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ABSTRACT

This thesis utilises large deviation methods to study nonequilibrium phenomena in
both quantum and classical systems. The dynamical analogues of the ensembles of
statistical mechanics are used to explore dynamical phase spaces of systems, quan-
tifying atypical fluctuations that can play a critical role in long term behaviour.
A dynamical ensemble based on fixed numbers of dynamical events, allowing tra-
jectory observation time to fluctuate, is introduced. This ensemble, denoted the
x-ensemble, is found to be well suited to numerically simulate atypical fluctuations
using transition path sampling (TPS). z-ensemble TPS schemes are analysed with
reference to existing methods in both quantum and classical stochastic systems,
and are found to offer more flexibility and efficiency in a variety of situations. The
potential to develop this scheme into a self-optimizing algorithm is discussed with
examples. The x-ensemble is then used in three non-equilibrium scenarios. Firstly
in plaquette models of glass formers, in an effort to provide insight into the nature
of the glass transition. It is shown that a two-dimensional triangular plaquette
model (TPM) exhibits both a trajectory phase-transition between dynamical ac-
tive and inactive phases, and when two replicas are coupled, a thermal phase
transition between states of low and high overlap between the replicas. These two
transitions are similar to those seen to occur in more realistic glass formers. When
the TPM is generalised to a three-dimensional square pyramid plaquette model
(SPyM) these dynamical and thermodynamic features of interest remain. It is ar-
gued that these models therefore provide an ideal test-bed for competing theories
of the glass transition. Secondly the z-ensemble is used to define and analyse the
dynamical analogue of the Jarzynski equality, allowing for the computation of dy-
namical free energy differences with, in principle, arbitrarily fast protocols linking
two dynamical states. This relation is tested and found to hold in open quantum
systems. Finally the partition sum zeros method of Lee and Yang is used to ex-
tract the location of dynamical phase transitions from the high-order, short-time
cumulants of the z-ensemble. Results in both classical and open quantum systems
are compared with previously studied dynamical ensembles, providing insight into

the nature in which dynamical behaviours are encoded by these ensembles.
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(i), (ii), (v) Taken from Ref. |7]. (i) Super-Arrhenius relaxation

of ortho-terphenyl (OTP) showing good agreement with both VE'T

(blue) and parabolic (red) laws. Also plotted is a mode-coupling

theory (green) prediction, showing it break down at low tempera-

ture. (ii) Dynamical heterogenieties in an equilibrium trajectory of

two-dimensional mixture. Overlap of particles with their original

position after one tenth of the systems relaxation time are plotted

with high overlap (no movement) in blue and low overlap in red.

(ii1) Schematic illustration of temperature dependent entropy of a

glass former. Extrapolating the slope of the liquid phase intersects

the entropy of the crystal at a non-zero temperature. Theories

must either account for the inability to crystallise, or uncover a

phase transition to an ideal glass state that occurs before Ty . (iv)

Taken from Ref. [111] Relaxation of a large number of different

materials, all exhibiting super-Arrhenius relaxation. (v) The differ-

ence in specific heat of glass and liquid phases, C), of OTP showing

anomalous differences when the sample is cooled (black) and heated

(green) through the same temperature range. This illustrates that

the properties of the material are unusually dependent on its his-
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B

(a) The s-ensemble is the set of all trajectories that are possible

with the dynamics ([2.27)-(2.28)), of fixed total time 7, and where

the probability of each trajectory is weighed by the number ot con-

figuration changes. It is the ensemble defined by fixed (7,s). The

ensemble ot trajectories that corresponds to the actual dynamics

(2.27)-(2.28) is given by (7,0). We sketch two trajectories, the

squares indicate the times where trajectories begin and end, and

the tick where jumps between configurations take place. (b) The

xr-ensemble is the set of all trajectories that are possible with the

dynamics (2.27))-(2.28]), of fixed number of configuration changes

K, and where the probability of each trajectory is weighed by the

trajectory length. It is the ensemble defined by fixed (z, K).| . . . .

48

B2

(a) Classical two-level system. (b) Classical three-level system. (c)

Quantum 1" = 0 two-level system: the full line indicates a coherent

transition of frequency () and the wavy line a dissipative quantum

jump of rate v associated to emission into the bath. (d) Quantum

" # 0 two-level system: same as before, but now absorption from

the bath leads to a second kind of quantum jump with rate A . . .

22

A1

[llustration of typical s-ensemble TPS protocols with a generic evo-

lution of “coordinates” of a system as a function of time. (a) Shoot-

ing moves: a point in time is selected (blue line) and based on a coin

flip, either the past or future is discarded (pink) and replaced by a

new segment (green). (b) Shifting moves: before generating a new

segment the kept portion of a trajectory is first shitted torwards or

backwards (backwards shift not shown). It should be noted that

both protocols require the ability to produce time reversed dynamics.| 68
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T # 0 quantum two-level system. (a) x-ensemble: (7)/(K;) as a

function of z, along the curve x*(s;) in the z-ensemble; symbols are

from TPS simulations and the curve from exact diagonalisation of

7., (b) s-ensemble: the symbols are the s-ensemble expectation

values as a function of s, as obtained trom the z-ensemble TPS

simulation, and the curve those from the exact diagonalisation of

W, . The parameters here are 7 = 62 and A = 2Q). (c) and (d)

Efficiency comparison of (c) z-ensemble TPS to (d) s-ensemble for-

wards/backwards shooting for parameters v = 42 and A\ = 0 (zero-

temperature). The simplicity of the system represents the most

efficient possible scenario tor both approaches. Real time taken to

converge to within 2% of the analytical rates showing the scaling

with trajectory length. The typical trajectory lengths plotted are

400 times longer in (c) than (d). (Inset) As before but now the

scaling is with z/s. The range of = and s used are equivalent. | . . .

74

3

Micromaser: average number of L; jumps, (M;), as a function of

s; and a/m. (a) Results from x-ensemble TPS of trajectories of

fluctuating observation time 7, transformed to the s-ensemble. (b)

Exact numerical diagonalisation of W, ,. Both plots at the same

resolution. (c¢) Results from s-ensemble TPS. This small segment of

the phase diagram took approximately 100 times the computation

time of the z-ensemble plot.| . . . . . . ... ... ... ... .. ..
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iz

(a) The raw z-dependent mean jump waiting time per site 7/N K

explicitly converted to: (b) The s-dependent mean activity per site,

K/N7 and (c) The s-dependent mean excitation density per site,

pn/IN. Both plots are at temperature 7" = 0.5, for chain lengths N =

15,30, 60, and the simulations were made using x-ensemble TPS.

(d/e/f) Same as before but now for N = 60 and for temperatures

T'=0.91,0.75,0.5. The change in relationship between = and s with

a change 1n both chain length and temperature i1s demonstrated in

the conversion from (a) — (b) and from (d) — (e) respectively | . . .

E5

Efficiency comparison of the (a) x-ensemble TPS scheme, and (b) a

forwards/backwards shooting s-ensemble TPS scheme. Both plots

are for T=0.5, N=60 and show the mean real time taken for the

mean excitation density per site, p,/N, of an initially infinite-

temperature system to fall below some critical value p..; for TPS

with s = 0.2. Due to overall difference in efficiency we used p..+ =

0.02 for the z-ensemble in (a) and p..;; = 0.05 for the s-ensemble in

(b). The trajectory lengths are over similar ranges for trajectories

in the inactive phase with s >0|. . . . . ... ... ... ... ...

n6

Efficiency comparison of the “small r” scheme (red circles) with the

original scheme (blue triangles) in the quantum two-level system

with parameters v = 42 and A = 0 (T=0), K = 10000. (a) Mean

real time taken to converge to within 0.5% of the analytical rates

across a range of x values with their corresponding acceptance rates
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4.7 Ethciency of the initial relaxation of an kast model, mean real

time taken (blue triangles) for the excitation density to fall be-

low pe.iw = 0.012 with z = —0.04 with N = 30, T = 0.5, and

K = 7500. The values of dr are integer 1.e. changes to whole sets of

random numbers. The corresponding acceptance rates (red circles)

are shown, and the relationship between acceptance rate and time

taken is non-linear (as expected) . . . . . . .. ... oL

4.8

Implementation of a self-tuning x-ensemble T'PS algorithm in a'l" =

0 quantum two-level system. The real time taken to converge within

0.5% of the analytical rates across a range of values for a range of

target acceptance rates. Also included 1s the original method with

dr = 1 (maroon asterisks). For large x all schemes converge towards

the same time taken as they consistently hit the lower dr bound of

0.03. The plateaus, and subsequent improvements in time taken,

for the high acceptance rate targets (40 — 60%, teal triangles, black

triangles and green crosses) are caused by encountering this lower

dr bound much sooner, and the inability to maintain unnecessarily

high acceptance rates.| . . . . . . . . .. ... ... ... ...

B

(a) Hlustration of spins and plaquettes in the TPM. The spins o;

are located on the vertices of the lattice. The plaquette variables

7, are located on the upward pointing triangles (shaded). Each

plaquette is associated with three spins and the variable 7, is given

by the product of these spins. (b),(c) Geometrical illustration of

the duality relation (A.9) in the TPM. Panel (b) shows two TPM

systems, a and b, with coupling as in (5.3). Panel (c) shows the

location of the sites of the dual problem, again two coupled TPMs

a” and b". The plaquettes in the dual system bisect the coupling

interactions in the direct system, and vice versa. | . . . . . . . . ..
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[5.2  Illustration of the relation between critical behaviour of the Ising

| model and the TPM. (a) Ising phase diagram. the h; = 0 axis

| 1s a symmetry line, there is a critical point indicated by a circle,

| with a first-order (phase coexistence) line for large J;, indicated by

| a solid line. Selected lines of constant J; are indicated by dotted

| lines. (b) The corresponding situation for the TPM in a field. On

| the solid/dashed line ((5.7]), the system has a discrete (Z;) symme-

| try: a critical point and phase coexistence both occur on this line,

| as indicated. The dotted lines are obtained from (j5.13) for three

| different values of hg, and correspond to the lines ot constant J; in

| panel (a). Near the critical point, they indicate the direction of the

| most relevant renormalisation group flow.. . . . . . ... ... . .. 98
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(5.3 Simulations of the TPM in a field. (a) Distribution of the mag-

netisation at various values of J for state points on the selt-dual

line (5.8]), at system size L = 128. The bimodal distribution P(m)

indicates a first-order transition, which disappears on reducing .J.

From (A.2)), the same distributions would be obtained when con-

sidering the overlap between two coupled TPMs, at appropriate

state points. (b) Representative configuration at phase coexistence

(6J = 2.9 and L = 128) showing interfaces between regions of

small and large magnetisation (corresponding to regions of small

and large overlap in the two-replica problem). (c¢) At our estimated

critical point, (J. = 2.634, h. = 0.072) and for various system sizes,

we show distributions of the variable x that is obtained by rescaling

the order parameter M to zero mean and unit variance. The full

line 1s the corresponding result for the 2d Ising model at criticality,

indicating that the critical point of the TPM in a field (and there-

fore of the two coupled TPMs) is in the 2d Ising universality class.

[>.4  Phase diagrams of coupled plaquette models, the two-dimensional

TPM (left) and the three-dimensional SPyM (right). The full line

corresponds to a line of first-order transitions between a thermody-

namic phase of small overlap and one of large overlap between the

replicas. This curve is on the self-dual line (5.8)) (dashed line). The

first-order transition line ends at a critical point that is in the 2d

Ising universality class for the TPM and the 3d Ising universality

class for the SPyM.| . . . ... ... ... .00
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55

Average activity k(s), and the associated susceptibility x(s) in the

TPM at 1" = 0.5. The main panels show data for system size

L = 8. These results were obtained by the x-ensemble method

(see text), using trajectories with fixed numbers of events K, as

shown. On increasing the trajectory length, the crossover from

active to inactive behaviour becomes increasingly sharp and the

susceptibility peak increases. The behaviour for smaller systems

(L = 4) is shown in the insets, with both quantities normalised by

the system size. In the absence of a phase transition, one expects

both k(s)/L% and x(s)/L? to be independent of L, so the sharper

crossover at L. = 8 1s again consistent with an underlying phase

transition. . . . . . . . L

5.6

(a) The SPyM consists of spins (grey circles) on the sites of a BCC

lattice, which interact in quintuplets at the vertices of upward point-

ing square pyramids. One such pyramid is indicated; the central

spin also participates in four other upward pointing pyramids whose

apexes are the four spins on the upper face of the cube.|. . . . . ..

111

[0.7

Relaxation of the energy of the SPyM at low temperature starting

from a random configuration (the system size is L = 16). The curve

shows the characteristic plateaus indicative of hierarchical relax-

ation, as in the East model and the TPM. Inset: average relaxation

time as a function of inverse temperature, showing super-Arrhenius

behaviourl . . . . . ..
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(a) Activity as a function of s in the SPyM for system size L = 4,

various trajectory lengths, and 7'/J = 0.65. The inset shows the

corresponding susceptibility. (b) and (c¢) s-ensemble phase diagrams

tor the TPM and SPyM. The full curves are an estimate of the

transition point from the simulations. The dashed lines are extrap-

olations in the low temperature regime inaccessible to numerics.| .

.9

Three dimensional stack of coupled two-dimensional TPMs. | . . .

. 116
121

61

2-level system. (a) Comparison of the meta-free energy g(x) ob-

tained numerically via the trajectory Jarzynski relation (symbols)

to the exact analytical result (6.9)) (solid line) for a range of x, in

the zero temperature case, with v = 4€). (b) Same as in (a), but

now for the finite temperature case, with v = 62 and A = 2().

The statistical error is smaller than the symbol sizes. Insets to (b):

Sampled histograms for the meta-work distribution P:(W) for the

forward (red) and P (—WW) for the backward process (blue), at the

two final values of & shownl . . . . . . . . . . . .. ... ... ...

62

Micromaser. (a) Comparison of the meta-free energy g(x) ob-

tained numerically via the trajectory Jarzynski relation (symbols)

to results obtained by direct diagonalisation of the master operator

(solid line) for av = 1.2, where the system is initially equilibrated

to x = 2. (b) Same as in (a), but now for « = 4x. Different sim-

ulations, equilibrated to different initial values of x are denoted by

different symbols.| . . . . . . ..o

133
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(6.3 Micromaser with cross-phase Jarzynski protocol. (a) Comparison of

the numerical meta free energy, g(x), obtained numerically via the

Jarzynski relation (symbols) to results obtained by direct diagonal-

isation (solid line) in a micromaser with pump parameter a = 1.2,

at a finite temperature (y/x = 0.15). The second largest eigenvalue

(dashed line) is plotted to illustrate the meta free energy calculation

being locked to the metastable branch after the transition. Inset

to (a): the expected waiting time per event showing the differing

dynamic properties of the two phases. (b) Same as in (a), but now

at zero temperature (7/k = 0). Insets to (b): sampled meta-work

distributions for the forward (red) and backward (blue) process for

the three points shown|. . . . . . .. ... .. ... ... ..
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i

East Model results for V = 60 spins. (a) The obervation time ac-

tivity as a function of x displays a discontinuity at x = 0. This

marks a first order transition from an inactive glassy phase, x < 0,

to an active liquid phase. (b) The leading Lee-Yang zero pair ex-

tracted trom the high-order cumulants. These converge to points

close to the origin with increasing /K, this highlights one infer the

presence of a trajectory transition point at the origin in the limit

of K — oo from these small K cumulants. (c¢) The approximated

cumulants (dashed lines) are found to match their numerically ex-

tracted values (full lines) for small K, confirming the validity of the

approximation.| . . . . . . .. ...
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We consider £ = 4(); and fix {; = 1 and € = 0.15. (a) Schematic

of a dissipative 3-level system. The system is driven by two lasers

of frequency €y and )y which drive transitions from |[0) — |1) and

|0) — |2) respectively. There is a single decay channel [1) — |0)

with an associated decay rate . (b) The large deviation function

0(s) and associated dynamical activity k(s) as a function of s. A

rounded crossover is seen at s ~ () where the system changes from

behaving as an active two-level system comprised of the states |1)

and |0), i. e. an active phase, to a photon inactive phase. (c)

The large deviation function associated with the fluctuating time

trajectory ensemble along with the observation time is plotted as

a function of x. Although the system is intermittent this does not

manifest as a crossover as in the s-ensemble case. (d) Dynamical

Lee-Yang zeros of the fluctuating time ensemble MGF' extracted

trom cumulants of order m = 6,7, 8,9. These are found to oscillate

with increasing K and do not converge to a single point. This is

indicative of a lack of a trajectory transition point existing in the

complex x plane.| . . . . . ... 0oL

[7.3

We consider k = 4€); and fix €2; = 1 and {2, = 0.15. Plots of the

Mandel () Parameter for (a) the s-ensemble and (b) the z-ensemble.

Despite the information being encoded in different ways, the same

physical properties are realised by both ensembles| . . . . . . . . ..




1. INTRODUCTION

The theory of equilibrium statistical mechanics provides powerful tools for de-
scribing and predicting the static properties of many-body systems [1,2]. In lieu
of a deterministic microscopic approach, seemingly complex problems are well
described by a small number of aggregate statistical measures. Many-body inter-
actions with degrees of freedom on the order of Avogadro’s number (~ 10%*) are
reduced to a small number of quantities exchanged with an environment that is too
large to be influenced by the system under study. Few theories have enjoyed such
broad success, from providing the underpinnings of thermodynamics, ideal gases,
heat engines, and phase transitions, to applications in quantum systems such as
Bose-FEinstein condensation and quantum computing. Despite this success, there
are areas of scientific interest where the static picture alone proves insufficient.
This is most notably an issue when systems are driven out of equilibrium, where
the breaking of time-reversal symmetry necessitates the inclusion of dynamic pro-
cesses. This has long been a problem in the study of biophysics, where nearly
every system of interest is driven in some manner, and indeed, many of the tools

to be discussed in this thesis were developed to study such systems [3].

There is a more subtle area where the static picture also encounters problems - in
systems where ergodicity is broken, such as glass. The nature of glass formation

is a highly controversial topic, with no single theory fully describing the observed
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phenomena [4-8]. Glasses have no apparent structural order, characteristic of a
liquid state, but long structural relaxation times make them solids. Unlike most
materials the specific protocol used in the formation of glass, such as initial tem-
perature and rate of cooling, plays a critical role in the properties of the resulting
solid - and this provides the first clue that the dynamics might provide insight
into the static structure of the material. Furthermore glasses exhibit dynamical
heterogeneities - space-time “bubbles” within the bulk material with vastly differ-
ent dynamical activity [9,|10], which any theory of glass must necessarily account
for. The controversy, then, is centred on whether there is an equilibrium phase
transition to the glass state [8,[11], or if it is the result of unusually correlated

dynamical behaviour [12,/13].

The thermodynamic formalism developed by Ruelle [14] provided an opportunity
to adapt the language of statistical mechanics to dynamical systems, resulting
in a “thermodynamics of trajectories” [12,/13,[15-22]. Using large deviation the-
ory [23-25], the concept of an ensemble was generalised to trajectories, and the
statistics of dynamical processes probed in a manner analogous to the configura-
tions of equilibrium statistical mechanics. Fields conjugate to dynamical variables
of interest play the role of free energies and entropies, and are used to explore a dy-
namical phase space. Rare, but important dynamical behaviours can be uncovered
by varying these fields, including the dynamical equivalent of a phase transition -
a singular change in dynamical properties of a system at specific points in phase
space. The physical dynamics of the system take place at zero field while atypi-
cal but potentially important dynamics occur with non-zero field, in contrast to
the ensembles of equilibrium statistical mechanics, where fields are often physi-
cally tunable parameters that can be precisely controlled. A good example of the
importance of these rare behaviours occurs in chemical reactions - the physical
interaction that causes two species to bond might be incredibly uncommon, es-

pecially if it requires more than a two-body interaction, but such events play an
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obviously crucial role in the long term behaviour of the system.

