1(z) = ro 2™,
A= —b++ac(z+z71h). (A.6)

To guarantee the convergence of ¥(z) we choose the parametrization z(k) = ¢’*, where

k € (0,x], and write

[A(k) = —b+ 2V/accos(k). | (A7)

The associated eigenvector has components \/% sin(nk + ¢). Imposing this on the first

row equation, we get
[—bo — A(K)] (e — ™) + Vac (ei‘peik — e_we_"k> =0 (A.8)

which gives the following expressions

oi2e — ~0o = A(k) + eyac _ —by+b—ace® gt —1
—bo — (k) +ef\Jac — —bg+b— Jace=k  ye—ik — 1’

(A.9)

where

y = +ac/(b— bo). (A.10)

This defines a continuous spectrum with associated non-normalisable eigenvector

(A.11)

— /2
(k) = —sin(nk + ¢)|en).
‘r ()= 3 2sintk+ e

We now look for a normalisable solution with geometric ansatz |¢') = (1,y,y?,y3,...)/C.

The first row equation of the eigenproblem (A.4) reads
— (bo + A) +Vacy =0, (A.12)

that is
(bo +A)

y = fac

(A.13)
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while

Vac— b+ Ny ++Vacy* =0 (A.14)

implies
b+ AN E V(D +N)? —dac (A15)
Y= 9./ac ' '

Combining (A.13) and (A.15), we get an expression for the eigenvalue corresponding

to [¢")

(A.16)

which yields the explicit expression y = y. Now, the normalisation condition (¢/'|¢) = 1,
where (/| is the left eigenvalue of H' and has the same components as |¢') (H' being

real symmetric) demands that y < 1 and C? = (1 — y?), hence

(A.17)

[1//) =V1-12> y"len).
n=0

Notice that A\ # A(k).

To ensure that equations (A.11) and (A.17) form a complete basis, we need to prove
that
Jo 19" (k) (¢ (k)|dk = 1 if y > 1,
S 1 ) (6 ()l + ') (/] = T otherwise.

To this end, we evaluate the integral

(A.18)

/ "l (6)) (8 (k)| m) dk = % / " sin(km + @) sin(kn + o) dk
0 0

2 (M1 . . . . . ,
— ﬂ_/o Z (_efzk(ern)efQup - ezk(ern)eQup + elk(mfn) + eflk(mfn)) dk. (Alg)

From this we isolate the term that does not depend on ¢, which yields

2 ﬂlcos e :sin(ﬂ(m—n)):
= [ geosthim—myar = TER) 5, (A.20)

Inserting equation (A.9) in the remaining term, we get

B i 2m y2e—ik(n+2) + erik(n—I—Q) _ de—ik(n—i-l) _ 2yeik(n+1) + e—thkn + otkn
4r Jo (y — e ™) (y — ')

dk, (A.21)

where we also changed the integration boundaries using the fact that the integrand is

symmetric with respect to k = 0. We now make the coordinate change z = e’*, define
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Appendixz A. Spectrum and integral representation

Figure A.1: Modulus of the integrand in equation (A.22) for [ = 6 and y = 1.1. The
poles are on the real axis, at z =y, z = 1/y, and z = 0. The integration countour |z| =1
can engulf one or more of the poles in the real axis.

I =m+n and get

1 y222l+4 _ 2y22l+3 + Z2l+2 _I_ y2 _ 2yz + z2z

i J1=1 22y —2)(y —27)

dz, (A.22)

where |z| = 1 is the unit circle centred at z = 0. Its integrand is denoted by f(z) and
has singularities at z =y, z = 1/y, and z = 0, as shown in figure A.1 and can be solved
using the residue theorem. The pole at z = 0 is always inside the integration contour
and contributes a term

1 dl+271

2 2 — 1)1 M g 2 f(z) = 2mi (1 - y?)y'. (A.23)

When y > 1 the pole at z = 1/y contributes a second term that added to the previous
one yields zero:

2mi lirlr} (z = 1/y)f(z) = —2mi (1 — y*)y. (A.24)
z—1/y

When y < 1, the pole contributions at z = y is

omi lim (z — y) f(2) = 2mi (1 — )y, (A.25)

Z—Y

hence the expression (A.22) is equal to —(1 — 3?)y™*". This indeed cancels with the
component {e,|[¢')(¢|en) = (1 — y?)y"™ in equation (A.18). For y = 1 the two cases

are equivalent. In all the cases, the only remaining contribution is equation (A.20).
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Finally, the left and right eigenvectors of H can be obtained as ([3])

(k) =W (k)), (k)| = @' (k)Y (A.26)
) =0, (@l = (WL (A.27)

A.2 Spectrum of H*

If we replace in matrix (A.1) the entries a, b, by, and ¢ with a +de®, a4+ 5 + (5 +v)wes,
a+ 0, and (Be™® 4+ y)w, s respectively, we obtain the special operator H* seen in sec-
tion 3.1.1.1 (equation (3.18)). With such replacements, the continuous spectrum equa-
tion (A.7) becomes equation (3.40) (with opposite sign, as we used there the quantum
Hamiltonian formalism), while the leading eigenvalue (A.16) becomes —A( (defined in

equation (3.12)). Equation (A.15) yields equation (3.39). Also, it is convenient to use a

¢ = /c/a, (A.28)

shorten notation, defining

which gives back equation (3.38).