With this new approach to non-equilibrium dynamics there comes a need for tools
to efficiently explore the dynamical phase spaces of systems. A novel approach that
is well suited to sampling rare dynamical behaviours is transition path sampling
(TPS) [3]. TPS is a collection of computational algorithms originally developed to
study so called reaction trajectories to gain insight into the physical mechanisms
involved in a chemical reaction. It amounts to a biased random walk, coupled
with efficient methods of proposing steps, through the space of all trajectories
- in a similar vein to how techniques such as simulated annealing operate on
configurations |26]. This approach revealed the existence of a zero field first order
dynamical phase transition between a high activity liquid phase, and an inactive
glass phase, in a simple glass forming spin model, the East Model [13]27,2§].
Crucially this model has trivial thermodynamic properties, with no static phase
transitions, adding weight to the dynamic approach to the glass transition. Glassy
behaviour arises because of kinetically constrained dynamics - neighbouring spins
compete dynamically and block each others motion. Despite the success of the
approach, capturing all the properties of a real glass former in a three-dimensional

setting remains difficult.

The purpose of this thesis is to adapt and develop efficient path sampling schemes
into the thermodynamics of trajectories, with the ultimate aim of application to
three-dimensional glass formers. More generally it aims to improve the flexibility
of the tools used to study dynamical systems, by exploring alternative dynami-
cal ensembles and adapting important relations in conventional thermodynamics
to the dynamical case. The work is laid out as follows: Chapter [2] provides the
background theory on large deviations and their connection to Ruelle’s formalism
for thermodynamics that underpins the thermodynamics of trajectories. The con-

ventional presentation of the thermodynamics of trajectories, ensembles of fixed
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trajectory observation time known as the s-ensemble, is also developed here, with
brief introductions to the problems tackled later in this thesis. Chapter |3] intro-
duces a new dynamical ensemble where observation time fluctuates and the number
of dynamical events (e.g. photon emissions, spin flips) is instead kept constant -
which we denote the x-ensemble. The relationship between s- and x-ensemble is
explored with simple examples of both classical [29] and quantum [30,31] stochas-

tic systems.

A path sampling scheme implemented by Crooks and Chandler [32] is adapted to
the xz-ensemble in Chapter |4, Efficiency is a key concern here, and the z-ensemble
scheme is examined in classical, glassy, and quantum stochastic systems, with
comparisons drawn to the relative efficiency of s-ensemble schemes. One of the
main problems encountered in TPS is tuning the algorithms to the system under
study, as efficiency, including algorithmic scaling, can vary substantially. As such,

a future outlook on a self-tuning z-ensemble algorithm is also discussed here.

Chapter |5 focuses on kinetically constrained models of glasses. We examine an old
model glass former with (effectively) kinetically constrained dynamics - the two-
dimensional triangular plaquette model (TPM) [33-35]. This model has recently
become of interest to the discussion on glasses, as two coupled replicas exhibit a
thermodynamic phase transition with coupling strength as the order parameter.
However this transition is not present at zero coupling strength, except in the limit
of zero temperature [36]. Furthermore the model also undergoes a dynamical phase
transition between an equilibrium liquid state and a glass state at low temperature,
making it a useful test bed for arguments about thermal and dynamical transitions
in glasses. We generalise this model to a three-dimensional equivalent, which we
denote the square pyramid model (SPyM) and study its dynamical phase space
in an attempt to bring arguments of glass formers onto solid three-dimensional

footing. Developing three-dimensional glass forming models is an important step
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in the study of glassiness, not only because of the three-dimensional nature of
physical glass, but also crucially due to inherent dimensionality arguments in
the debate on glasses. Arguments proposing an equilibrium phase transition to
glass state are compelling in a mean-field (i.e. infinite-dimensional) setting, but
the transitions vanish in two dimensions. Conversely, early studies utilising the
dynamical approach saw success in one- and two-dimensional models, but took
longer to establish a footing in three dimensions. The efficiency provided by
x-ensemble TPS allows the exploration of the SPyM’s dynamical phase space,
which we find to be strikingly similar to that of the two-dimensional TPM. The
interesting thermodynamic properties of coupled replicas of these models, as well
as the rich dynamical phase space allude to the possibility of a connection between

the (apparently quite different) competing theories of glass formers.

In the final two chapters, [6] and [7|, we expand upon the thermodynamics of trajec-
tories, developing equivalents to useful methods and relations from conventional
thermodynamics. First we examine the Jarzynski equality [37,3§] - a revolution-
ary relation that allows for the computation of equilibrium free energy differences,
from non-equilibrium (i.e. fast) methods. It adapts quite naturally to dynamical
ensembles and we explore its use in open quantum systems - including attempts
to compute dynamical “free energies” across a trajectory phase transition point.
Chapter [7| looks at the Lee-Yang zeros method [39,/40] in the context of the z-
ensemble. This method has previously been adapted to the s-ensemble [41-H43]
and we note important consequences of the manner in which dynamical ensembles
encode information about physical dynamics, based on the results of examinations

of open quantum systems.

Finally Chapter 8| provides a general discussion of the work in this thesis, with

comments on potential future developments.



2. BACKGROUND THEORY:
THERMODYNAMICS, LARGE
DEVIATIONS AND STOCHASTIC

PROCESSES

Few theories have enjoyed the broad applicability of statistical mechanics, captur-
ing the phenomenology of a wide array of systems, both quantum and classical.
This is in a large part due to the flexibility allowed by statistical ensembles - a
mathematical idealisation of a large (or infinite) number of replicas of a system.
The ease with which expectation values can be calculated using the approach,
coupled with the large numbers of microscopic degrees of freedom present in any
macroscopic system ensuring minimal deviation from expected aggregate values,
and crucially, the ability to easily tailor an ensemble to describe any physical
system has resulted in decades of successful exploration of physical systems. A
mathematical formalism developed by Ruelle [14], based on the theory of large
deviations [25] has facilitated the extension of the tools of statistical mechanics
into the realm of non-equilibrium physics, capturing the dynamical behaviours
of systems. This extension is sometimes called the thermodynamics of trajecto-

ries [12}13,/15-22].
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This chapter introduces the background theory necessary for the work presented
in the remainder of the thesis. Firstly large deviation theory will be introduced
with connections made to thermal ensembles. This leads quite naturally into
the thermodynamics of trajectories itself, which will be presented in their typical
manner with an ensemble of fixed trajectory observation time - the s-ensemble.
A brief primer on master equations, both quantum and classical, will be provided
to facilitate the description of dynamical processes captured by the s-ensemble.
Furthermore, brief backgrounds on systems and relations of interest studied in this

thesis, including glasses and fluctuation theorems will be provided

2.1 Large deviation theory

Large deviation (LD) theory [16,25] can naively be thought of as an extension of
the law of large numbers. It is the statement that fluctuations in the mean value
of some parameter, n, become exponentially suppressed in the large size limit, and
hence the probability distribution of the observed mean value takes on the generic

nl(

form P(n) ~ e™™ ™ with all other terms being subdominant in this limit.

As a simple illustrative example, consider the case of n independent Gaussian
random variables, Xy, X1,...X,, with mean p and variance o2. The probability
distribution for these variables is given by

1 _(%‘*5)2 91
N 21

If we now wish to calculate the probability distribution for the sample mean

S of our n variables, defined by S, = %ZZ X;, using the fact that the prob-
ability of drawing a sequence of Gaussian variables, represented by the vector

x = (21,22, ...,x,), is simply the product of their individual probabilities

P(z) = P(z1, 29, ...x,) = P(x1)P(x2)...P(z,,) (2.2)
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the probability that the sample mean takes on a value s is

P(S, = 5) = / d8(S,(z) — 5)P(x)

= (6(Sh — 5))
n  _ns-—w?
=\ 5.52¢ 207 (2.3)

As we take n — oo the /n term is subdominant to the exponential term and we

recover the large deviation form
P(S, = s) < e ™® (2.4)

where the function I(s) = (s — u)?/20? is known as the large deviation rate
function, and the symbol =< indicates that in the limit of large n the behaviour

of the probability distribution is dominated by the exponential term given.

While the applicability of LD theory is broad, the most useful result for the pur-
poses of this thesis is known as the Gartner-Ellis theorem, which connects the
LD form of a probability distribution to its (scaled) cumulant generating function
(CGF). The CGF is closely related to the moment generating function (MGF) of a
distribution, which presents an alternative description to the probability distribu-
tion. For a random variable, A, which is parameterised by a real positive integer

n (i.e. we are taking n samples), the MGF is defined by

1 1 tnAn
M(t) = nh_g)lo - (e (2.5)
where
(entAn) = /dAnet"A"P(An) (2.6)

In the case of a continuous probability density, the MGF amounts to the Laplace
transform of P(A,) and t can be understood as the real parameter conjugate to
A. For independent and identically distributed random variables, X;, Cramr’s

theorem can be used to simplify the calculation of the MGF
1 " 1+
M(t) = lim — <et21:1Xi> = lim — <etX"> = <etX>. (2.7)

n—oo N n—oo 1 -
1=
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Thus for our previous example, the MGF of a Gaussian sample mean can be

calculated by inserting Eq. into Eq. using Eq.

_ _ 1 _x-p?
/dXe XP(X) :/dxe txme 207 . (2.8)

This integral can be explicitly calculated as exp[tu + %tZO'Q]. The purpose of
defining the MGF, if it exists, is that one can easily extract the kth moments of
the distribution by differentiating the MGF w.r.t. t, k times, and then setting
t = 0. The CGF is then simply defined as the natural logarithm of the MGF,

0(t) =InMa(t) = lim lln G (2.9)

n—oo N,

and is thus simply 0(t) = tu + %t202 for our Gaussian sample mean. As with the
MGPF, the kth cumulant of the probability distribution is obtained by differenti-
ating 0 k times w.r.t ¢t and then setting ¢ = 0. It is straightforward to see that the
CGF of our Gaussian sample mean yields p as the first cumulant and o2 as the

second cumulant, with all other moments being zero, as expected.

The Gartner-Ellis theorem then states that A satisfies a large deviation principle
with
P(A,) = e An) (2.10)

provided that the CGF exists and is differentiable at all £ € R. The LD rate
function and the CGF are related by a Legendre-Fenchel transform (an extension

to the Legendre transform, which can be seen as a saddle point approximation

solution to Eq. above) with

O(t) = — min[I(A,) + tA,)] (2.11)

and its inversion
I(A,) = — mtin[G(t) +tA,]. (2.12)
Thus we can recover the large deviation rate function for our Gaussian sample

mean given previously, from the CGF of its probability distribution.
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2.1.1 Connection to thermodynamics

Before the development of statistical mechanics, thermodynamic calculations in
systems of interest proceeded through the use of free energies ® [1,)2]. Given a set
of extensive variables, (X, X1, ..., X,,) - variables that are additive when two
systems are combined, number of particles, N, or internal energy, lﬂ] - the free
energies relevant to a problem of interest are defined by Legendre transforming

the system’s energy by

oF
b=F-—X,=F— [;X,. 2.1
8X1 i fz ) ( 3)

Here f; is the intensive field conjugate to X;, defined by f; = 0F/0X;. These
fields act as constraints on thermal systems by controlling fluctuations in the rel-
evant extensive variables, for example the chemical potential p, which controls
fluctuations in N. The free energies then capture the amount of energy available
in a system, subject to all its constraints, to perform work. Although it is not im-
mediately obvious, that they are obtained by a Legendre transform of the systems

energy is a subtle manifestation of the Gartner-Ellis theorem.

2.1.1.1 Ensembles of statistical mechanics

With the development of statistical mechanics, the rigorous microscopic theory
underpinning thermodynamics, Ruelle was able to cast thermodynamics in a for-

malism that makes this connection to large deviation theory explicit, and one can

1Strictly speaking the internal energy is not extensive as the total energy of two combined
systems contains a contribution from interactions: F;,; = E1 + FEo + E;;. However for short
range interactions F;,; grows with the size of the interface between the two systems and is
therefore subextensive compared to Ey.:, which grows with the combined volume. Long range
interactions such as magnetic or electric fields need to be treated more carefully, but can often

be considered as a separate mechanical (not internal) energy.



2. BACKGROUND THEORY: THERMODYNAMICS, LARGE DEVIATIONS AND
STOCHASTIC PROCESSES 28

identify the partition function of statistical ensembles as the MGF' of the systems
energy. We illustrate this connection here, with a heuristic derivation of statistical

ensembles [1}14].

Consider a system comprised of N interacting particles. At any moment in time
it is possible to fully describe the state of the system with the positions r and
momenta p of the particles. In a system with D dimensions, this corresponds to
2D N scalar values, which uniquely define a representative point, x, of a sys-
tem. This space of 2D N points in which the representative point lives is known
as phase space. In principle it is possible to compute the full behaviour of
the system from Hamiltonian dynamics, but the scale of the computation makes
it impossible in practical situations. Instead we assume the thermodynamic
limit of the system, that is that the system is sufficiently large so that the law
of large numbers ensures fluctuations in the extensive macroscopic quantities are
suppressed, (Xo, X1, ..., X;,) of the system. It is then clear that the systems repre-
sentative point exists in some accessible region of phase space, denoted I', where
each of these variables takes on its thermodynamic value, which we denote as X7.
The volume of this accessible region of phase space |I'| then corresponds to the
number of microstates accessible to the system, allowing us to write Boltzmann’s

fundamental entropy postulate as
S=kpn|l| (2.14)

where kp is the Boltzmann constant.

Using the above concept we can define a probability distribution for the representa-
tive point P(x) within phase space, that is to say the probability the representative
point takes on value in the infinitesimal range x + dx. Specific probability distri-
butions define an ensemble of all the possible realisations of a system’s state, with
any constraints on the system encoded by P(z). The power of this statistical ap-

proach is the ability to predict the expected value of the observables, which aren’t
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necessarily variables considered in thermodynamics, of a system. For a generic
observable A(z), its equilibrium value, which we denote a*, can be calculated by

averaging the value of A(z) over all of the accessible region of phase space:

a* = (A(x)) = /FdxA(m)P(x). (2.15)

The simplest choice for P(z) - a flat probability distribution with P(z) = 1/(T)
- defines the microcanonical ensemble. This is the maximally constrained en-
semble, as all extensive variables, including internal energy are fixed. The broad
success of this approach, however, lies with the flexibility offered by defining alter-
native ensembles where we allow certain extensive variables to fluctuate. Generi-
cally we can imagine connecting our system of interest to a much larger reservoir,
R, and allowing for the exchange of the quantity of interest, X;. We imagine the
reservoir is sufficiently large so that its properties are unaffected by any fluctua-
tions in the system. In essence this means that the exchange of X; between the
system and reservoir is governed by the intensive variable conjugate to X;, which

for convenience we redefine here

fi aSR> . (2.16)
E

T OXE
The superscript R denotes variables associated with the reservoir. Treating the

representative points of the system and reservoir separately, observables of the

system can then be calculated as follows. From Eq. we have

1
(A) = W/FdedxsysA(a:sys)

which can be rewritten as
1 SYs
() = 7 [ drndrge A )8 (X ) + X () = X)

— ‘%' /dwsysA(iﬁsys) /de(S (XZR(.CER) — ()(Z _ Xisys(xsys)) ' (2‘17)

The integral over the reservoir dxp is simply the volume of accessible phase space

when the reservoirs extensive variable XiR takes on a value X; — X;¥*(x4,s) which
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can be related to the entropy using the fundamental postulate (Eq. [2.14))

[ dond (X = (X = X7 () = exp |~ 57 (X = X ()|

B
(2.18)
Because the system is much larger than the reservoir, we can Taylor expand this
exponential
SE sus SE 1 0SE _ ..
exp [—g (X; — XY (xsys))} ~ exp {E%)} exp l—g X, XY (xsys)} :
(2.19)
Remembering Eq. we finally arrive at
1 fiXisys(xs s)
<A> = E/dxsysA(xsys)eXp [TTZ/ (2'20)
where Z is the normalising quantity known as the partition function
finys(xs s)
Z = /dmsysexp {TT‘U : (2.21)

In essence we have defined a new probability distribution where we have weighted
different points in phase space by the factor exp(f;X;/kgT). Furthermore the
Boltzmann constant defines an inverse temperature scale for thermodynamic prob-

lems, = 1/kgT.

We have now defined a flexible mathematical language where an ensemble can be
chosen to treat any system of interest depending on which quantities we allow to
fluctuate within the system, and which we keep fixed. Either an extensive quantity
is fixed in a system, or it can fluctuate and the fluctuations are controlled by
fixing the conjugate intensive variable. For example, if we imagine a system that
is able to exchange energy with the reservoir we define the canonical ensemble,
with P(z) = e #F/Z, while allowing the exchange of particles as well defines the
grand canonical ensemble, with P(z) = e #(F=#N) /7 (note we have omitted the
sys index since we are always working with system quantities now). This flexibility
allows us to easily define an ensemble appropriate for treating any physical system

we are interested in studying.
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The important connection to large deviation theory arises from studying the par-
tition function whose large deviation form should be clear from Equation [2.21}
It is possible to show that the mean values of observables in the thermodynamic
limit are dominated by the region of phase space where they are close to their

equilibrium value X;. Away from this value they fall off on the order of N'/2.

Z = / dredFiXil / dx’ / dzd(X X"l

/dX, B(TS(X')+fi X (2.22)

Thus we have

where we are implicitly summing over all of the relevant observables X;. The
similarity between this form and Eq. is no coincidence, nor is the existence of

a saddle point method solution in the thermodynamic limit, yielding
Z ~ exp [B(TS(X]) + f.X7)]. (2.23)

Explicitly then, the partition function plays the role of the (unscaled) MGF of
the systems energy. The quantity in this exponent, and therefore the (unscaled)
CGPF, is the free energy for whichever ensemble we are using, for example in the
canonical ensemble we have exp [-8(E* — T'S(E*))] = exp[—SF] and we have
recovered the Helmholtz free energy. This precisely explains why free energies are

obtained Legendre transformations of the systems energy.

The important result of this section comes from the generic form of Equation [2.20}
While thermodynamics is concerned with the thermal properties of systems in
space, it is equally possible to define a probability distribution for the observation
of some dynamical event in time. This allows the power of the tools of statistical
mechanics to be brought into the dynamical realm, defining the thermodynamics
of trajectories, and allowing the study of non-equilibrium behaviours. Before

presenting the thermodynamics of trajectories however, it is necessary to introduce
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some of the formalism used to describe the dynamics of the systems to be studied

in this thesis.

2.2 Classical stochastic processes

The work presented in this thesis will focus on stochastic systems |1,[29]. A
stochastic process can be seen as a sequence of configurations defined at discrete
moments in time, {C;(t;),Ca(t2), ...Cy(t,)} where the transitions between configu-
rations contain an element of randomness. Such processes are naturally a part of a
statistical mechanical description of nature - while the motion of a particle is inher-
ently deterministic in nature the complexity of a large system of particles makes a
deterministic solution prohibitive, instead the aggregate effect of an environment is
considered in a probabilistic fashion. The problem can thus be solved by assigning
a probability to possible sequences of configurations, P(Cy, t,; Cr1, tn_1;...; Ci, t;),
where C}, t; are the initial configuration and time, and instead studying the time
evolution of this probability. For simplicity we focus on a subcategory of stochastic
processes known as Markovian processes, in continuous time. These are processes
where the transition probability to a new configuration is dependent only on the

current configuration, with no memory of previous configurations and thus
P(C’m tn|cn—17 ln—15 - Cia tz) - P(C’m tn|cn—17 tn—l) (224)

where P(C,,t,|Cy—1,t,_2) denotes the conditional probability of being in configu-
ration C,, at time t,, given that the configuration C,,_; was realised at time t,_;.
The time evolution of these probabilities is governed by the Chapman-Kolmogorov
equation, where the probability of being in configuration C at a time ¢ is calculated

by integrating over all intermediate configurations C" at times ¢,

P(C,t|C;, t;) = /dC’P(C,t|C’,t’)P(C’,t’|C,~,ti). (2.25)
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While the Chapman-Kolmogorov equation is useful, it is much more convenient

to collect the probabilities of being in all possible states into a vector,

P) = 3 P(C, 1) (2.26)

c
where {|C)} is an orthonormal configuration basis, (C|C") = d¢ . The time evolu-
tion of this vector can then be captured by a matrix equation, called the master
equation |1}31]
AP (t)) = WIP(1)). (2.27)

While we focus on continuous time Markov chains, generalisations of what we
describe below are straightforward. The master operator W is the matrix

W=> W)l - Re)e)cl, (2.28)
C'#C C

where W(C — C’) is the transition rate from C to C’, and R(C) the escape rate
from C (these transition rates can be explicitly calculated by Taylor expanding
the Chapman-Kolmogorov equation about infinitesimal ¢'). In this description,
the expectation value of an operator A is given by (A(t)) = (—|A|P(t)), where
(—| = >_c(C] (such that (—|P(t)) = 1 due to probability conservation).

The dynamics described by Egs. is realised by stochastic trajectories.
A trajectory of total time 7 is a time record of configurations, and of waiting times
for jumps between them, observed up to a time 7. That is, if we denote by X
such a trajectory, then X, = (Cp — C;;, — ... = C;,), where Cy is the initial
configuration and ¢; the time when the transition from C;, , to C;, occurs (so that
the waiting time for the i-th jump is ¢; — t;_1). The trajectory X, has a total of n
configuration changes (and t,, < 7, i.e., between t,, and 7 no jump occurred). Egs.
(2.2742.28)) imply that the probability P(X,) to observe this trajectory out of all
the possible ones of total time 7 is given by
P(X.) = po(Co) [Je D w(C, , —C.,)

=1
x e~ (T tn) R(Ctn) (2.29)
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with tg = 0. The last factor is the survival probability of the configuration C;,
between t, and 7, and we have also included the probability py of the initial

configuration.

2.3 Open quantum systems

In the previous section we focused for simplicity on stochastic Markovian clas-
sical systems. The extension to Markovian open quantum systems [30,44,/45] is
straightforward. In this case, instead of a master equation for the probability

distribution we have a master equation for the density matrix p

Aip(t) = Wip(1)], (230)

where the quantum master operator is the super-operator [45],
Np 1
) = —ilH, - Li(-)LI — ={LIL;,}. 2.31
W() Z[,]+; ()Li — g{LiLi, } (2.31)

Here H is the Hamiltonian, which generates the coherent part of the evolution,
and L; (¢ = 1,...,Np) are (bounded) quantum jump operators corresponding
to the incoherent effect of the interaction with the environment [30,44}45]. The
evolution described by (2.30)-(2.31)) can be realised by an “unravelling” in terms
of stochastic wave-functions [30,45,46]. This stochastic evolution is given by
propagation of the wave-function under the action of the non-Hermitian operator
Hyg=H — %ZZ LILi, punctuated at random times by “quantum jumps” due to
the action of the jump operators L;. That is, a quantum version of the continuous

time Markov chains discussed above.
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2.4 Thermodynamics of trajectories - s-ensemble

In this section we introduce the thermodynamics of trajectories in its usual form -
the so-called s-ensemble (also known as the canonical dynamical or canonical path
ensemble) [12,13,/16]. The properties of the dynamics can be studied by considering
the statistics of time-extensive observables [14-16]. This allows the formalism of
statistical ensembles to be brought into the realm of dynamics. One such trajectory
observable is the “dynamical activity”, defined as the total number of configuration
changes in a trajectory [12,/16/47]. Its distribution over all trajectories X, of total
time 7 is

P(K)=Y4 <K - K[XTD P(X,) (2.32)

where the operator K counts the number of jumps in a trajectory. Equivalent

information is contained in the MGF,
Z(s) =Y e K P(K) =Y e KXIp(X,), (2.33)
K X,
whose derivatives give the moments of the activity, (K") = (—)"0"Z,(s)]|s=o-

For large 7, the probability of observing an intensive number of jumps K/7 ac-

quires a LD form [16,25],
P(K/T) ~ e TE/T), (2.34)

This in turn implies that for large 7 the generating function also acquires a LD
form [16,25],
Z.(5) ~ ™), (2.35)

The analogy with equilibrium statistical mechanics is now evident from Egs.
(2.3412.35)). For the dynamics, the equivalent objects to configurations, or mi-

crostates, are trajectories. Order parameters are time-extensive observables, in
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this case the activity K. The large-size limit becomes that of large observation
time 7 (more specifically the limit of large space-time volume for a many-body
system), and in this limit the order parameter distribution P,(K) is described by
the function ¢(k), which plays the role of, say, a Helmholtz free energy, which for
constant “volume” 7 is only a function of the intensive “density” (of the number
of transitions) k = K /7. Similarly, Z,(s) is like a partition sum with an associated
free energy 6(s) (which in this analogy would be like a grand-potential) depen-
dent on the counting field s (akin to a chemical potential for the activity). Just
like thermodynamic potentials, the LD functions ¢(k) and 6(s) are related by a

Legendre-Fenchel transformation [16}125]

o(k) =— msin[e(s) + ks, (2.36)
together with the inversion formula

0(s) = — m}gn[gp(/ﬁ) + ks. (2.37)

[In Eq. (2.36) above, the function 6 is convex and (piecewise) differentiable, thus
giving rise to a convex ¢. In Eq. (2.37), if the function ¢ is non-convex the
resulting 6 is convex but singular, and the inverse transform, via (2.36)), returns

the convex envelope of .|

The LD function 6(s) is the quantity of interest. It is the scaled cumulant gen-
erating function for the activity, i.e., the n-th cumulant of the activity (per unit

time) is given by
an
=(—)" =—4 2.
(=)" 500) (2.38)

s=0

where ((-)) indicates cumulant (mean, variance, etc.). It thus contains the full
statistical information about K. Furthermore, just like a free energy, its analytic
properties encode the phase structure of the dynamics. In particular, singularities

of 0(s) are indicative of dynamical, or trajectory, phase transitions.
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It is useful to clarify the meaning of s at this point. While K is a physical
observable, its conjugate field s is not in principle a physical field (such as pressure
or magnetic field); it is a mathematical field which defines the generating function
of K. Furthermore, it would appear that only s = 0 matters. But to recover
all cumulants, derivatives to all orders at s = 0 are needed, see , so that
the behaviour of (s) for all values of s is relevant to the full statistics of K. In
the vicinity of s = 0 the LD function 6 encodes statistical information about all
trajectories (as one calculates averages by setting s = 0) and therefore provides
information about typical dynamics. In contrast, 6 in the vicinity of s # 0 carries
information about rare trajectories and thus atypical dynamics. In particular, we
can think of s as defining an ensemble of trajectories whose probability is given
by

Py(X,) = Z7\(s)e KX p(x,), (2.39)

where X, are the same trajectories as the ones generated by the dynamics
, but their probability of occurring is now biased by their activity. Of par-
ticular interest, singular features in (s) away from s = 0 imply the existance
of “fat” tails in the distribution Ps(X,). The ensemble given by is often
termed s-ensemble [12,|13,/16]. Note that this is an ensemble of trajectories de-
fined by controlling the total time 7 and the field s, so it can be thought of as a
(T, s)-ensemble for trajectories, analogous to a (V, u)-ensemble for configurations.

Figure [3.1)(a) illustrates this ensemble.

The function 6(s) can be obtained from a deformation of the master operator
W [24]25,48]. Specifically, for the case of the activity in classical systems, this
deformed operator is |12,/16]
W, =) e W(C —C)CHCl =D RE)IC)C], (2.40)
C'#C c
and 6(s) is its largest eigenvalue. For general s the operator W does not conserve

probability and does not describe a proper stochastic evolution. It only does so
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at s = 0, where it reverts to W, and where #(0) = 0. The operator Wy is the

“transfer matrix” for the “partition sum” Z,(s), that is,

Z,(s) = (|

Po), (2.41)

where |pg) is the vector for the initial state probability, [po) = > .po(C)|C). The
above expression is easy to prove from the definitions (2.29) and (2.33). Just like
in equilibrium statistical mechanics, this provides a simplification, as calculating

0(s) then becomes an eigenvalue problem. For quantum systems we instead have

W,(-) = —i[H, ] + ; e Li(-)LI — %{LILZ-, 1. (2.42)

2.5 Systems and relations of interest

While the primer on the thermodynamics of trajectories provides the background
theory for the tools and methods to be used in this thesis, the remainder of this
chapter is dedicated to providing a brief introduction to the systems and relations
to be studied in the context of dynamical ensembles. This starts with a presen-
tation of glass formers, where the s-ensemble has already provided some fresh
insight into the debate on the nature of glass formation [12,/13]. Following this we
look at some of the useful methods of statistical ensembles, namely the Jarzynski
equality and the Lee-Yang zeros method, both of which should be adaptable to

the dynamical context.

2.5.1 Models of glass formers

As supercooled liquids approach their glass transitions, one observes a very sharp
increase in their viscosities and structural relaxation times. Below their glass tem-

perature, T}, these materials have a non-zero static sheer modulus - indicative of



2. BACKGROUND THEORY: THERMODYNAMICS, LARGE DEVIATIONS AND

STOCHASTIC PROCESSES

39

(ii) (iii)

(i)

log , s

Entropy, S
Liquid

Glass

—/_li‘i/_(:rystal entropy

Tx Ty

T

6 3BRP - diBP ' OTP2% ;
Sty DMPo  OTP-3= K4 I I |
AFEH ~ DPGDVE PRES # —
o > > .
5203 DEGS  PHIQ 18 cool -20 K/m
°
BP2IB « ERe PSie O1— heat 420 K/m
©r BPC - FANe PS2% L
BSC ~ Glé/ PS3¢
BePh - KD PT © |
CAKNO3- mlCPn SB &
CN60.0> MTHF-1= sal-1s
— EN602+ MTHF-2o Sal2o
B CN60.4 mrdl= Sal3
= 8 Cum-1 NBB o Saa
~ CumZo NBS710= TANAB-1o
= dBAF o NBS= TANAB-2<
— DBP-15 nProp1 TCP o
) DBP-2= nProp2 tNB o
DC704 - NS66m TPG
DCHMMS o NS80= TPP 2
4 DEP o OTP-1a Xyl
DHIQ
g
of >~ e 1 0.8 l . 1 |
a4 . . . . 220 240 260
-1 0 1 2 3 4 T (K)

Figure 2.1:

(i), (ii), (v) Taken from Ref. |\ (i) Super-Arrhenius relaxation of ortho-
terphenyl (OTP) showing good agreement with both VFT (blue) and
parabolic (red) laws. Also plotted is a mode-coupling theory (green) pre-
diction, showing it break down at low temperature. (ii) Dynamical hetero-
genieties in an equilibrium trajectory of two-dimensional mixture. Overlap
of particles with their original position after one tenth of the systems re-
laxation time are plotted with high overlap (no movement) in blue and low
overlap in red. (iii) Schematic illustration of temperature dependent entropy
of a glass former. Extrapolating the slope of the liquid phase intersects the
entropy of the crystal at a non-zero temperature. Theories must either ac-
count for the inability to crystallise, or uncover a phase transition to an ideal
glass state that occurs before T. (iv) Taken from Ref. Relaxation of
a large number of different materials, all exhibiting super-Arrhenius relax-
ation. (v) The difference in specific heat of glass and liquid phases, C) of
OTP showing anomalous differences when the sample is cooled (black) and
heated (green) through the same temperature range. This illustrates that

the properties of the material are unusually dependent on its history.
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a solid - yet they lack any long range order. In essence glasses appear to be liquids
that are unable to flow. Confusingly this glass temperature, and other properties
of the resulting glass, are not only dependent in the material in question, but
also the specific protocol used to cool the glass, with different rates resulting in
different T,. The viscosities of “strong” glass formers, n follow a characteristic
Arrhenius law, n ~ exp(SA) where A is the microscopic energy barrier to motion
and [ is the inverse temperature. Glassiness occurs at low temperature as the
system is unable to overcome these barriers, and the dynamics become blocked.
More confusing are so-called “fragile” glass formers, exhibit super-Arrhenius be-
haviour, the precise functional form of which is still debated (see Ref. [7] and
Fig2.1]i)). Glass formers also characteristically exhibit dynamical heterogeneities
— space-time “bubbles” of differing activity within the bulk of a glass former (see
Fig[2.1](ii)). This demonstrates that the relaxation does not occur evenly, in both
space and time, and that the dynamics are unusually correlated beyond the ap-
parent structure - which remains that of a liquid. Furthermore if one extrapolates
the structural entropy of the liquid phase, ignoring the abrupt change in slope at
T, (see Fig. [2.1]iii)), one finds that the entropy of the liquid phase crosses that of
an ideal crystal at a finite positive temperature, known as the Kauzmann temper-
ature, T, [49]. The argument is then that either a liquid must crystallise before
T}, or there must be a true thermodynamic phase transition to a glass state. The
physical mechanism underlying this slow dynamics remains controversial [4-7].
Some theories, particularly the random first-order transition theory (RFOT) [§],
propose that glassy systems are approaching some kind of thermodynamic phase
transition, with associated collective (slow) dynamics. These approaches paint the
picture of a “rugged” thermodynamic landscape with many deep, local minima
in free energy functions. They argue that upon cooling the number of energy
minima reduces, becoming sub-exponential in system size. Glassiness then arises

because systems fall out of equilibrium as the liquid is cooled, breaking up into
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small subsystems, each with its own amorphous order in a local energy minima,
without ever reaching the global (liquid) minimum. A characteristic length scale,
[* can be defined, subsystems smaller than this scale behave as glasses and are
unable to relax, while those on longer scales exist as supercooled liquids. It is
argued that [* is determined by the thermodynamic properties of the system, and
that it diverges at T, ensuring a thermodynamic phase transition at some non-
zero temperature T, (which is often related to, but not necessarily exactly Ty),
to an ideal glass state. The existence of such phase transitions can be probed by
computing the free energy of a pair of coupled copies (or replicas) of the system,
and searching for a transition as a function of both temperature and coupling
strength. These transitions link an equilibrium-like phase where the replicas are
different from each other (the liquid) to one where they become very similar (the
glass) [11]. The similarity between the configurations is measured by an overlap
variable, which is the order parameter for the transition. A functional form for
super-Arrhenius relaxation, known as the Vogel-Fulcher-Tammann (VFT) law, ac-
counts for the singularity at 7. in the RFOT description, with relaxation given by
T =T1oexp[A/(T — T.)], where A is a system-dependent constant.

An alternative approach, that of dynamical facilitation (DF) [50], links glassy
behaviour to a dynamical phase transitions that arise from particle motion be-
ing blocked (or facilitated) by neighbouring particles as in the East model, a
one-dimensional lattice spin model where spinflips can only occur on sites whose
neighbour to the left is in excited state. Such models are thermodynamically triv-
ial, but with super-Arrhenius barriers to particle motion [12,/13]. By analysing
their dynamical phase structure using the s-ensemble, one may infer the exis-
tence of transitions between an active dynamical phase (the equilibrium liquid)
and an inactive phase (the non-equilibrium glass). This provides a natural ex-
planation for the origins of dynamical heterogeneities, and accounts for the onset

of glassiness without a thermodynamic transition. Proponents of this approach
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argue that complex dynamical pathways alone are enough to account for the in-
ability to crystallise, and the liquids invariably fall out of equilibrium on experi-
mental timescales. DF predicts super-Arrhenius parabolic relaxation of the form
7 = 1oexp|(J/T,)*(T,/T — 1)?] where T, is a reference temperature for the onset

of glassiness.

Frustratingly both of these very different forms for super-Arrhenius relaxation fit
existing experimental data well (see Fig[2.1{iv)). While a more recent experiment
on 20 million year old amber showing divergence with the VF'T form and agreement
with the parabolic form [51], there is still much debate over the correct functional
form of super-Arrhenius relaxations - it is not clear whether all materials must

necessarily follow parabolic relaxation.

The critical issue in resolving these differing approaches lies in the difficulty of
studying models of real glass formers in three dimensions. RFOT based approaches
are well studied and compelling in the mean field limit but symmetry considera-
tions mean that the transitions they predict can not be present in two dimensions.
On the other hand the dynamical approach has several compelling results in lower
dimensional systems, but the complexity involved in three dimensional glass for-
mers means that making connections to real glass is a difficult endeavour. As of

yet, no single theory captures all of the properties of real glasses.

2.5.2 Fluctuation theorems and the Jarzynski equality

One of the more problematic questions in statistical physics, and indeed all of
physics, is irreversibility, or more specifically how time-irreversible properties can
emerge from fundamentally reversible dynamics. This question is, at its heart, a

question of entropy - the second law of thermodynamics only holds on a statistical
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average, and indeed, only for sufficiently large systems. With technology shrinking
to smaller scales it became necessary to rigorously quantify the scales on which
fully reversible descriptions of nature start to give way to the second law. The
results of this investigation are known as fluctuation theorems [37,38,52-58]. While
the second law ensures that, on average, entropy must increase for driven processes,
this is not true for an individual realisation of a trajectory, where entropy may
decrease. Fluctuation theorems encode the precise probability that such a drop
in entropy occurs. Their study has lead to one of the most celebrated recent
developments in statistical physics - the Jarzynski equality [37], which connects
equilibrium free energy differences with the work done in non-equilibrium (i.e.

fast) processes joining the two states.

Early studies on fluctuation theorems by Evans et al. [59-61] considered the energy
dissipated by some fixed time trajectory of a system, characterized by a dissipation
function, I'. This lead to what is now known as the Fluctuation Theorem (FT),
which relates the probability the dissipation function takes on a specific value, A

to its negative:
PI=A 4
P =—A) e, (2.43)

Negative values of I' are thus suppressed exponentially, and it becomes clear how

violations of the second law are only expected for small systems and short times.

The situation considered by the Jarzynski relation is slightly different - that of
a system initially in thermal equilibrium with a heat reservoir, where the system
is subsequently driven away from equilibrium by externally changing one or more
parameters. The dynamics of the system obeys detailed balance with respect
to the stationary distribution corresponding to the instantaneous values of the
control parameters. Non-equilibrium can then be described as a “lag” between this
stationary distribution and the actual distribution [62]. The Jarzynski equality

relates the average work done over all trajectories with the change of free energy
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between initial, C and final, C’ state. From the second law one expects the free
energy difference, AF = Fp — Fe between the states to be related to the work

done, W in moving from one to the other by
AF <W. (2.44)

Equation is only an equality when the system is changed quasistatically (i.e.
infinitely slowly). The Jarzynski equality, however, finds that

e P = (e (2.45)

where the brackets denotes the average over all possible trajectories connecting C
and C' and § = 1/kgT. This is closely related to (and can be derived from) the
Crooks’ Fluctuation Theorem [54,63], which relates the work done in an arbitrarily
fast process connecting C — C’, to the work done in the reverse process taking

C'—C:
Peo(W=A) A-AF
= 2.4
FPersse(W = —-A) ¢ (2.46)

Remarkably, these relations allow for the calculation of equilibrium free energy

differences using non-equilibrium protocols.

2.5.3 Lee-Yang partition function zeros method

In 1952 Lee and Yang made an important advancement in our understanding of
phase transitions [39,40]. By studying Ising models in a magnetic field, they noted
the partition function could be expanded into the complex magnetic field plane,
revealing that all of the zeros of the partition function lie on a ring in the com-
plex plane. As the system is tuned towards a phase transition (including taking
the system size to the thermodynamic limit), these zeros move towards the real

axis, eventually intersecting it at a phase transition point. While there was limited
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success in expanding this analysis of the zeros of the partition function in the ther-
modynamic case, it has been adapted to the dynamical case [41-43]. Through an
analysis of high-order cumulants of the systems dynamics, the motion of the zeros
of the MGF at short, but increasing, times can be calculated [64-66]. As in the
thermodynamic case these zeros lie in the complex s plane, and move towards any
dynamical phase transition points on the real s axis in the “thermodynamic limit”
of large time and system size. The location of these dynamical phase transitions
can thus be extrapolated from the short-time motion of the zeros. This has in-
teresting implications for dynamical phase transitions, and particularly, instances
where the zeros of the MGF lie near but not on, the real axis in the large time
limit can heavily influence the dynamics of a system, causing a dynamical crossover
without a true phase transition. As such the methods of Lee and Yang provide

potentially useful tools for understanding a variety of dynamical behaviours.
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While the thermodynamics of trajectories has provided great insight into the dy-
namical properties of both classical and quantum systems [12}|13} 1520} 42,47,
48.167-90] , studies have thus far been mostly limited to either the “microcanon-
ical” dynamical ensemble - where the set of trajectories is conditioned on all of
them having a fixed value of a time-integrated quantity (for example fixed total
activity, see Chapter , or the “canonical” dynamical ensemble - where the set of
trajectories is such that a time-integrated quantity, while not strictly fixed, has a
specific fixed average (as in the s-ensemble) [91]. A large part of the ubiquitous
success of statistical mechanics, however, comes from the flexibility offered by the
description of its ensembles. For any system of interest it is a simple matter of
finding the ensemble best suited to treat it. As such, there is likely to be great
benefit in exploring alternative dynamical ensembles as well, ensembles that use

order parameters other than the number of counted dynamical events.