A.3 Integral representation of the generating function

We now use the spectral properties found in the previous sections on the generating
function (1le=*"*|P(0)). Let us impose a initial condition of Boltzmann-type for the
|P(0)), namely the geometric distribution with parameter z of equation (3.34). Then,
the generating function of the total current at time ¢ is

o0

(e PO = (1—2) > @™ (emle T tlen), (A.29)

n,m=0

where (en| (len)) is a row (column) vector with a ‘1’ in the m (n) position and ‘0’

elsewhere. The vectors of equations (A.26) and (A.27) form a complete set, i.e.,

/0 ") (WR)IdE + ) (9] = 1. (A.30)
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Appendixz A. Spectrum and integral representation

Inserting this representation of the identity in equation (A.29), the r.h.s. become

(1=2) 3 o [ lenlvplen)e " ak

n,m=0
S

+O(L—y)(1—x) Y ag" (1 — gy e M (A1)
m,n=0
where © denotes the Heaviside step function. Using the fact the eigenvectors have period

27 and are odd in k, the expression (A.31) can be rewritten as

2
21¢nm/ (eik(nfm) o eik(ner)eiQLp) efe(k)t dk
™ 0

+O(L—y)(l—x) Y 2" (1 —yP)y e M (A32)

m,n=0

Using equation (3.38), it becomes

i n—m n—m __ sn+m 1 - Cy) —e(Q)t d
27T¢ j|{<|:1 (C C C -y ¢ C

O —y)(1—2) 3 2""m(1 — )yl (A.33)

m,n=0

where ¢ = ¢* and £(¢) = €[k(¢)]. Deforming the integration contour to C; for the first
term in the integrand and to Cs for the second term, we obtain the representation (3.37).

The last term in expression (A.33) cancels out with a pole contribution in { = y for y < 1.
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B s-modified effective Hamilitonian

In this appendix we report the explicit eigenproblem for the s-modified “collapsed”
probabilities. Similarly to what we have seen for the stationary state, it is possible to
define an s-modified Hamiltonian for the components Pn(t) = ~n7ON(t) + fN’n,QFF(t) of

the vectors in the reduced state space. These satisfy

S Bolt) =m(y+ o) Pron(t) — (o +6) Poore(t), (B.1)

Pult) =ptns1(y + Be ") Pasron(t) + (@ + 6e) By (1)

- (Oé + 5)Pn,OFF(t) - Nn(’y + ﬁ)PmON (t)v (B2)

dt

where n = 1,2, .... Using |]5*> for the right eigenvector with components PO*, ]51*, ]52*, e

the eigenproblem associated to the dynamics (B.1) and (B.2) can written as

iy + Be™*) P oy — (a+ 0) B opr = AFS, (B.3)
fnt1 (Y + ﬁe_s)ﬁ’:—‘rl,ON + (a+ 5eS)P* (B.4)
— (a+ 5)15;,01?1? — pin(y + IB)P;:,ON = APy,
with n =1,2,.... Let us assume that we are only aware of the structure of the stationary

state, without realising the presence of two separated stages (viz., on and off). Then,
we would be satisfied with using equations (3.3)-(3.5) with ansatz (3.15)-(3.16) on (B.4)
and (B.3), to get

(7 + Be™*)pon1,s P — (@ + 0)(1 = poo,s) Py = AR, (B.5)

*

Mn+l(7 + 56_8)1701\1,71,515;_;-1 + (Ol + 568) ~n—l

" i _ (B.6)
- (a + 5)(1 - pON,n,s)P; - ,U/n(fy + /B)I)ON,TL,S-P;Lk = AP;

In the quantum Hamiltonian formalism this, in fact, is the eigenproblem H*|P*) = A|P*)

with s-modified Hamiltonian

H* = a(a® —1) +6(c*at — 1) +y(ai” —d) + Beal” —dl),  (B.T)
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Appendiz B. s-modified effective Hamilitonian

where
0 wies 0 0
0 0 wacs 0
=10 0 0 w3es , (B.8)
0 O 0 0
0 00
1 00
+ _
“T1lo1o0 ’ (B-9)
d’;ij = 0;jWi,c,s and W; ¢ s = WiPon,i,s- Notice the w; . is s-dependent. Since the eigenvec-

tor satisfies

at|P*) = 2 td*|PY), (B.10)
a*~|P*) = z,|PY), (B.11)

then the eigenproblem can be rewritten as
alzgtdy — 1) +0(e2 7 dy — 1) + (25 — df) + Ble™ 2 — di)|P*) = A[P"),  (B.12)

where the operator at the L.h.s. is diagonal and implies the form (3.12) for the eigenvalue,

i.e., A= Ay, and the expression (3.13) for z;.