46
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In this chapter we introduce a fluctuating observation time ensemble we denote the
x-ensemble, which uses the total time of the trajectory, 7 as the order parameter
with fixed numbers of dynamical events, K. The correspondence between this and
the s-ensemble is examined and discussed heuristically, with simple examples of
both classical and quantum stochastic systems whose dynamics are Markovian,
and described by master equations. This new ensemble will form the basis for the

remainder of the thesis.

3.1 Fluctuating observation time: the r-ensemble

Consider the case where, instead of keeping fixed the total time 7 of trajectories
generated by (2.27)-(2.28)), what is kept fixed is the total number of configuration
changes K, i.e. the activity, in each trajectory. That is, if we denote by Y g such a
trajectory, then Yx = (Cy — C;, — ... — C;), where the number of configuration

changes is fixed to be K, but the time 7 of the final K-th jump fluctuates from
trajectory to trajectory. From (2.27)-(2.28) the probability of Y is

K
P(Yk) =po(Co) [Je 0 Cw(e,_, — C), (3.1)

i=1

where tp = 0 and tx = 7.

In analogy with Section we ask the question: what is the distribution Pg(7)

of total trajectory length 7 for fixed activity K. From the definitions above we

have,
YT
K=1 4,
= Z pO(CO) H/ dtie_(ti_ti_l)R(cti—1)
Co-Cx i=1 70

X W(Cti—l — Ctl)
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Figure 3.1: (a) The s-ensemble is the set of all trajectories that are possible with the
dynamics —, of fixed total time 7, and where the probability
of each trajectory is weighed by the number of configuration changes. It
is the ensemble defined by fixed (7,s). The ensemble of trajectories that
corresponds to the actual dynamics — is given by (7,0). We
sketch two trajectories, the squares indicate the times where trajectories
begin and end, and the tick where jumps between configurations take place.
(b) The z-ensemble is the set of all trajectories that are possible with the
dynamics (2.27)-(2.28)), of fixed number of configuration changes K, and
where the probability of each trajectory is weighed by the trajectory length.
It is the ensemble defined by fixed (z, K).
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The corresponding moment generating function for 7 is

/ dre " Py (T)
0

= Y e ¥rEp(Yy), (3.3)

Y

ZK(I)

so that (7") = (—=)"0! Zk ()] z=0-

Similarly to what we discussed for the s-ensemble, for large K, the probability of

the intensive trajectory length, 7/K, has a LD form,
P(1/K) ~ e KOT/EK), (3.4)
and so does the generating function,
Zk(x) ~ 9@, (3.5)

The definitions (3.2)-(3.5) are analogous to (2.32)-(2.35) above: all trajectories

have fixed activity K (cf. 7 above); the large limit is that of large K (cf. large
7); the LD function ¢ determines the probability of 7 at large K (cf. ¢ for K at
large 7); z is the conjugate field to 7 (cf. s and K), and the LD function g is
the cumulant generating function for 7 at large K (cf. §(s) for K at large 7). As

before, the LD functions ¢ and g are related by Legendre-Fenchel transforms,

¢(t) = —minlg(z) +tz], g(x) = —min[p(t) + tz]. (3.6)

Equation is the “partition sum” for the ensemble of trajectories with prob-
abilities

P(Yx) = Z (v)e el p(Yg). (3.7)
If the s-ensemble of the previous section, of fixed (7, s), is analogous to an equilib-
rium (V, ) ensemble (since 7 plays the role of volume and s of chemical potential
for the activity), then this z-ensemble, of fixed (x, K), can be thought of as anal-
ogous to an equilibrium (p, N') ensemble, as x is conjugate to the size trajectories

7 (cf. p and V for configurations). The xz-ensemble is sketched in Fig. [3.1)(b).
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The generating function Zk(x) can also be written in terms of a transfer matrix

operator. This can be proved as follows. If we define the operator,

T(t) =)  W(C —C)e ™), (3.8)
C'#C

then the probability of a trajectory in Eq. is given by the product of its matrix
elements. This is because a fixed K trajectory can be thought of as a trajectory of a
discrete Markov chain with transition operator T(¢). The probability of observing
a total time 7 in K jumps therefore given by K convolutions of T(¢). From Eq.

(3.3) we have that Zg(z) is the Laplace transform of this convolution, and thus

given by
Zi(x) = (=|T% |po), (3.9)
where
we—-<~a),,
T, = —=|CHY{(C|, 3.10
> e e (3.10)

is the Laplace transform of T(t¢). The LD function g(z) then corresponds to the

logarithm of the largest eigenvalue of T,.

3.2 Ensemble correspondence

Both the s-ensemble and the z-ensemble are different ways to consider the same
underlying dynamics generated by Egs. —. Just like in the configu-
rational equilibrium case, we expect that in the “thermodynamic limit” of large
7 and large K the two ensembles will be equivalent (except perhaps at phase
transitions [91]), and that the properties of one ensemble will be obtainable from
those of the other. This correspondence can be proved directly from the spectral

properties of the operators W, and T,.
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The matrices W, and T, are directly related to each other. Specifically, from Egs.

(2.40) and (3.10) we have
Ty =W, - Qo +1-2Q,, (3.11)

where I is the identity, [ = > . |C)(C|, and Q, the diagonal matrix,

1
Q=) TTREOC (3.12)

c
Consider now a left vector (I| that is simultaneously an eigenvector of Wy and
T, with eigenvalues (s) and e9®) respectively. If we left multiply (3.11)) by this
vector we obtain,

(7@ —1) (1] = [8(s) — ] (| Q. (3.13)

We see that our assumption (of (I| being an eigenvector of both W and T,) can
only be satisfied if g(x) = s and 6(s) = z. That is, given the function g, the

function @ is obtained from its inverse, and vice-versa,

0(s) =g7'(s), gla)=0""(x). (3.14)

Since the LD rate functions are convex the relation between g and 6 is one-to-one
(except perhaps at their boundaries, or at phase-transition points [91]). Equation
(3.14) is the statement of the correspondence between the s-ensemble and the

xr-ensemble at the level of their respective “free-energies”.

It is illuminating at this point to expand on the analogy with thermodynamic
ensembles. If one considers the trajectory observation time 7 to be a effective
volume, with the events K as particles that fill up this volume, then the field s
controls the addition and removal of particles, making it a chemical potential, pu.
The s-ensemble is then the analogue of fixed volume ensemble with fluctuating
particle numbers - the grand canonical ensemble. The x field is then conjugate to

the volume when particle numbers are fixed, i.e. a pressure, p. The z-ensemble is
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then the analogue of the isobaric-isothermal ensemble, more commonly known as

the (NpT')-ensemble. A summary of this analogy is presented below.

Dynamical property Thermodynamic equiv. | s-ensemble | z-ensemble
7 (time) V' (Volume) fixed fluctuates
K N (number of particles) | fluctuates fixed
Counting fields s, x M, P s fixed x fixed
Moment generating function Partition function Z:(s) Zk(x)
Cumulant generating function Free energy density 6(s) g(x)
LD rate function Entropy density (K1) o(1/K)
(a) (b) (c) (d)
12)
1 1 1
) . ) )
Y A Y |1) Q Y Q[Yg2A
Y
|0) 0) 0)
|0)

Figure 3.2: (a) Classical two-level system. (b) Classical three-level system. (c) Quan-
tum 7' = 0 two-level system: the full line indicates a coherent transition
of frequency €2 and the wavy line a dissipative quantum jump of rate v as-
sociated to emission into the bath. (d) Quantum T # 0 two-level system:
same as before, but now absorption from the bath leads to a second kind of

quantum jump with rate A.

3.2.1 Example: classical two-level system

As an elementary example consider the classical two level system of Fig. (a),

where there are only two configurations, C € {0, 1}, and the transition rates are,
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W(0 — 1) =~and W(1 — 0) = A\. With only one transition out of each state the
escape rates are thus simply R(0) = v and R(1) = X respectively. The operator
W is,
wo—| T (3.15)
e’ —v
and 0(s) is given by its largest eigenvalue,

o(s) = %(A +9) <\/1 - (Zli(l ) 1) . (3.16)

A+ )2

We can explicitly see from this that probability is only conserved at s = 0, as
this is the only situation with a zero eigenvalue, corresponding to a steady state.
From 6(s) we can extract the cumulants of the activity. For the average activity
per unit time, i.e. the average transition rate between the two levels, we obtain

K), 2\
< > — _0/(0) — ’y 7
T A+
as expected. For the case v = A the LD function reduces to (s) = A(e™® — 1),

(3.17)

which is the cumulant generating function for a Poisson process with rate .

Similarly, the operator T, for this problem reads,

0 b
T.={ . "7 (3.18)
a0

and from its largest eigenvalue we obtain the LD function g(z)
1 Ay
x)==1lo . 3.19
o) = 31 (i) (19
This function ¢ is indeed the inverse of the function 6 (3.16). The cumulants of

the total time are obtained from g(z). In particular, the average total time, scaled

by the number of jumps, is

2y
which is the inverse of (3.17). Analogous relations between the moments of K in

(3.20)

the fixed 7 ensemble, and those of 7 in the fixed K ensemble can be obtained by

virtue of Eq. (3.14])).
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3.3 (Generalisation of the r-ensemble to multiple

observables

In the sections above we have proved the correspondence between the s-ensemble
of fixed observation time 7, where s is conjugate to the overall activity, and the
zr-ensemble of fixed activity K, where x is conjugate to the total time. This
correspondence can be extended to the case where one or more s fields couple to

other time-extensive quantities.

Consider a setup like that of section [2.4] but now we are interested in the statistics
of several different time-extensive quantities [12]. For example, one could think
of counting, instead of the total activity, the total number of certain kind of
transitions, or the time integral of a certain quantity such as the energy. Let us
say that there are N different dynamical observables, which we denote collectively

by the vector M = (Mj,..., My). Under the dynamics Eqgs. 1}1} there

will be a joint probability for observing a combination of these M quantities,

—

P.(M). For large 7 this joint probability will have a LD form,
P(NT ) ~ e~7#01/7), (3.21)

where the LD function now depends on the whole vector of intensive observables
(My/7,...,My/7). The corresponding moment generating function for M also

has a LD form at large 7 [25],

Z,(3) =Y e P (M) ~ e, (3.22)
M
where for each observable M,, there is a counting field s,,, collected in the vector
§=(s1,...,5n), and where the LD function ©(5) is a now function of this whole
vector.

The partition function Z,(3) has a transfer matrix representation similar to ([2.41))
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in terms of an operator Wg. For simplicity we will assume that the time-extensive
observables M only change at jumps between configurations (extending to cases
where observables accumulate in the periods between jumps is straightforward).

In this case Wy reads [16],

We = Y e (e - e
C'#C

- R@lc)cl, (3.23)
c

where m,(C — C’) is the change in M, under the transition C — C’ (for the
activity this was just 1 for all C,C’ as it counted all transitions equally). ©(3) is
the largest eigenvalue of the operator . As before, LD functions are related
by Legendre-Fenchel transforms

d(m) = — m;n[@(L?) +m-5], O(5)=-— mﬁlln[@(ﬁi) +m - 5.

Egs. (3.22),(3.23)) define an (7, 3)-ensemble for a general set of dynamical order

parameters M.

In analogy with section [3.1], there is a corresponding construct for studying the
statistics of M in trajectories where the total activity K is fixed. The probability

of observing M , together with a total time 7, for a fixed and large K has the form,

P(r/K,M/K) ~ e Ko/ KM/K) (3.24)

The corresponding moment generating function is

Zg(z,8) = E / dTe_”_gMPK(T,M)
—~ Jo
b7

~ 6@ (3.25)
with ® and G related by
o(t,m) = — n;isp[G(x, §) +tx 4+ m - 3],
G(z,5) = — m&n[@(t, m) + tx +m - 5.

t,m
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Equations (3.24)),(3.25)) define a generalised z-ensemble.

The partition sum Zk(x) can be written in terms of a transfer matrix, Zg(x) =
(=IT3lpo), with

_ Wg(c — Cl) /
T, 5= C%:C W'C )(Cl, (3.26)

where W3(C — C') are the coefficients of the off-diagonal entries of (3.23)). This

allows us to prove the ensemble correspondence in this generalised case. From

Egs. (3.12)),(3.23),(3.26) we have that

Tx’g =W; - Q,+1—2Q,. (327)

As in section we search for conditions for which a left vector (I| is simulta-

neously an eigenvector of both Wz and T, ; with eigenvalues ©(5) and eC@5)

respectively. Multiplying (/| into = we get,
(€€ —1) (1] = [6(3) — 2] (I|Q- (3.28)
It follows that Eq. is satisfied when
O(5) = .(3), (3.29)
where x,(35) is the solution of
G(24(5),5) =0. (3.30)

Equations (3.29)),(3.30]) prove the correspondence between the general s-ensemble
and the general z-ensemble: they allow to obtain the “free energy” LD functions
in one from those in the other, and thus encode the statistical properties of each

other. In the case where M corresponds only to the activity K, the function

G(z,5) = g(x) — s, and Egs. (3.29),(3.30) reduce to (3.14).



3. FLUCTUATING OBSERVATION TIME ENSEMBLES IN THE THERMODYNAMICS
OF TRAJECTORIES: THEORY o7

3.3.1 Example: classical three-level system

As a simple example of how the general s- and x- ensembles relate, consider the
classical three-level system in a setup like that of Fig. 3.2(b). We have three
allowed transitions each with the same rate, W(0 — 1) = W (1l — 2) = W(2 —
0) = v, with all other transitions prohibited W(0 — 2) = W(1 — 0) = W(2 —
1) = 0, and the escape rate from each state is thus R(0) = R(1) = R(2) = ~
Suppose we only observe the jumps between configurations 2 and 0. In the notation
above we have N =1, and M is just Ko, the total number of transitions between

top and bottom levels. In the s-ensemble, the largest eigenvalue of the operator

W =7 0o -1 1 [, (3.31)

(where sy is the field conjugate to Ko) gives the LD function ©(sy0) = y(e™*/3 —
1), which is the cumulant generating function for the number of jumps Kyy per

unit time. In the z-ensemble context, the relevant operator is

0 10
Ty = —— 0 01 ]- (3.32)
3520 T _"_ P)/
e 20 0 0
From its largest eigenvalue we obtain the LD function G(z, sg9) = —s90/3+1logy —

log (z + ). This is the generating function for cumulants of both 7/ K and Ky /K.

If we solve G(zy,s20) = 0 for x, we get, x.(s20) = O(s9) above, in accordance

with (329 (B30).
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3.4 x-ensemble in open quantum systems

We now turn to the quantum case, with dynamics described by the quantum
master super-operater given in Eq. . We denote again by M = (My,...,My)
the time-integrated observables we wish to count, and by ©(5) the large-deviation
rate function corresponding to the cumulant generating function for M /7 in the
large 7 limit. If under the action of the jump operator L; the observable M, is
incremented by mt , then the deformed quantum master operator for which ©(5)

is its largest eigenvalue reads [18],
Np
.y 1
Wi(-) = —ilH, |+ > e Li( )L} - §{LILZ-, 3. (3.33)
i=1

This is the open quantum equivalent s-ensemble operator to that of Eq. (3.23) for

the classical case.

The generalised z-ensemble corresponds to controlling the fields z, conjugate to
the total time 7, and §, conjugate to M , in quantum stochastic trajectories of
total and fixed K quantum jumps. The corresponding LD function G(z, 3) is the

largest eigenvalue of the super-operator,

N

Tos() =Y e ™ L [(a+R)'()] LI, (3.34)

i=1
where (z+7R) ! is the inverse super-operator to (z+R), i.e., (z+R) (z+R)(-)] =
(-). Here R is the “escape” super-operator, R(-) = iHeg(-) — i(-)Hl;, where
H eTH =H —% > LZTLi. Equation (3.34)) is, in the open quantum context, equivalent
to Eq. in the classical context. It is obtained in a similar manner as
by noting that the probability to observe a trajectory of K quantum jumps due to

the action of operators (L, ..., L, _,, Li,) that occur at times (¢,...,tx_1,7) is

Tr [LiKe_Z(T_tK—l)HcHLZ,K71 L Lile—ltchffpo

eitngﬁL;[l L. LT ei(TftK—l)H;rﬁLIK , (335)

1K—1
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where pq is the initial density matrix.

Just like in the classical case, Wy and 7, 7 are directly related,
Tos(-) = WelQ()] + (Z — 2Q) (), (3.36)

where Z is the identity super-operator and Q = (z + R)~!. The correspondence
between the s and x-ensembles is proved in the same manner as before. We act
to the left on a matrix A which we ask to be simultaneously a left-eigenmatrix of
T..s and W with eigenvalues e“@®% and ©(5), respectively (where the left action

of a super-operator is that of the adjoint), we get
Moz = QUAMWs + (T —2Q)(N)
@I\ = O(5)QN) + A —zQ())
= (9@ — )X = [0(5) — 2] Q(N), (3.37)

which has as solutions ([3.29),(3.30) as in the classical case.

3.4.1 Example: quantum two-level system

As a simple example consider the quantum two-level system of Fig. [3.2c), corre-
sponding to a system of two quantum levels |0), |1) coherently driven on resonance
at Rabi frequency Q2 and coupled to a zero temperature bath [31]. The operators

that enter in the definition of VW are the Hamiltonian,
H = Q(|0)(1] + [1){0]) , (3.38)
and the single jump operator (N, = 1)
Ly = \/7[0)(1]. (3.39)

We count the number of quantum jumps due to this operator, and consider for

simplicity the case where v = 4€) (a particular parameter point where the algebra
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is simple). We can write the super-operator W, as a matrix [18],
0 4e™® 1 —i
0 -4 —i 1

W, = Q : (3.40)
i —i -2 0

which acts on the 2 x 2 density matrix p which we write as the vector,

Poo
- (3.41)
Po1
P10
The largest eigenvalue of ([3.40)) is 18],
0(s) = 2Q(e™/* — 1), (3.42)
In this matrix form the operator 7, , reads,
202 (z+Q)*+Q* —izQ 2Q
40e~* 0 0 0 0
Tos = —63
(ZE + QQ) 0 0 0 0
0 0 0 0
From its largest eigenvalue we obtain,
x
G(z,s) = —31 (1 —)— , 3.43
(z,s) og 1+ 50 s (3.43)

and it is easy to see that G[A(s),z] = 0, as expected from Egs. (3.29)),(3.30). In

particular, g(x) = G(z,0) is the cumulant generating function for the trajectory
length 7. Using the transform (3.6)) we obtain the distribution of total time 7 in
the large K limit,

207\ *F
Py (7) ~ (3—K> O (3.44)

which is the expected result given that the probability of waiting a time ¢,

between jumps (except for the first one if the initial condition is not |0)) is

p(ty) = 4(Qty)%e 2w,
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3.5 Outlook

The x-ensemble introduced in this chapter provides an alternative means of study-
ing atypical dynamical behaviours. While the analytical form of the s-ensemble,
following naturally from common master equation descriptions of stochastic dy-
namics, may appear more intuitive than the transfer matrix prescription of the
zr-ensemble, the z-ensemble is not without benefit. The z-ensemble’s utilisation of
fixed K is well suited to simulations of stochastic dynamics - and its use in such
situations will be the focus of the remainder of this thesis. One of the key aspects
of this chapter that we again emphasise here is the flexibility offered by utilis-
ing alternative dynamical ensembles. We argue that the ability to work with the
s-ensemble for more familiar analytics, and switch to the z-ensemble for numeri-
cal work, converting results between the two using the ensemble correspondence
illustrated in section is of significant benefit when exploring the dynamical

properties of new systems.

IThis conversion between ensembles will be treated more explicitly in Chapter



4. FLUCTUATING OBSERVATION
TIME ENSEMBLES: TRANSITION PATH

SAMPLING APPLICATIONS

While the thermodynamics of trajectories described in the previous chapter can
unlock the full array of dynamical behaviours present in a system, it is not always
a straightforward task to access this information. The examples presented all pos-
sessed master operators (for the classical case) or super-operators (i.e. operators
with a larger number of degrees of freedom than number of states - for the quan-
tum case) that are directly diagonalizable, but for more complex systems this is
often not the case, making it difficult to obtain the moment generating function.
The problem is compounded since the dynamical fields, s, x are not connected to
physically tunable parameters as their thermodynamic counterparts are. While
techniques such as thermodynamic integration and umbrella sampling [92] can be
adapted to numerically recreate these dynamical free energies, they are compu-
tationally costly, and often the full LD function is not required. Transition path
sampling (TPS) [3] offers an alternative method of efficiently sampling the low-
order moments. Originally developed to generate so-called reaction trajectories
that occur sufficiently infrequently that their direct observation from simulated

dynamics is infeasible, it is well suited to sample the rare trajectories at the heart

62
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of the s- and z-ensemble. It has already had success in numerically describing the

s-ensemble [13}72,73].

In this chapter we develop a TPS scheme for the z-ensemble based on the method
of Crooks and Chandler in Ref. [32], focusing on its efficiency relative to the
s-ensemble. We generically introduce the simulation methodology in section [4.1]
before detailing the operation of the z-ensemble scheme in section4.2] This scheme
is then applied to a variety of stochastic systems, both classical and quantum in
section [4.3], with an analysis of the performance of the algorithms. At the end of
the chapter the efficiency of z-ensemble TPS is discussed, with a look at the future

potential of improving performance further through “self-tuning” TPS algorithms.

4.1 'Transition path sampling for trajectory en-

sembles

TPS operates by performing a biased random walk through the space of all tra-
jectories, towards a predefined region of the trajectory space, and is in essence
a Markov chain Monte Carlo (MCMC) [92] sampling algorithm. In its original
application to chemical reactions, the predefined region would be trajectories that
start in the reactant region of phase space, and end in the product region. For the

sK e727 are instead the

s- and x-ensembles, the regions defined by the weights e~
target. It is convenient to view TPS as a wrapper, operating as a layer around
the simulated dynamics of the system. While any method of generating dynamics
can be used with TPS; for reasons of efficiency we focus on continuous time Monte

Carlo methods in both the quantum and the classical case, which we present below.

The only mechanism for efficiency over raw sampling of the dynamics is clever
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methods of proposing subsequent steps in the random walk, reusing much of the old
trajectory without artificially altering the underlying dynamics. Broadly speaking
there are two methods of proposing alterations; local and non-local changes. Local
changes alter some small part of the system at a specific point in time, for example
giving a single particle a small change in momentum, without drastically altering
the trajectory as a whole. They tend to have high acceptance rates, but because
of the limited scope of the change, decorrelation times are high at each stage of the
chain, and they struggle to reach distant target distributions in a timely manner.
Non-local changes alter entire sections of the current trajectory, and tend to suffer
the opposite problems - low acceptance rates. Examples of these methods include
the “forwards/backwards shooting” and “forwards/backwards shifting” techniques

previously used with the s-ensemble [13}72].

4.1.1 Classical continuous time Monte Carlo

Like in the previous chapter we consider stochastic dynamics produced with con-

tinuous time Markov chains, both classical or quantum. For systems subject to

classical or quantum master equations, Eqs. (2.27)-(2.28) or (2.30)-(2.31]), respec-

tively, the standard way to simulate stochastic trajectories is by means of contin-
uous time Monte Carlo [26] (often called quantum jump Monte Carlo for the case
of open quantum systems [30]). For the classical case such a scheme amounts to

the following [26]:

i) Given the current configuration of the system C, compute the time t, to
the next transition by solving Pe(ty) = 71, with Pe(t,) = e () being the
“survival probability”, R(C) the escape rate from C, and r; € [0, 1] a uniformly

distributed random number
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ii) Choose a transition C — C’ by drawing a second random number 75, where

the probability to make the jump C — C’ is given by W (C — C')/R(C)

iii) Change the current configuration from C to C’ and repeat from (i).

4.1.2 Quantum jump Monte Carlo

In the open quantum case, quantum jump Monte Carlo amounts to an “unravel-
ling” of the quantum master equation, Eqgs. —, that leads to a stochastic
evolution for the wave function [30,{45,46]. Again (quantum) jumps occur stochas-
tically, but in contrast to the classical case the wave function also evolves between
jumps through the action of the effective Hamiltonian H.g. That is, if the wave
function at t is [¢(¢)), and no quantum jumps occur between ¢ and t + t, then
(¢ +1,)) = eiHon

time until the next quantum jump is given by Py(t,) = |le”"Herbv|h(t))]|?. A

Y(t)). Furthermore, the survival probability for the waiting

stochastic trajectory can then be generated in the following way [30]:

i) Given the (normalised) state |1(t)), compute the time to the next jump by
solving Py(ty) = 71, where r; € [0,1] is a uniformly distributed random

number
ii) Evolve the wave function by ty, |[{(t + ty,)) = e~ iwHerr|¢)(¢))

iii) Draw a second random number 5 to select which quantum jump to perform,
where the probability to make the quantum jump ¢ is proportional to (i(t +
b )| LELal (¢t + 1)

iv) Make the selected quantum jump, |1 (t +ty)) — L;|(t + ty)), normalise the

resulting state, and repeat from (i).
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4.1.3 TPS and Metropolis-Hastings in trajectory space

TPS then operates as a wrapper around the dynamics in the following manner:

i) Generate a starter trajectory, X, with continuous time Monte Carlo, comput-

ing observables of interest, 7, M
ii) Propose a new trajectory, X' with observables 7/, M’

iii) Accept or reject X’ with Metropolis acceptance probability Paceep; = min{1, e~ (*A7}
for the z-ensemble, Pyeeept = min{l, e~(AKY for the s-ensemble, or indeed

TATHEAM

Piccept = min{1, e )} for a compound ensemble with many s, x fields

iv) Repeat steps ii and iii until X is sufficiently equilibrated to the target distri-

bution

The Metropolis acceptance criteria in step iii) above ensures trajectory sampling
obeys detailed balance with respect to the target distribution. It can be derived,

starting from a statement of detailed balance, as follows. From
P(X - X"P(X)=PX — X)P(X) (4.1)

the transition probability is split into a proposal distribution (the probability of
proposing X’ given X), 7(X — X’), and an acceptance distribution (the proba-
bility of accepting the proposed change), A(X — X'). Rearranging we then have

AX = X)) PX)r(X — X)

= . 4.2
AX' - X) PX)r(X —X) (42)
Choosing a proposal method such that
X' =X
X=X (4.3)

(X=X
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and given, for example, that in the xz-ensemble we have P(X) = e " Px(7) we

arrive at
/ —z7!
A(X—>X):e (4.4)
AXN = X) e
which for convenience we write
A(X = X') = min{1,e 47} (4.5)

It should be noted that the Metropolis-Hastings algorithm approaches the target
distribution asymptotically, so it is a somewhat subjective matter to decide when
a trajectory is “equilibrated.” In practice one waits until the acceptance ratio
(the fraction of proposed changes that get accepted) is stable and fluctuations in
the mean value of observables have ceased. Furthermore because old trajecto-
ries are adapted to propose new ones, subsequent steps in the Markov chain are
correlated, and so to sample statistical information fairly one must wait multiple
steps before drawing samples. This, again, is a subjective matter that depends
on the specific method of proposal. The key to successful TPS, then, lies in bal-
ancing acceptance rates vs decorrelation times. It can be difficult to know what
the “ideal” acceptance rate should be tuned to, though it has been shown to be
50% for a one-dimensional Gaussian target distribution, dropping to 23% for an
infinite-dimensional Gaussian distribution [93]. As such acceptance ratios in the

region of 25 — 40% are a good target for most systems.

4.1.4 Comments on s-ensemble efficiency

The s-ensemble TPS schemes have thus far relied on two kinds of moves, shooting

and shifting. Shooting moves operate as follows

i) Randomly select a time along the trajectory, ¢’
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Figure 4.1: Illustration of typical s-ensemble TPS protocols with a generic evolution
of “coordinates” of a system as a function of time. (a) Shooting moves:
a point in time is selected (blue line) and based on a coin flip, either the
past or future is discarded (pink) and replaced by a new segment (green).
(b) Shifting moves: before generating a new segment the kept portion of a
trajectory is first shifted forwards or backwards (backwards shift not shown).
It should be noted that both protocols require the ability to produce time

reversed dynamics.
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ii) Generate a random number r € [0,1] to determine whether to replace the

future or past from '

iii) If » > - discard and regenerate the trajectory segment ¢’ — ¢

N =

iv) If r < = discard and regenerate, using time reversed dynamics, the trajectory

N | =

segment t' — t;

Shifting moves operate in the same manner, but add the additional step of shifting
the section of trajectory that is not discarded backwards/forwards in time before
replacing the missing segment (see Fig. for an illustration). Since the sampling
is done from an exponentially suppressed distribution, raw sampling of trajectories
must scale as O(e®) and O(e”). Shooting moves are fundamentally limited by the
need to accept alterations to the middle of the trajectory, and so scale similarly
to raw sampling with 7/2. This is a significant improvement, but ultimately they
still suffer from exponential scaling. Shifting moves can function better, with
multiple small shifts in the same direction working collaboratively to alter the
middle portion of trajectories. However they suffer from bottlenecking as plateaus
of “desired” dynamical behaviour, which are unlikely to be modified, form around
“bad” regions in the trajectory. If one imagines an “optimal” shifting length, [
that has an ideal acceptance rate, trajectories that are very much longer than
this, 7 > [ are likely to suffer from such bottlenecking. s-ensemble schemes are
thus a delicate balance act between the optimal trajectory length for efficient
sampling, and achieving the “thermodynamic limit” of large 7. This is further
confounded by variations in dynamical activity in a dynamical phase space, which
alter [. Because of these issues, as well as the overall degree to which a trajectory
is changed in a proposed move, s-ensemble schemes often have acceptance rates
that are fractions of a percent in practical applications, well below the desired
range. Both schemes are also critically dependent on the availability of time-

reversed dynamics for efficient sampling, making their application to quantum
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systems problematic. It is these problems we aim to address with the z-ensemble.

4.2 TPS with fluctuating observation time

The z-ensemble is well suited to describe systems whose dynamics is generated
by such classical or quantum continuous time Monte Carlo. A trajectory with a
fixed total number K of jumps is fully determined by K pairs of random numbers,
{ry, 7o} - the first to determine how long until a configuration or quantum jump
occurs, the second to determine which configuration change or quantum jump
occursl] A TPS scheme for the z-ensemble can then be devised based on the
method of Ref. [32]. Since a trajectory is fully encoded in predetermined set of
K pairs of random numbers, randomly selecting one of these pairs and modifying
it is an efficient way to generate a new trajectory from an old one. The change
in the extensive quantities of interest, A7 and AM , where M again denotes the
counted observables, can be calculated and the new trajectory accepted or rejected
based on the Metropolis acceptance criterion Pecept = min{1, e~ (@ATHSAM) }. After
a sufficiently large number of accepted moves, a trajectory typified by the fields
(x, §) is generated. It is often impossible to implement local changes in the context
of trajectories due to the exponential growth of differences upon making a change,
however, this z-ensemble scheme is, in essence, a combination of local and non-
local changes. In the context of the random numbers only a small, local change
is made, but due to the highly non-linear mapping from random numbers to
trajectory, and the exponential growth of differences, this can have non-local effects

throughout the trajectory. Furthermore the overall extent of the change is small

!This pair of random numbers could, of course, be combined into a single random number
that determines both the waiting time and the configuration change, but it is far simpler just to

generate a pair of random numbers.
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compared to s-ensemble schemes (one can think of s-ensemble schemes as altering
half of the random numbers associated with a trajectory on average), bolstering

acceptance rates.

Due to the ensemble correspondence demonstrated in chapter (3], it is possible to
convert z-ensemble TPS results, where the values of the fields (x, §) are fixed, to
their equivalent s-ensemble described by § only. In order to do this it is necessary
to find the curve z*(3), see Eq. . This curve passes through the origin of the
space spanned by (z,§), since G(0,0) = 0 trivially. It is then possible to move
along the x*(§) curve by expanding for small increments 05 in § which allow

to relate the required change in dx to the current averages of 7 and M:

—5§<T<§” > +0(05%). (4.6)

In order to compute the s-ensemble we can therefore start at the point (z = 0,5 =

or =

0), i.e. unbiased dynamics, and progress towards § by adjusting = according to
(4.6)), using an z-ensemble TPS algorithm for each value of (x,5). In this way
we recover the properties of ensembles of trajectories with fixed total observation

time from simulations of trajectories with fixed number of transitions or jumps.

4.3 Applications

We now apply the xz-ensemble TPS scheme described above to a number of sys-
tems. We start with some simple open quantum systems because they are easy
to simulate and the structure of their trajectory phase space can be analysed an-
alytically, but inherent issues with time reversal make an s-ensemble exploration
difficult. This provides an ideal test bed for the z-ensemble, with known results
with which to compare the numerics generated. We then move onto a classical, ki-

netically constrained glass forming model, the East model, to test the performance
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of z-ensemble TPS in an area the s-ensemble has already seen success.

4.3.1 T # 0 quantum two-level system

We again consider the quantum two-level system, but now for the case of T # 0,
Fig. 3.2(d) [30]. In most open quantum systems, generating time-reversed dy-
namics is non-trivial, whether due to the combination of coherent dynamics inter-
spersed with stochastic jumps in state, or the possibility of an unpaired Lindblad
term for which there is no reverse process (that is a Lindblad term describing a
transition between states [i) — |k) with no corresponding Lindblad term for a
transition |k) — |7) — the population of state |i) might instead be brought about
by the coherent evolution). In such systems conventional TPS is limited to forward
shooting only, limiting its efficiency. We use the simple case of the T # 0 two-level

problem to illustrate how the xz-ensemble TPS can efficiently sample such systems.

Compared to the T = 0 case of Sect. [3.4.1 when T # 0 there is a second jump
operator, L, = v/A|1)(0|, associated to the absorption of a quanta from the bath,
which leads to a projection to the |1) state at a rate A (where the ratio \/v is
determined by the temperature T'). Let us say we are interested in the statistics
of the number of jumps K; due to L, . Using the z-ensemble TPS scheme
we can compute the average total time, (7)(z,s;), and the average number of
1-jumps, (Ki)(z,s1), for fixed total jumps K (i.e. due to both L; and L) as a
function of the fields = and s;. Figure[d.2|(a) shows the ratio (7)/(K;) as a function
of z, along the curve z*(s;) —, comparing the TPS simulation to the
exact result. Figure (b) shows the activity associated to K in the s-ensemble,
(Ky)s = —0'(s1)T, both the exact result from diagonalisation of W;,, and the
numerical estimation from the conversion from the z-ensemble TPS simulation,

(K1)s = (K1) 2+ (s1)(T)z+(s1)- A rudimentary efficiency comparison of the z-ensemble
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TPS scheme and a forwards/backwards shooting s-ensemble TPS scheme is shown
for zero-temperature in Figure [1.2c) and (d). The z-ensemble scheme scales
linearly with trajectory length, and as O(z?), while the s-ensemble scheme scales

exponentially with both trajectory length, and s.

4.3.2 Micromaser

Next we consider a micromaser [94], a single-mode cavity coupled to a finite-
temperature bath, and pumped by sending excited two-level atoms through the
cavity at a constant rate. There are four quantum jump operators associated
with the system, two for the atom-cavity interaction L; = ﬁ%\/%‘?)a, Ly =
V7 cos(AWaat), and two for the cavity-bath interaction, Ly = v/ka, Ly = Vaal.
Here the a,a’ are the raising/lowering operators of the cavity mode, r is the
atom beam rate, and A\ encodes the time of flight of atoms through the cavity.
For simplicity, the system can be parameterised by a single “pump parameter”
a= )\\/m . It can be shown that if the system is initiated in a state with
diagonal density matrix, the system stays in a diagonal state. It should be noted
that while this effectively reduces the problem to a classical one, generating time-

reversed dynamics is still problematic as there is no clear reverse process for action

under L.

The micromaser has a rich trajectory phase diagram with many dynamical phase
transitions between states characterised by different photon occupations, (N), of
the cavity [95]. This complex dynamical phase structure is made manifest by
coupling to the number of events M; under the action of L, i.e. measurements on
the atoms leaving the cavity where the atom is in its ground state. Below we will
reproduce this behaviour by converting results from the xz-ensemble, described by

fields (z, s1), to the equivalent s-ensemble described by s;.
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Figure 4.2: T # 0 quantum two-level system. (a) xz-ensemble: (7)/(K;) as a function
of z, along the curve z*(s1) in the z-ensemble; symbols are from TPS sim-
ulations and the curve from exact diagonalisation of T, s,. (b) s-ensemble:
the symbols are the s-ensemble expectation values as a function of s, as
obtained from the z-ensemble TPS simulation, and the curve those from
the exact diagonalisation of Ws,. The parameters here are v = 62 and
A = 2Q. (c) and (d) Efficiency comparison of (c¢) x-ensemble TPS to (d)
s-ensemble forwards/backwards shooting for parameters v = 4Q and A = 0
(zero-temperature). The simplicity of the system represents the most effi-
cient possible scenario for both approaches. Real time taken to converge to
within 2% of the analytical rates showing the scaling with trajectory length.
The typical trajectory lengths plotted are 400 times longer in (c) than (d).
(Inset) As before but now the scaling is with x/s. The range of = and s used

are equivalent.
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Transitions from states with high to low photon occupation occur far more readily
than the reverse. This can present a problem when trying to numerically recreate
a transition away from z = 0 from a state with low photon occupation to a state
with a higher photon occupation. This is similar to the problem of a thermal
system becoming stuck in a potential well that is not the global minimum. While
there are many techniques to deal with such an issue, such as replica-exchange,
there is a more novel approach in the micromaser. Since suitable time-reversed
dynamics are not available, it is simple to fix the initial state of the trajectory
to a large photon occupation, N, and set the trajectory length (defined by K)
large enough that the initial conditions do not have significant impact on the
latter stages of the trajectory. Since the micromaser frequently returns to the
same state under a TPS algorithm, the z-ensemble TPS approach is not punished
by large trajectory lengths in the same way the s-ensemble is (by returning to a
previous state, in effect a constant amount of computation is needed to propose a
new trajectory under the z-ensemble, where an amount of time of O(7) is needed
in the s-ensemble, since on average half the trajectory is always recomputed; see

next section).

Figure (c) provides a comparison between the efficiency of the x-ensemble to
that of the s-ensemble. It shows the same quantity as in (a) in the range s € [0, 0.1]
and « € [m,4w] but generated using an s-ensemble forward shooting algorithm.
It took about 100 times more computational effort using the s-ensemble TPS to
generate the data in (c), over a fraction of the parameter range of (a), and clearly
the convergence to the exact result is still poor, cf. panel (b). Furthermore, no
useful data could be generated in that time using an s-ensemble TPS approach for
s1 < 0. This illustrates the efficiency of the z-ensemble TPS scheme as compared

to the standard fixed observation time TPS.
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Figure 4.3: Micromaser: average number of L; jumps, (M), as a function of s; and a/7.
(a) Results from z-ensemble TPS of trajectories of fluctuating observation
time 7, transformed to the s-ensemble. (b) Exact numerical diagonalisation
of Ws,. Both plots at the same resolution. (c) Results from s-ensemble TPS.
This small segment of the phase diagram took approximately 100 times the

computation time of the z-ensemble plot.