As explained in the main text, the s-modified operator (B.7) is not a genuine Hamil-
tonian for the on-off ZRP dynamics. It can be seen as a biased generator that shares
the small-fluctuation regime (including the leading eigenvalue Ay and the critical points
s1 and sy, which can be found as the values of s such that (P*|P*) and (1|P*) diverge,
respectively) with the original process. However, it does not predict the correct statistics
of rare currents (corresponding to s > s and s < s3). In other words, the current of the
process generated by H* is, in the long time limit, identical to the original on-off ZRP
for s < s < sy, while rare currents are optimally realised with different probabilities

and without the involvement of the on-off mechanism.
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C  Left eigenvector of the s-Hamiltonian

In this appendix we derive the left eigenvector (P| of the s-Hamiltonian of equation (3.1)

when u, = p, n > 0. Assuming that its components satisfy

plef left plef
BEf = PSP, €1
~lef! left plef
n(fOtFF = (1 - pC?Nt,s)Pne t’ (02)
erlif_tl _ p}seftprlleft’ (C3)

we get, for <]5\.F~I = A<]5|7 the explicit column equations
—(1—pet o) —A+c+06) +epSieo + o (1 — pii,) (a+de®) =0, (C.4)
P (1 — pift ) (a+ 0e®) — piett (e — A+6) =0, (C.5)
—(1 Pt )= A+ e+ 0) e (1-pl o) + (A - Pl (a+ de”) =0, (C.6)
2
(7 + Be™) — PPl (o — A+ (B +7) +0) + (A7) (1= plst) (a+0e) =0, (C.7)
2
(v+ Be®) — PPt (a — A+ p(B+7) +0) + (pf“> (1—pet,) (a+de’) =0, (C.8)

left
ON,s,0

left

where the factor p is assumed to be different from pgy,, in analogy with the right

eigenproblem. Equations (C.4) and (C.5) give
- (1 - pgl@,s,O)(a —A+c+ 5) + pg{f,s,O(a -A+ 5) + Cpg)lf\;c,s,o = 07 (CQ)

which is verified for
pl(;{},s,o = 1/25 (ClO)

while equations (C.7) and (C.8) imply
Pox .0 = Poxs: (C.11)
After the substitution, the remaining equations are solved for A = Ay and
P = (v + Be™*)/(B+). (C.12)
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Appendixz C. Left eigenvector of the s-Hamiltonian

With those constants, it is easy to verify that the ansatz (C.1)-(C.3) is consistent even
in the general departure rate case. In fact, after substitution, all the terms containing

Ly cancel out.

Similarly to the column-vector space case of appendix B, we show that it is possible

to work in a reduced space also with row-vectors and recover an eigenproblem
(P*|Higg = Ao(P™], (C.13)

where (]5*] has components If’éeft, 15116&, 1521‘5‘&, ... given by equation C.3 and I:[f;ft is defined

below. In fact, summing pairwise the column equations of the complete left eigenproblem

for H, we get
1 _ _
—Sla+o- A)PI® 4 (o + §e®) Pt = 0, (C.14)
1 - 1 . .
Shn P = (a+ 8+ Spn(B+7) — AP + (o + 0e) Py =0, (C.15)

n=1,2,3,..., which can be arranged as equation C.13 with A = Ay and

Hiy = —aa® — 1) = Ble*ajiy, — divg) — V(ajog, — dieg) — 6(e’a® = 1), (C.16)
where dfe?tij = % pidi; and
0 2w 0
0 0 gu2 O
aj = | 0 0 gus : (C.17)
0 0

In this worth noting that ﬁl*eft # H* but, as the terms containing u, cancel out with
the solution (C.12) and (C.10), we also have (P*|H* = Ag(P*|.
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List of Abbreviations

ASEP Asymmetric exclusion process
CRTW Continuous-time random walk
DTI Direction—time independence
GME Generalised Master equation

LF transform Legendre-Fenchel transform
Lh.s. Left hand side

NESS Non-equilibrium stationary state
QoS Quality of Service

r.h.s. Right hand side

SCGF Scaled cumulant generating function
WTD Waiting-time distribution

ZRP Zero-range process
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