4.3.3 East facilitated spin model of glasses

The s-ensemble method was first applied to uncover the dynamical phase
structure of kinetically constrained models of glassy systems. Such systems are
thermodynamically simple but dynamically complex, and this can be traced back
to a singularity in ensembles of trajectories, between “active” (equilibrium) and
“Inactive” (non-equilibrium) dynamical phases. These two phases are stabilised
by negative or positive s, respectively, with a first-order transition between them
at s = 0 (in the limit of large system size, and for the case where the kinetic
constraints are “hard”, i.e. cannot be violated). A more in depth discussion on

the nature of glasses can be found in chapter

For a demonstration of the functionality of the x-ensemble approach in a many-

body glassy systems, we consider the East model in one-dimension , defined
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Figure 4.4: (a) The raw xz-dependent mean jump waiting time per site 7/NK explicitly

converted to: (b) The s-dependent mean activity per site, K/N7 and (c)

The s-dependent mean excitation density per site, p,/N. Both plots are

at temperature T' = (.5, for chain lengths N = 15,30, 60, and the simula-

tions were made using z-ensemble TPS. (d/e/f) Same as before but now for

N = 60 and for temperatures 7' = 0.91,0.75,0.5. The change in relationship

between z and s with a change in both chain length and temperature is

demonstrated in the conversion from (a) — (b) and from (d) — (e) respec-

tively
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on a lattice of N sites with a binary variable at each site, n; = 0,1 (i =1,...,N),
and with energy function £ = ) . n;. A transition at site ¢, from 0 — 1 with
rate ¢, and from 1 — 0 with rate (1 — ¢), can occur only if the neighbouring site
to the left is excited, n;_; = 1. This latter condition on the rates is the kinetic
constraint. The transition rates are temperature dependent with ¢ = (14 ¢'/7)71.
Note that with these definitions detailed balance is obeyed with respect to the
Boltzmann equilibrium with energy E at temperature T, and since E is non-
interacting, despite the strong dynamical interactions, the system evolves towards

a non-interacting equilibrium state.

The x-ensemble TPS approach is able to efficiently recover the results obtained
through s-ensemble TPS. Figure [£.4] shows that we recover the active-inactive
crossover, which is seen to get sharper with increasing lattice size, and is present
at all temperatures, as expected [12]. Again we have converted from an z-ensemble

described by field x to an s-ensemble described by field s.

Finally we perform another efficiency comparison shown in Figure An 2-
ensemble TPS scheme, and a forwards/backwards shooting s-ensemble TPS scheme
were run from an initially infinite temperature system, and we measure the real
time taken for the mean excitation density per site, p,/N to fall below some crit-
ical value p.. for s = 0.2. This corresponds to taking the system from a highly
active state (s < 0) to the inactive state (s > 0). The lengths of the trajectories
were set to be over a similar range for a trajectory in the inactive state. The linear
dependence of the z-ensemble scheme with system size, K continues to hold in
this system. The s-ensemble scheme on the other hand is significantly punished
by trajectories that are too short or too long. Furthermore, due to a large over-
all difference in efficiency, a higher value of p..;; = 0.05 had to be used for the

s-ensemble scheme, compared to p..; = 0.02 for the z-ensemble.
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Figure 4.5: Efficiency comparison of the (a) z-ensemble TPS scheme, and (b) a for-

wards/backwards shooting s-ensemble TPS scheme.

Both plots are for

T=0.5, N=60 and show the mean real time taken for the mean excitation

density per site, p, /N, of an initially infinite-temperature system to fall be-

low some critical value p¢r+ for TPS with s = 0.2. Due to overall difference

in efficiency we used periy = 0.02 for the z-ensemble in (a) and perie = 0.05

for the s-ensemble in (b). The trajectory lengths are over similar ranges for

trajectories in the inactive phase with s > 0

4.4 Efficiency of the z-ensemble scheme

While we have focused on systems simulated with continuous-time Monte Carlo

(both classical and quantum), it should be noted that z-ensemble TPS is applicable

to any system whose trajectories can be fully described by sets of random numbers.

The efficiency of the approach will be dependent on the nature of the system under

study, but in general there are several factors that should contribute to a greater

efficiency in the z-ensemble than the equivalent s-ensemble TPS schemes. These

factors are the following:

(i) A new trajectory Y’ is generated by altering the i-th random number that

defines the current trajectory Y leaving the other random numbers, before and
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after, unchanged. If at any later stage 7 > ¢ the trajectory visits the same state
as in Y then no further computation is required to generate Y’. This drastically
reduces the computation overhead required to propose a new trajectory. While
this recurrence is unlikely in large systems, it will be the main source of efficiency
in few-body problems, and perhaps also in systems with large state spaces but

with limited dynamical pathways (cf. the micromaser).

(ii) Smoothness of the acceptance criteria. s-ensemble TPS has a Metropolis

—sAK) " Since the number of events

acceptance probability of Piccept = min (1, e
is necessarily an integer, a change in activity is only seen if K changes by at
least 1. This can lead to low acceptance probabilities, particularly for large s.
The z-ensemble, on the other hand, has a metropolis acceptance probability of
Piccept = min (1,e=*A7) [or more generally for multiple observables, Picept =
min (1, gwAT-FAM )]. Since the trajectory length 7 is continuous small incremental
improvements, towards a trajectory typical of the desired value of (z, 5), are more

likely to be accepted.

(iii) Trajectories are not altered as drastically. Working in such a manner where
trajectories are fully described by a sequence of sets of random numbers, an s-
ensemble forwards-backwards shooting approach is equivalent to a replacement,
on average, of half of the random numbers. While the relationship between the
random numbers used to describe a trajectory and the activity of that trajectory is
obviously highly non-trivial for a complex system, it is nevertheless to be expected
that smaller changes to the random numbers defining the trajectories will have
a smaller impact on the activity - although this is unlikely to be a factor in
highly chaotic systems. Furthermore, while the mapping from random numbers
to trajectories may be non-linear, it is still systematic, for example small random
numbers might correspond to long waiting times in general. By modifying one

pair of random numbers only, the z-ensemble approach makes smaller incremental
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improvements facilitating faster convergence. This is particularly important as
s-ensemble schemes often only manage acceptance rates that are fractions of one

percent.

(iv) Alterations can be made at any point along the trajectory with compara-
tive ease. This avoids the bottlenecking in s-ensemble schemes where the middle

portions of a trajectory are difficult to alter.

We expect the z-ensemble to be particularly useful in systems that display an
active-inactive dynamical phase coexistence, such as glassy systems [12}/13]. Using
a fixed-time trajectory, as in the s-ensemble, the length of the trajectory needs to
be set long enough that any interesting behaviour in the inactive phase is captured.
But this can lead to an unnecessarily large amount of information on the active
phase being recorded. This is the primary reason for the poor performance of the
s-ensemble in the micromaser (see Fig. - the scheme fails whenever the system
encounters a dynamical phase boundary because of the difference in activity in
either side. Optimising 7 for the inactive phase leads to poor sampling in the active
phase and vice versa. It is also the reason for the computational cost when 7 is too
small seen in the East model (see Fig. [L.5). In contrast, in the z-ensemble little
computation time is wasted on the active phase: by fixing total event numbers,
the same quality of statistics is generated for both active and inactive dynamics.
It should also be noted that at worst, s-ensemble shooting/shifting schemes can
easily be adapted to the z-ensemble. This flexibility is of great importance, as in
general with TPS; there is no a priori way of knowing for certain which schemes

will be effective.
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Figure 4.6: Efficiency comparison of the “small 7” scheme (red circles) with the original
scheme (blue triangles) in the quantum two-level system with parameters
v =4Q and A = 0 (T=0), K = 10000. (a) Mean real time taken to converge
to within 0.5% of the analytical rates across a range of z values with their

corresponding acceptance rates (b).

4.5 Beyond the standard TPS algorithm: a self-

tuning approach

In this section we discuss the future outlook of work in progress on z-ensemble
TPS schemes. While the z-ensemble has been shown to be more efficient than
the s-ensemble in a wide variety of systems, its key advantage is its flexibility
which can be exploited further. While in the previous section we utilised a scheme
of replacing a single set of random numbers, it is not necessary to be limited
in this manner. Any modifications that preserve the symmetry of the proposed
move distributions (see Eq. can be used. This includes alterations that
change a set of random numbers by a small amount instead of replacing them
completely, provided the flatness of the random number distribution is preserved.
One possibility is to set a maximum increment, dr, and modify a random set of

random numbers, {7y, 79} — {r1 +dry,re+drs} with dry,dry € [—dr,dr]. In order
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to preserve the distribution of random numbers, we impose periodic boundary
conditions on [0,1]. It is straightforward to see that any proposed move occurs
with the same probability as its reverse, i.e. P({ry,ro} — {rs,r4}) = P({rs,r4} —
{ry,m}) and Eq. is satisfied.

The primary advantage of this “small 7 method is that it allows for more precise
control of acceptance rates, something that has been lacking in TPS applications
to the thermodynamics of trajectories. We apply this method, again to the 7' = 0
quantum two-level system of Fig. (c). Figure (a) shows the benefits
obtained. We compare the performance of the original method (dr = 1) to the
new one with a value of dr = 0.4. Initially, for small x where acceptance rates are
high, there is some linear overhead where further bolstering of the acceptance rates
is a hindrance. However as we increase x the small » method begins to outperform
the original, with a 50% reduction in computation time for the z > 10 region. The
corresponding acceptance ratios (defined as the ratio of accepted moves to total
proposed moves Ay, = Nyceepted/Nproposed) i Figure (b) illustrate this point. A
crude analysis of the peak relative performance of the two methods suggests the
optimum acceptance ratio for this system occurs at approximately Ay = 0.3 - in

line with other applications of the Metropolis-Hastings algorithm [93].

There is still further flexibility that can be explored with the xz-ensemble. Situa-
tions where acceptance rates of the standard scheme are higher than optimal are
not overly common in practical situations, particularly not in difficult to sample
regions of a trajectory phase space. The x < 5 region of Fig. for example, is a
manifestation of this. Improvements could potentially be made to lower the accep-
tance rates in such a case, and speed up sampling, but there is little need given the
overall rapidity with which sampling occurs. However, often in the initial “burn
in” phase of a complex system, particularly when attempting to sample close to a

dynamical phase transition, there is a need for large overall changes to a trajectory,



4. FLUCTUATING OBSERVATION TIME ENSEMBLES: TRANSITION PATH

SAMPLING APPLICATIONS &4
0.9 . . . . . . . . 0.8
L 4
4 LA <>
Q |
085? oo A% 0.7
0.8 o.. 0.6 o
<C°\ 0.75- o HosE
L § e ] <
A . Q“é
0.7F QN 0.4
| A . ° o
0.651 AL 0.3
L 1 L 1 L 1 L 1 L
0.65 2 4 6 g 192
dr

Figure 4.7: Efficiency of the initial relaxation of an East model, mean real time taken
(blue triangles) for the excitation density to fall below periy = 0.012 with
x = —0.04 with N =30, T = 0.5, and K = 7500. The values of dr are integer
i.e. changes to whole sets of random numbers. The corresponding acceptance
rates (red circles) are shown, and the relationship between acceptance rate

and time taken is non-linear (as expected).

to quickly decorrelate from an initial chosen trajectory. Such a situation occurs
for example in the East model. If we want to fairly sample the inactive phase, it is
often best to start from an equilibrium trajectory with a random spin distribution
(i.e. infinite temperature) as its initial configuration. If one were to start from an
artificially constructed inactive state, the slow dynamics and large escape barrier
from any given inactive state results in a long decorrelation time from the initial
trajectory (one can think of this as being stuck in a very deep potential well in
a thermal problem). This is the same motivation behind techniques such as sim-
ulated annealing [26] starting from an effective “high-temperature” state before
relaxing to fairly sample from the entirety of a distribution. This is particularly

true for systems with many deep, nearly degenerate free energy (or g(x) in our
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analogous situation) minima where crossing from one minima to another at low
temperature is a difficult endeavour. To illustrate this we implement a scheme in
the East model with dr > 1 (signifying changes to more than one set of random
numbers at a time) in Figure [1.7] The real time taken for the initial relaxation
to the inactive phase, measured by the excitation density falling below a value of
Perit = 0.012 for an N = 30,7 = 0.5, K = 7500 system, is plotted for a range of
(integer) values of dr, along with the corresponding acceptance rates. For ease of
implementation we modify sequential sets of random numbers. This then corre-
sponds to effectively a small shooting move at a randomly selected point in the
trajectory. With a value of dr = 10 we find there is more than a 66% reduction

in the time taken to relax the East model trajectories to the inactive phase.

Combining the methods above sets the ground work for current ongoing work on
a self-tuning z-ensemble TPS scheme. As we have seen Ay is the critical quantity
for the efficiency of Metropolis-Hastings algorithms, and the xz-ensemble allows for
very strong influence on acceptance rates compared to the s-ensemble. It is pos-
sible to modify the protocol used in response to the current measured acceptance
ratio as one proceeds with TPS. Each time we modify the protocol an interface is
created in the Markov chain across which detailed balance is broken, which is an
unfortunate consequence. However, if only a small change is made to the protocol,
there is little impact on the sampled distribution, and the Markov chain relaxes
almost instantaneously back to the “equilibrium”ﬂ of the target distribution. As
long as changes to the protocol are small, and made infrequently, we can do so
without biasing the sampling. This is a precise analogue of the method of sim-

ulated annealing, which also uses small, infrequent breakages of detailed balance

2Again one needs to be careful remembering we are dealing with a Markov chain of trajec-
tories, and a protocol moving through the space of trajectories, rather than configurations -
this “equilibrium” is not a thermal equilibrium, but rather with the regards to the stationary

distribution of trajectories defined by zx.
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(with respect to configurations in that case) to optimize sampling of thermal phase

spaces.

This self-tuning algorithm would then proceed as follows:

i) Define an “ideal” target acceptance ratio, Afyzar) (typically around 25% for a

many body system)

ii) Set an initial protocol, typically with large changes to the system initially
(e.g. dr > 1)

iii) Perform a set (large) number of TPS moves and measure the current accep-

curr

tance ratio A((% )

(curr

iv) Compare A((yzar) and A%urr)’ and adjust the protocol accordingly i.e. if A, ) >

A%ar) increase dr by a small amount, else decrease dr by a small amount.

One must naturally enforce an upper and lower bound on dr to prevent failure of
the algorithm on edge cases. Such an approach would greatly reduce the labour
intensity of a TPS study, as one does not need to worry about the nuances of
the most efficient TPS implementation, the algorithm would self-tune towards
optimum sampling. This is particularly useful for studying a broad range of x, and
particularly, crossing dynamical phase boundaries, where the optimum protocol
in each phase may be drastically different. It will also potentially help when the
dynamical phase space is “rugged,” where the system can struggle to find the
global minimum. One can start from a large dr, x = 0 protocol and slowly tune x
towards the desired target, correspondingly adjusting dr to facilitate the location
of the global minimum. This is exactly the situation simulated annealing was
developed to address in thermal systems. We have implemented such a scheme,

again for a simple test case of the T' = 0 quantum two-level system in Fig. [4.8
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Figure 4.8: Implementation of a self-tuning xz-ensemble TPS algorithm in a T" = 0 quan-

tum two-level system. The real time taken to converge within 0.5% of the
analytical rates across a range of values for a range of target acceptance
rates. Also included is the original method with dr = 1 (maroon aster-
isks). For large = all schemes converge towards the same time taken as they
consistently hit the lower dr bound of 0.03. The plateaus, and subsequent
improvements in time taken, for the high acceptance rate targets (40 — 60%,
teal triangles, black triangles and green crosses) are caused by encountering

this lower dr bound much sooner, and the inability to maintain unnecessarily

high acceptance rates.
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The specific implementation measures the local acceptance rate over 10* TPS
moves and slowly adjusts the value of dr accordingly. dr has upper bound of 1
(complete replacement) and a lower bound of 0.03. The ’ideal’ acceptance rate
appears to be somewhere in the region of 20 —25%, suggesting a surprising amount
of complexity in Metropolis sampling even a seemingly simple dynamical system
(we again reiterate here that ideal acceptance rates have been shown to be 50% for
sampling a one-dimensional Gaussian distribution, falling to 23% for an infinite-
dimensional Gaussian [93]). We are in the process of refining this approach and

applying it to a variety of systems to fully establish its usefulness.

Beyond this there are two further points we wish to discuss. Firstly, it is also
possible to incorporate the shooting and shifting methods of the s-ensemble in
cases where time-reversed dynamics are available, but such moves are fundamen-
tally less limited in the z-ensemble. One can imagine exotic schemes where, for
example, a set of random numbers is cut from the trajectory, a small segment of
the trajectory (but not the entirety of the remainder) shifted into its place, and
a new random number inserted at the end of the shifted segment. While such a
scheme may or may not be useful, it serves to illustrate the flexibility offered by
the z-ensemble. At a worst case scenario one can always reduce to an s-ensemble
scheme, so we argue well implemented z-ensemble TPS scheme should never fail
to perform at least as efficiently as a well implemented s-ensemble scheme. The
second point is that, in may places in this work, we have exploited a fixed initial
configuration C; of a trajectory to aid in sampling of a desired phenomenon. If
the trajectory is long enough to (effectively) realise the LD limit of the system,
the initial configuration is irrelevant to the statistics of the sampled distribution.
However, when not using time-reversed dynamics, one could consider the initial
configuration to simply be the first set of random numbers in a trajectory, treated
like any other, with attempted changes being made by modifying this set of ran-

dom numbers. These changes could be large (replacing the initial configuration
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completely) or small (flipping a single spin in the initial configuration for example)
without breaking detailed balance. This can potentially be extremely useful when
sampling from a bistable distribution, where the typical configurations through-
out a typical trajectory from each peak are drastically different. This is again,
not a possibility that is practical with any s-ensemble scheme. As such, we again
emphasise the degree of flexibility offered by the z-ensemble is of great importance

to the efficiency with which TPS studies can be performed.

4.6 Outlook

The results of this chapter illustrate the usefulness of the x-ensemble in a numer-
ical setting. It is perhaps natural that an ensemble of fixed event numbers would
be well suited to computer simulation, with predefined memory requirements and
simple methods of trajectory alteration. This has allowed the application of the
xr-ensemble in situations where the s-ensemble struggles - notably where the dy-
namics of systems do not obey detailed balance. Even in scenarios where the
s-ensemble has been successfully utilised, the z-ensemble demonstrates improved
performance. This performance is further enhanced by the greater flexibility in
manipulation of trajectories allowed by the z-ensemble, allowing more precise
control over the acceptance rates of TPS schemes. We are hopeful that these de-
velopments will allow for the exploration of the dynamical properties of systems

that have so far been beyond the reach of traditional methods.



5. DYNAMICAL AND STATIC
TRANSITIONS IN PLAQUETTE MODELS

OF GLASSES

In this chapter, we investigate plaquette spin models of glasses [35], for which
both overlap-fluctuations and dynamical activity-fluctuations can be analysed,
by a combination of analytical and computational methods. We concentrate on
two models, whose relaxation behaviour is similar to that of the facilitated East
model [27,28,/96] — their relaxation times increase faster than an Arrhenius law
at low temperatures, but the equilibrium relaxation time is finite at all positive
temperatures, diverging only as T" — 0. We present evidence that these models
support both dynamic and thermodynamic phase transitions. In the thermody-
namic case we consider a coupling between two annealed replicas, and transitions

occur only for non-zero (positive) values of the coupling.

We argue that these results provide a connection between the (apparently quite
different) ‘thermodynamic’ and ‘dynamic’ theories of the glass transition. This
connection is built on the idea of metastability, which is intrinsically connected
to glassy behaviour. The formation of a metastable state in a finite dimensional

system requires that small perturbations in that state do not grow: the system

90
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prefers to relax back into the metastable state. This stability to small perturba-
tions may be described in terms of an interfacial cost that acts to penalise local
perturbations. Different theories ascribe different origins to these interfacial costs,
which might be either static or dynamic, depending on the system of interest,
and the kinds of fluctuation being considered. However, the existence of these
interfacial costs seems quite generic, and may be useful for rationalising different

kinds of phase transition in these systems.

The main results of this chapter are as follows. We analyse the triangular plaquette
model (TPM) in two spatial dimensions [33/34], and a three-dimensional variant of
this model, which we refer to as the square pyramid model (SPyM). In section [5.2]
we show numerical evidence that the TPM in a magnetic field supports a phase
transition in the 2d-Ising universality class. There is a previously known method
of mapping two (annealed) coupled replicas of these systems to a single system in
a magnetic field [36,97,/98], which is shown in Appendix [A] It then follows that
the coupled replicas of these systems also support a similar phase transition. In
section |5.3 we show that the TPM also supports dynamical “space-time” phase
transitions, similar to those in [12,[13,[99]. In section [5.4} we introduce the SPyM,
and show evidence that it supports phase transitions in the coupled replica setting,
and dynamical space-time phase transitions. Finally in section [5.5 we discuss the
relationships between the thermodynamic and dynamical phase transitions that
we have found, and we consider the consequences of these results for theories of

the glass transition.
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5.1 Plaquette models, and coupled replicas

5.1.1 Models

We consider plaquette spin models defined in terms of classical Ising spins on

regular lattices, with energy functions of the form
_
E; (o) = _§Zaiu0ju"'gkw (5.1)
o

where 0; = +1 with ¢ indicating a lattice site (i = 1,...,N), and where the
interactions are in terms of products of spins 0;,0;, - - - 0%, around the plaquettes
w of the lattice. See [33-35] for a more general overview of the relevant properties
of these systems. On a square lattice, one labels each square plaquette with an
index p, and {o;,,0;,,...,04,} is the set of four spins on the vertices of plaquette
1. This construction is easily generalised to higher dimensions: for a cubic lattice
and cubic “plaquettes”, each term in the energy would involve eight spins. This

motivates us to define plaquette variables 7, = 0;,0;, - - 0%,,.

An interesting model in this class is the TPM [35], where the lattice is triangular
and the interactions are between triplets of spins in the corners of upward pointing

triangles,

J
Ey0)= -3 > 0,050k, (TPM) (5.2)
H=A

The geometical setting is shown in Fig. (a). Our analysis rests on a correspon-
dence between configurations of the spin variables o; and the plaquette variables
7,. If we first consider rhombus-shaped systems whose linear size is an integer
power of 2, with periodic boundaries, then there is a one-to-one mapping be-
tween spin configurations and plaquette configurations. (It is clear that every
spin configuration corresponds to a unique plaquette configuration, but the ex-

istence of a spin configuration corresponding to every plaquette configuration is
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(a) spins
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(b) (©)

% q@ b*
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Figure 5.1: (a) Illustration of spins and plaquettes in the TPM. The spins o; are located
on the vertices of the lattice. The plaquette variables 7, are located on the
upward pointing triangles (shaded). Each plaquette is associated with three
spins and the variable 7, is given by the product of these spins. (b),(c) Ge-
ometrical illustration of the duality relation in the TPM. Panel (b)
shows two TPM systems, a and b, with coupling as in . Panel (c) shows
the location of the sites of the dual problem, again two coupled TPMs a*
and b*. The plaquettes in the dual system bisect the coupling interactions

in the direct system, and vice versa.

less trivial [28,[33H35].) For systems of different sizes or with different boundary
conditions, the correspondence is not perfectly one-to-one, but these deviations
turn out to be irrelevant in the thermodynamic limit. In section below, we
will also discuss the SPyM, a three-dimensional model with the same one-to-one

correspondence, on the body-centred cubic (bcc) lattice.

In cases where the one-to-one mapping holds exactly, the fully polarised state
o; = 1 Vi is the unique ground state of (5.1). In terms of the plaquette vari-

ables, the ground state is 7, = 1 Vu, and the elementary excitation is a “de-
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fect”, 7, = —1. Two-body spin correlations vanish in these models [35], although
higher-order spin correlations are finite and allow access to a growing length scale
at low temperatures [100]. Also, since there is a one-to-one mapping between
spins and plaquettes, the thermodynamic properties of these models are those of
non-interacting binary plaquette variables [2833135], or a free gas of ‘defective’

plaquettes (with 7, = —1)[]

However, while the thermodynamic properties of plaquette models are trivial, their
(single spin-flip) dynamics is not. This effect arises because flipping a single spin
o; changes the states of all of the plaquettes in which it participates. The pla-
quette dynamics is therefore “kinetically constrained” [28}|34}35] possibly leading
to complex glassy dynamics at low temperatures. This is what occurs for ex-
ample in the TPM whose dynamical properties are similar to those of the East
facilitated model [28}134,135], displaying “parabolic” super-Arrhenius relaxation,

dynamic heterogeneity, and other characteristic features of the glass transition [7].

5.1.2 Coupled replicas

To probe thermodynamic overlap fluctuations, we consider two coupled replicas of
a plaquette model [11,36,/102-104]. The energy function of the combined system
is

Eje(0%,0") = Ey(0%) + Es(0”) = Y ofo?, (5.3)

where 0% and o® are the spin configurations in the replicas a and b. The overlap,

Q(c%, 0% = Za?af, (5.4)

'If the plaquette interactions do not allow for a spin-defect duality, as for example with spins
in a cubic lattice with interactions on the square faces (rather than on the cubes), then the static

properties may be non-trivial. See for example [101]
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measures how similar the two copies are, and the strength of their coupling is given
by its conjugate field . The coupling is denoted annealed since both replicas
are allowed to fluctuate on an equal footing. The case of quenched coupling, in
contrast, involves one of the replicas being frozen in an equilibrium configuration.
Here we will only consider the case of annealed coupling which is easier to treat
both analytically and numerically. Hence the partition function for these two

coupled replicas is

Zo(Je) =Y e PEneletah), (5.5)

O'C",O'b
where the sum runs over the configurations o, ¢%: that is, over all o¢ = +1 and
all ¢? = £1. Here and in the following, we sometimes set 3 = 1 where there is no

ambiguity [for example, the left hand side of (5.5 should strictly be Zy(5.J, fe)

but we suppress the dependence on 3, for simplicity].

5.1.3 Dualities and phase transitions

The mapping from two coupled replicas to a single system in a field has useful
consequences, since we may exploit existing results for plaquette models in mag-
netic fields. The duality of this model, Eq. (A.6)) (see also [98]), implies a duality

relation for the free energy F) = —1n 7y,
N_ . - -~ N_. | -
Fi(h,J)+ 5 Insinh(28h) = Fy(h, J) + 0 Insinh(23h) (5.6)

where h and J are given in Eq. (A.7)). Phase transitions appear as singularities in
the free energy density f; = limy_ o Fi/N.

From (5.6), if F is singular at (h,.J), it is also singular at (h,J). This places
constraints on the possible phase behaviour of the system. In particular, if the
system supports only a single phase transition, it must occur for parameters such

that (h,J) = (h,J). This condition defines a line in the (h, J)-plane, which is
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given by
BJ = —Intanh gh. (5.7)

On this line one has also sinh §.Jsinh 25h = 1. Phase transitions that occur on
such lines were investigated in [97,|98]: the plaquette models considered there
support a single critical point that occurs at some point (J., h.) on this line, with

first-order phase coexistence occurring on the part of the line with J > J..

We note that resembles the Kramers-Wannier duality of the Ising model,
which allows the position of the critical point to be identified exactly in that
model. Here the situation is different because the transition takes place at finite
h, in contrast to the Ising transition which is known to take place at zero field,
by symmetry. For this reason, the duality of the TPM does not fully determine
the position of the critical point, but restricts it to the line within the (h, J)

plane.

From the mapping in Appendix [A] the phase transitions of the TPM in a field
correspond to phase transitions in the coupled replica system: the first-order tran-
sition line separates a state with low overlap (small €) from one with high overlap

(large €). For the coupled replicas, the self-dual line is
sinh(/5J) sinh(fe) = 1, (5.8)

This situation, where the self-dual line for the coupled-replica system contains a
first-order transition region and a critical point, was proposed for the TPM in

Ref. [36]. We present numerical evidence for this situation in section below.

5.1.4 Other consequences of dualities and symmetries

In this section, we explore some further consequences of the results derived thus

far. First, we note that the relation (A.2)) means that for a coupled replica system
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at parameters (J,¢), the probability of a particular configuration of the overlap
variables ¢ is the same as the probability of finding the configuration o = ¢
for a single system in a field, with parameters (J';h = ¢). From a numerical
perspective, the single system in a field is much simpler to simulate, and the
result means that such a simulation provides direct access to all observables
based on the overlap variables. (This result is much stronger than a mapping at

the level of free energies.)

Second, for a geometrical interpretation of the duality relation , we refer
to Figs. [5.1(b) and [5.1(c). The original coupled system can be thought of as a
lattice consisting of two parallel layers, a and b. The duality relation (A.9) may
be interpreted as a mapping between two different two-layer systems, where the
plaquette energy scale in one model determines the interlayer coupling in the other,
and vice versa. Fig.|5.1|(c) illustrates this situation, in which the interlayer ‘bonds’
in the original system intersect the intralayer plaquettes in the dual system, and
vice versa. This geometrical way of seeing the duality easily generalises to other

lattices and plaquette interactions.

Third, the duality relation for a plaquette model in a field can be used to analyse
the behaviour of its free energy in the vicinity of a (presumed) critical point. We
assume that a critical point exists somewhere on the self-dual line, and that this
critical point is in the Ising universality class, as is found generically [97] (see also
below). The free energy is singular at the critical point (h,,J.), and the form of
this singularity is universal. Given , it is convenient to define

N
Fuyunn(h, J) = Fi(h, J) + = Insinh(26h), (5.9)

The singular behaviour of Fyymy, is the same as that of F since the added term is
regular. The reason for introducing Fiymm is that the duality relation (5.6) now
reads simply

Fyymm(h, J) = Fapmm (B, J). (5.10)
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(a) Ising TPM

hr/T h/T

Figure 5.2: Illustration of the relation between critical behaviour of the Ising model
and the TPM. (a) Ising phase diagram. the h; = 0 axis is a symmetry
line, there is a critical point indicated by a circle, with a first-order (phase
coexistence) line for large J7, indicated by a solid line. Selected lines of
constant J; are indicated by dotted lines. (b) The corresponding situation
for the TPM in a field. On the solid/dashed line (5.7)), the system has a
discrete (Z3) symmetry: a critical point and phase coexistence both occur
on this line, as indicated. The dotted lines are obtained from for three
different values of hg, and correspond to the lines of constant J; in panel
(a). Near the critical point, they indicate the direction of the most relevant

renormalisation group flow.

To investigate the universal behaviour of Fyymm, we introduce fields H = H(h, J)
and J = J(h, J). These fields are defined to be equal to zero at the critical point,
and will correspond to the directions in parameter space that are relevant under
the renormalisation group. The universal character of phase transitions means

that these fields can be chosen such that
Fsymm(h> J) - Fsymm(hCa JC> = aO[FI(%7 \7) - FI<O’ O)] (511)

where ag is a constant and Fj(H, J) is the free energy of an Ising model in a field

hy = H and with coupling J; = J.r + J, in which J.; is the critical coupling of
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Figure 5.3: Simulations of the TPM in a field. (a) Distribution of the magnetisation

at various values of J for state points on the self-dual line , at system
size L = 128. The bimodal distribution P(m) indicates a first-order transi-
tion, which disappears on reducing J. From , the same distributions
would be obtained when considering the overlap between two coupled TPMs,
at appropriate state points. (b) Representative configuration at phase co-
existence (8J = 2.9 and L = 128) showing interfaces between regions of
small and large magnetisation (corresponding to regions of small and large
overlap in the two-replica problem). (c) At our estimated critical point,
(Jo = 2.634, h. = 0.072) and for various system sizes, we show distributions
of the variable x that is obtained by rescaling the order parameter M to zero
mean and unit variance. The full line is the corresponding result for the 2d
Ising model at criticality, indicating that the critical point of the TPM in a
field (and therefore of the two coupled TPMs) is in the 2d Ising universality

class.
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the Ising model. The approximate equality in (5.11]) accounts for non-universal
contributions which are negligible for sufficiently large systems and close enough

to the critical point.

The symmetry of the Ising model under inversion of the field A; means that
Fi(H,J) = Fi(—H,J). The corresponding symmetry relation for the TPM is
, and the operation of this symmetry should invert the magnetic field H but
preserve the coupling 7 in the equivalent Ising model. Hence the functions H and

J should satisfy

H(h,J) = —H(h,J),  T(h,J)=T(h,J) (5.12)

A geometrical interpretation of is shown in Fig.[5.2l The self-dual line
corresponds to the symmetry line H = 0, which corresponds to h; = 0 for the Ising
model. We now derive TPM analogs of the dotted lines J; = const. in Fig. [5.2)(a).
That is, we seek curves J(h) such that J(h, J(h)) is constant.

In fact, since ((5.11]) applies only close to the critical point, it does not fully fix the
dependence of H and J on (h,J). However, a consistent choice for the family of

curves with constant J is
Bdp, (h) = —Intanh(26ho — Bh). (5.13)

This family of curves is illustrated by the dotted lines in Fig. [5.2b. Each curve is
associated with a parameter hg, which is the value of the field h at which it crosses
the self-dual line. The dual of any point on the curve J,,(h) is easily verified to be
(J,h) = (Juy(2ho — h), 2hg — h), which also satisfies , consistent with these
two points having the same value of 7 (recall (5.12)). It also follows from (5.6)
that Fyymm is a symmetric function of h — hg, when evaluated on these lines, just

as Fr(H,J) is a symmetric function of H, when evaluated at fixed J.
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These curves are useful because the function Fr(#,0) is the cumulant generating
function for the magnetisation of the Ising model at criticality. One obtains cumu-
lants by taking derivatives with respect to H. Differentiating in this way,
evaluation of the right hand side requires (0h/0H)s and (0J/0H) 7. In fact it is
sufficient to have the ratio of these derivatives, (0.J/0h) 7, but since defines
lines of constant 7, this is simply J;_(h) = —2/sinh(48ho —28h). Evaluating this
derivative on the self-dual line yields .J; (ho) = 2sinh 8.Jy where Jy = —Intanh hg
is the value of the coupling at that point (recall sinh 28hgsinh 8Jy = 1 for points
on the self-dual line). Hence we have from (5.11)),

o\" 0 , a\"
(ﬁ) FI(O,O)0<<%+281nhBJE) Fyymm (he, Je) (5.14)

The left hand side is proportional to the mth cumulant of the Ising magnetisation.
All cumulants with odd m are zero by symmetry. An explicit calculation using
the symmetry shows that the right hand side is also zero for odd m, as
required. (Note also that one expects corrections to due to non-universal

contributions, as in (5.11))).

To obtain a more direct intepretation of the right hand side of , recall that
(—0p)™Fy is the mth cumulant of the magnetisation M = ). o; in the TPM,
and (0;)"[Fy + (NJ/2)] is the mth cumulant of the number of defects, Ny =
¥ (1 —7,). We therefore define an order parameter for the TPM
M=-T (2 + QSinhﬁJi) [Fy 4+ (NJ/2)]
oh o0J
= M — 2Nysinh J, (5.15)

Using and , and working at the critical point of the TPM, one sees that
cumulants M may be written as a sum of terms, one of which is proportional to
an Ising model cumulant (9y)™F(0,0), while others are non-universal corrections.
Close to the critical point, the even cumulants of M show singular behavior while

the corrections remain regular. Hence, for systems large enough that the singular
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terms dominate the regular ones, we expect the critical distribution of M in the
TPM at criticality to match the critical distribution of the Ising magnetisation.

This prediction will be verified numerically in the following section.

5.2 Numerical results for the TPM in a field

We performed numerical simulations of the TPM in a field, to analyse its phase
behaviour. Working always on the self-dual line we use continuous time
Monte Carlo simulations [105,106] to sample a reweighted Boltzmann distribution
P(0) o< b(M(0))e PEs(@)+BRM(9) where b(M) is a bias function and M (o) = >, 0;
is the magnetisation. We measure the resulting distribution P,(M) of the mag-
netisation, but we choose the function b(M) so that this sampled distribution
does not include any deep minima (free energy barriers) [107]. The ‘true’ dis-
tribution P(M) associated with the unbiased model is then easily obtained as

P(M) o< By (M)/b(M).

The bias potential b(M) is chosen such that b(M) ~ 1/P(M) within a range of M
close to its mean. Outside this range we take b(M ) independent of M (and b(M)
is continuous at the edge of the range). This means that the sampled distribution
P,(M) is approximately constant over a range close to its mean. In practical
terms, we start at a relatively high temperature 71" for which sampling is easy and
we collect N, representative configurations ¢ with r =1,2,..., N,. We typically
take N, in the range 10® — 10*: these samples are not fully independent from
each other but the sampling runs are long enough that the configurations fully
decorrelate within each run. For each sample, we store both the magnetisation
M, = M(o") and the number of defects Ny, = Ny(o") as prescribed by (5.2).

This provides an estimate for a suitable bias potential for further simulations at
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this temperature:
1

“ e —
> O,

where Oy is the Kronecker delta, so 1/b(M) is the empirical distribution of

M. Clearly (5.16) can be used only in the range of M for which one has good

b(M) (5.16)

sampling: for large systems it may also be useful to smooth b(M) by forming a

histogram with a suitably chosen bin width.

We now reduce the temperature to T'— AT, which corresponds to an increase in
J/T of Ay = J/T — J/(T — AT). We also reduce the parameter /7 by A, so
that the system remains on the self-dual line (5.7)). It is easily verified that given

sufficient sampling,

1 1
) ~AsNar=BeMr 5.17
ba(a1) = D) 2 e 5.17)

converges to the (unbiased) distribution P(M) at the new state point. We choose
a value of AT that is small enough for this estimate to be reasonably accurate
(essentially this requires that the exponential weights in , do not result in
concentration of the probability onto too small a fraction of the samples). Then
ba(M) is used as a bias potential for a simulation at this new state point. Repeat-
ing this procedure allows the temperature to be further reduced. The advantage
of the method is that the histogram of M being sampled is approximately flat
at each stage. In contrast to unbiased simulations (b(M) = 1 for all M), this
method is useful when P(M) has two peaks separated by a deep minimum, in
which case unbiased calculations tend to sample only from one peak or the other,
and rarely make transitions between them. However, the flat histogram method
facilitates these transitions: see [107] for a review of these kinds of method. We
note in passing that this scheme could also be implemented using M as the order

parameter: we would expect similar performance in this case.

Figure [5.3(a) shows numerical evidence that for large J (and small h), the self-
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Figure 5.4: Phase diagrams of coupled plaquette models, the two-dimensional TPM
(left) and the three-dimensional SPyM (right). The full line corresponds
to a line of first-order transitions between a thermodynamic phase of small
overlap and one of large overlap between the replicas. This curve is on the
self-dual line (dashed line). The first-order transition line ends at a
critical point that is in the 2d Ising universality class for the TPM and the
3d Ising universality class for the SPyM.

dual line is associated with a first-order phase transition: see also Ref. [98]. The
figure shows the distribution P(m) of the magnetisation density m = M /N, for
three state points on the self-dual line. At large J the distribution is bimodal,
characteristic of first-order coexistence. A typical configuration at these conditions
is shown in FigJ5.3(b), showing coexistence of low- and high-m regions, separated
by sharp interfaces, as expected for a first-order transition. Based on smaller
systems, a previous study [98] speculated that phase separation would not occur
for the TPM in a field, but our results show that this does indeed occur large
enough systems are considered. Given the mapping , Fig. 5.3(b) is also
a representative configuration of the overlap between two coupled replicas, for

suitable (J,¢).
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As J is decreased (or equivalently, temperature and field are increased) along the
self-dual line, the bimodality in P(M) becomes less pronounced and eventually
disappears. Fig. |5.3(a) indicates that the first-order line terminates at a critical
point (J., h.) with J. &~ 2.6. To identify the universality class of this phase tran-
sition, we performed a finite-size scaling analysis, using the order parameter M
defined in (5.15). Note that if all spins are up, one has M = N and Ny = 0,
giving M = N. On the other hand, in a state with A~ = 0 then M = 0 and
Ny = 1/(1 + ¢7), at low temperatures this gives M ~ —N. In general, one
expects a crossover between these two limits as h is increased from 0, with the

crossover occuring near M = 0.

As discussed in Sec. [5.1.4] one expects the distribution of M at the critical point
to be close to the distribution of the magnetisation in a critical Ising model. This
provides a sensitive method for identifying the critical point. In order to match
the shape of the distribution, it is convenient to subtract the mean of M and
rescale so that the distribution has unit variance. We accomplish this by defining
z=(M—(M))//((M — (M))2). Working at the critical point, we then expect
P(z) to be independent of the system size, and that P(x) for the TPM should

also match with a similarly rescaled distribution of the magnetisation of the 2d
Ising model. This allows the critical point to be estimated as the temperature for

which P(z) is independent of L and matches with its known Ising form.

We find these conditions to be satisfied for a coupling J/T = 2.634 (with h/T cho-
sen to be on the dual line). The resulting scaling collapse is shown in Fig. |5.3(c),
which includes data for the TPM at three system sizes, and data for a 2d Ising
model at criticality [108]. The data collapse is not perfect but correspondence
with the universal (Ising) form is increasingly good as the system size increases,
consisent with the singular terms in the free energy becoming dominant at the

system size increases (recall Sec. [5.1.4]). These data confirm the Ising univerality
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class of this phase transition. Note that this collapse implies that cumulant ratios
such as (§M*) /(0 M?)? must take the appropriate universal values, independent
of system size. Hence the data in Fig. is sufficient to ensure that cumulant
ratio crossings (see for example [97]) also take place at this estimated critical tem-
perature. (Note also that while the critical distribution of the order parameter is
bimodal, the transition is second order [10§]: the separation of the peaks vanishes
as the system size L. — oo and the depth of the trough between them remains
constant, in contrast to first-order transitions for which the peaks spacing remains

constant and P(M) — 0 in the trough.)

We also calculated the ratio of the susceptibilities y = L~%(§M?) at criticality,
for the system sizes L = 128 and L = 256. We find x(L = 256)/x(L = 128) =
3.36. Theory predicts that the susceptibility should scale as x oc L?* where
(v,v) = (7/4,1) are the susceptibility and correlation length exponents for 2d-
Ising universality. This yields a prediction for the ratio of our susceptibilities of

2567/4/1287/* = 27/* ~ 3.364, which is consistent with our results.

Bringing together these results, we arrive at the phase diagram shown in Fig. [5.4]
We re-introduce the temperature 7' = 37! as an explicit parameter and plot the
phase diagrams as a function of 7'/J and ¢/.J since this is conventional representa-
tion in supercooled (glassy) liquids. The form of this phase diagram was proposed
in [36]. However, the results here now provide both the correct location and uni-
versality class of the critical point as compared to that work, whose arguments
were based on the incorrect assumption that the TPM in a field was equivalent to
the generalised Baxter Wu model [109]. Our finding that the critical point is in
the Ising class is interesting, since this is the expected result from other general

arguments [102], and what is observed in simulation of coupled liquids [103}/104].

A key feature of the plaquette models is that the first-order transition line does
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not intersect the e = 0 axis except at T' = 0 [36]. However, the duality line at
low temperatures is B¢ ~ 2e~?/, so the field € = ¢* at which the first-order phase
transition takes place is very small. Indeed, simple extrapolation of the first-order
line from high-temperature data might lead one to propose a phase transition at
e = 0 and some T" = Tx > 0, as predicted in mean-field theories [11]. In this
case the scenario shown in Fig. might be hard to distinguish from the mean-
field picture. However, direct simulations near this proposed phase transition (if
possible) would demonstrate that there are no diverging fluctuations as near the
first-order transition line, in contrast to the mean-field scenario where length and

time scales diverge at Tk.

5.3 Active-inactive dynamical transitions in the

TPM

The TPM falls into a category of glassy models that are thermodynamically simple
but where glassy behaviour arises because of non-trivial dynamical pathways to
the equilibrium state at low temperature [27,28,34,110]. In fact, the dynamics of
the TPM [34] is closely related to that of a two-dimensional East model [27},28,/96].
Many kinetically constrained models, including the East model (see section 7
display dynamical phase transitions — phase transitions in the space of trajectories
— between a phase with a high dynamical activity, K, and one with low dynamical

activity [12].

For these lattice models, the models evolve in time by flips of spin variables (for
plaquette models, these are the o; variables). Each time a spin changes its state,
this changes the configuration of the system: the activity K is again defined as the

total number of configuration changes in a trajectory [16,/47], with a time-intensive



5. DYNAMICAL AND STATIC TRANSITIONS IN PLAQUETTE MODELS OF GLASSES
108

activity,

k(s) = (K), /. (5.18)

Like the East model, the dynamical relaxation of the TPM is hierarchical, due
to energy barriers to relaxation that are logarithmic in the linear size of relaxing
regions [28]. This in turn leads to a “parabolic” |111] super-Arrhenius law for
the typical relaxation time in equilibrium as a function of temperature. Given
the similar dynamical properties of the TPM and the East model dynamics, a
natural question is whether the TPM also displays active-inactive dynamical phase

transitions.

In order to answer this question numerically we again make use of transition path
sampling (TPS) to efficiently sample trajectories in the s-ensemble. These systems
are computationally expensive, so the efficiency provided by the z-ensemble is of
great benefit, however for clarity of comparison to prior results we convert back

to the s-ensemble, as in Chapter [

Figure [5.5| shows the results of the s-ensemble analysis of the TPM. It shows the
average activity for a system of size N = 8 x 8 as a function of s, at temperature
T = 0.5 (note this is the TPM in the absence of field). As the length of the
trajectories is increased the change in (K); becomes more pronounced, as seen in
the corresponding susceptibilities. This is indicative of a first-order transition at

some S, =

~Y

0. Similar size scaling is observed by changing system size, as shown in
the insets. The dependence of this transition on the temperature is discussed in

Sec. below, together with similar results for the (three-dimensional) SPyM.

We note at this point that these transitions are inherently dynamical in nature.
For example, one might also consider a plaquette model that involves in time
by dynamical rules in which single plaquette variables may change their state

independently. In this case the dynamics is that of a (grand canonical) free gas of
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Figure 5.5: Average activity k(s), and the associated susceptibility x(s) in the TPM at

T = 0.5. The main panels show data for system size L = 8. These results
were obtained by the z-ensemble method (see text), using trajectories with
fixed numbers of events K, as shown. On increasing the trajectory length,
the crossover from active to inactive behaviour becomes increasingly sharp
and the susceptibility peak increases. The behaviour for smaller systems
(L = 4) is shown in the insets, with both quantities normalised by the
system size. In the absence of a phase transition, one expects both k(s)/L%
and x(s)/L% to be independent of L, so the sharper crossover at L = 8 is

again consistent with an underlying phase transition.

defective plaquettes and the statistics of K are simply those of a Poisson process

(the same situation is observed when considering kinetically constrained models

from which the constraint has been removed [12]). Similarly, the transition in the

coupled replica system of the previous section is also destroyed if one measures the
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overlap at the defect level (that is, one replaces @ in (5.4) by Qa = >_, 7,7,). In
summary, observation of the phase transitions discussed in this chapter requires a
suitable choice of order parameter (Q not (4), and the dynamical phase transitions

also depend on the dynamical rules by which the systems evolve.

5.4 Overlap and activity transitions in a three-

dimensional plaquette model

In order to explore whether the static and dynamical transitions found above for
the TPM are present in dimensions other than two it is of interest to generalise
the TPM to higher dimensions. One of the reasons is that if one wishes to consider
plaquette models to study “quenched” coupled replicas [11},/102,[103] or “random
pinning” [112-114] the distinction between two and three dimensions may be very
significant, due to the inability of two-dimensional systems in random fields to
support first-order static transitions [115]. Here we introduce a three-dimensional

model that is similar to the TPM.

5.4.1 Model

The model we consider is defined on a three-dimensional body-centred cubic (bcc)
lattice. The “plaquettes” are upward-pointing square-based pyramids, each con-
taining five spins. Considering the standard bcc unit cell, one such pyramid is
formed by the spin at the centre of the cube together with the four spins at the
corners of the lower face: see Fig. 5.6l We call this model the square pyramid



5. DYNAMICAL AND STATIC TRANSITIONS IN PLAQUETTE MODELS OF GLASSES
111

A

Figure 5.6: (a) The SPyM consists of spins (grey circles) on the sites of a BCC lattice,
which interact in quintuplets at the vertices of upward pointing square pyra-
mids. One such pyramid is indicated; the central spin also participates in
four other upward pointing pyramids whose apexes are the four spins on the

upper face of the cube.

plaquette model, or SPyM. Its energy function reads,
E()Z—ZZ 0 (SPyM) (5.19)
J\O) = 9 O_Zuajuo—kuo—luo—mu y .
o

where p runs over all the pyramidal plaquettes on the lattice, and the location of

the five interacting spins o;, - - - 0y, is shown in Fig. This is “model 1”7 of [97].

Just like the TPM, the SPyM has a one-to-one correspondence between spin and
plaquette configurations. An alternative model [35,97] may be defined on a face-
centred cubic lattice, in which the plaquettes are tetrahedral pyramids (“model 2”
of [97]). However, in this case each interaction involves four spins so the system
has a global spin-flip symmetry, and the spin-plaquette correspondence is not
exact in finite (periodic) systems. However, these deviations from the one-to-one

correspondence are irrelevant in the thermodynamic limit.

Returning to the SPyM, we explicitly demonstrate the one-to-one correspondence

between spins and plaquettes, by a general method that applies also to the TPM.
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The total number of configurations of the spin variables is 2V, and this is also equal
to the total number of configurations of the plaquette variables, by construction of
the model. For any spin configuration, the configuration of the plaquette variables
is uniquely specified since the 7, are defined in terms of the spins o;. However,
it might be that some plaquette configurations can be achieved by more than one
spin configuration, in which case the mapping is not one-to-one (this happens for
example in the square plaquette model [100] with periodic boundary conditions).
In that case the equal numbers of spin and plaquette configurations means that
there must exist plaquette configurations that cannot be realised by any realisation
of the spin variables. To rule this out and establish the one-to-one mapping, we
now show how a spin configuration may be constructed for any given plaquette

configuration.

We choose as basis vectors for the lattice @; = (1,0,0), @, = (0,1,0) and a3 =
(—1,—1,v/2)/2. We focus on systems whose sites are at (@, + md, — nds with
l,m,n €{0,1,2,..., L — 1}, with periodic boundaries (so for example sites with
n = L — 1 are neighbours of those with n = 0). We indicate the location of the
p-th pyramid by the position of the spin at the apex. The plaquette variable 7,
for p = (i, j, k) is then

T(i,5,k) = O(i,5,k) 0 (i,4,k—1)0 (i—1,5,k—1) 0 (i,j—1,k—1)

Xg(i—l,j—l,k—l)- (520)

Following the same reasoning as in [35] we can invert this relation in terms of a
“Pascal pyramid”: the idea is to demonstrate that introducing a single defect into

the system corresponds to flipping a particular set of spins.

Starting from the ground state, we demonstrate the procedure by introducing a
single defect at the origin: this affects those spins in upper layers which lie on

the sites of an inverted Pascal pyramid (or fractal pyramid). Assuming that the
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central spin in Fig. [5.6]is at the origin, we flip that spin, which introduces a defect
in the pyramid below it. In order to avoid any other defects, we also flip the four
spins on the top face of the cube shown in Fig. [5.6] which ensures that there are
no defects in any of the pyramids pointing upward from the origin. Iterating this

procedure for all other layers, the final spin configuration is

k k
Ok = 1—2 . . mod 2| , (5.21)
¢ J

where () = are combinatorial numbers, and 0 < 4, j < k (all other spins

r!('r?—?")!
oGk = 1). Given periodic boundary conditions, this procedure determines all
spins in the system: on setting the final layer of spins, it may be that defects in the
final layer are unavoidable. However, for systems whose linear size L is a power

of 2, it is easily shown that this procedure produces a final state with exactly one

defect.

Now observe that for any spin configuration, flipping the set of spins for which
TGk = —1in inverts the state of the plaquette variable just below the
origin, leaving all other plaquette variables constant. Similarly, to flip the state
of any other plaquette, one applies a spatial translation to the same set of spins,
and flips all the spins within this translated set. Hence, by repeatedly applying
this procedure, one can generate a spin configuration that corresponds to any
given configuration of the plaquette variables. This establishes the one-to-one
correspondence between spin and plaquette configurations, by the argument given

above.

This correspondence between spin and defect configurations means that the ther-
modynamics of the SPyM is that of a free binary gas of plaquettes. Furthermore,
the relaxational dynamics is similar to that of a (three-dimensional) East model.
Figure shows the decay of the energy at low temperatures starting from a

T = oo configuration. We see the characteristic hierarchical decay of both the
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Figure 5.7: Relaxation of the energy of the SPyM at low temperature starting from a
random configuration (the system size is L = 16). The curve shows the
characteristic plateaus indicative of hierarchical relaxation, as in the East
model and the TPM. Inset: average relaxation time as a function of inverse

temperature, showing super-Arrhenius behaviour.

East model and the TPM: the energy decays in steps with characteristic time
scales 7, = €™/ with n = 0,1,2,.... These steps become apparent when plotting
as a function of the rescaled time variable (7'/J)Int |116]. The inset to Fig.
shows that the equilibrium relaxation time of the SPyM is super-Arrhenius, as in

the East model and the TPM.

5.4.2 Phase transition in (annealed) coupled replicas

The SPyM possesses the exact duality described in Appendix [A] In particular,
the properties of the SPyM in a field were studied in Ref. [97] (“model 17 of that
paper), where it was found that on the self-dual line there is a first-order transition

between phases of small and large magnetisation terminating at a critical point in
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the 3D Ising class. From those results we can directly infer the phase diagram of
the two coupled SPyMs via the mapping of Appendix [A] The result is shown in
Fig. [5.4l This phase diagram is similar to that of the TPM, except that the range

of phase coexistence is larger and the critical point occurs at higher temperature.

5.4.3 Evidence for a dynamical (space-time) phase transi-

tion

As well as the phase transition for coupled replicas in the SPyM, we also present
evidence for a space-time phase transition, similar to that shown for the TPM
in Fig. .5 The results for the SPyM are shown in Fig. .8 for temperature
T/J = 0.65 and linear system size L = 4. There is good evidence for a sharp

transition at s = s* > 0, as found in the TPM.

In Fig. (b,c), we show how the crossover in activity varies with the temperature
T/J, for both the TPM and the SPyM. Simple estimates [117,/118] indicate that
if the inactive state is metastable and relaxes to equilibrium via some kind of
nucleation process with rate v, per unit volume, then s* & ~,,./d0k, where 6k
is the activity difference (per unit space-time) between the active and inactive
states [117]. We attribute the existence of the transition in this model to a stable
inactive state with almost no defects. We expect that the rate for relaxation back
to equilibrium is a strongly decreasing function of temperature, which is consistent
with the increasing s* as T'/.J increases. (The activity difference Ak between active
and inactive states increases with 7'/.J but this dependence is much weaker than

that of the relaxation rate.)

Comparing Figs. and a natural question is whether the crossover lines
identified in Fig.[5.8b) and 5.§|c) are indeed first-order phase transition lines, and
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Figure 5.8: (a) Activity as a function of s in the SPyM for system size L = 4, various
trajectory lengths, and 7'/J = 0.65. The inset shows the corresponding
susceptibility. (b) and (c¢) s-ensemble phase diagrams for the TPM and
SPyM. The full curves are an estimate of the transition point from the
simulations. The dashed lines are extrapolations in the low temperature

regime inaccessible to numerics.
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whether the true phase behaviour involves a first-order line for low temperature
that terminates at a critical point. Our numerical results are not sufficient to
answer this question, due to the significant computational expense of sampling
the s-ensemble. However, we expect on general grounds that the situation should
be similar to the softened Fredrickson-Andersen model considered in [99], in which
case the first-order line would indeed end at a finite-temperature critical point.

This scenario is consistent with the results presented here.

5.5 Discussion

5.5.1 Connection of phase transitions to long-lived metastable

states

The phase behaviour shown in Figs. [5.4] and reveals striking similarities be-
tween thermodynamic transitions (for coupled replicas) and dynamic transitions
(based on dynamical activity). The two transitions are distinct and we do not
believe that they are related by any exact mapping. Nevertheless, we argue in
the following that these transitions are connected to the existence of long-lived
metastable states, which are intrinsically linked to the glassy behaviour in these

systems.

Consider first transitions for annealed replicas. If we work at the phase coexis-
tence point, but within the high-overlap phase, the system occupies low-energy
states. For ¢ = 0, these states would be metastable (with finite lifetimes). This
metastablility means that when localised low-overlap regions are generated by
thermal fluctuations, these regions tend to shrink, just as small fluctuations tend

to shrink within classical nucleation theory. Escape from the metastable state
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requires a collective process that operates on some finite length scale. As ¢ is
increased from zero, this length scale increases, as does the associated free en-
ergy barrier: both diverge at the coexistence point where the high-overlap phase

becomes stable.

The situation for dynamical phase transitions is similar, except that one should
think of trajectories of the system as (d+1)-dimensional objects that exist in space-
time. If one works at the dynamical phase coexistence point (some s = s* > 0)
then inactive trajectories dominate the s-ensemble. During these trajectories,
the system remains localised in low-energy metastable states, with small thermal
fluctuations of the activity, associated with space-time “bubbles” [50]. If the tra-
jectory length 7 is less than the time required for escape from the metastable state,
similar inactive trajectories can be generated with unbiased (s = 0) dynamics, by
taking initial conditions from low-energy metastable states. Transformation of
such a trajectory into a typical equilibrium trajectory involves the introduction of
an active space-time bubble, which subsequently grows to macroscopic size. The
connection with metastability arises because if one introduces a small active bub-
ble within an inactive trajectory, one expects to incur a cost in probability (if this
were not the case, the state would not be metastable since it would readily relax
back to equilibrium). As in the case of overlap fluctuations, the critical bubble
size and the probability barrier increase as s is increased from zero, diverging at

the coexistence point.

We argue that this analogy between phase coexistence phenomena induced by s-
and e-fields provides a qualitative explanation of the similarity between Figs. [5.4
and in that both are linked to the existence of metastable states that can
be observed in unbiased (s = 0 = ¢) systems. The relevant metastable states
have low energy: both the inactive state of Fig. |5.8 and the high-overlap state of

Fig. have much lower defect concentrations than the equilbrium average value
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c ~ e P’ For large s, the system minimises its propensity for dynamical activity
by removing defects, so that N;/N = 0; for large coupling ¢ it is easy to show
that Ng/N ~ e~ %%/ since the system has an effective temperature 1/(23) [119)].
(Considering the partition function , for large € we have 0 =~ ¢® in which
case the Boltzmann factor in reduces to e~ 28E7(e)+eN and the distribution
over configurations o is equilibrium-like at temperature 1/(2(). The general case
considered in [119] involves m coupled replicas in the case where the coupling
is strong enough to localise all replicas in the same metastable state, but weak

enough that it has a negligible effect on intra-state fluctuations.)

Evidence for phase coexistence induced by s and e-fields have both been pre-
sented in atomistic models |13|103]. By contrast, in kinetically constrained mod-
els (KCMs), dynamical phase coexistence can be induced by the s-field [12] but
there is no such transition as a function of £. Metastable states can be identified
in KCMs [118] — here a state is defined [120] as a region of configuration space
for which the equilibration time within the state is much smaller than the time to
escape from it. (As argued in [120], this is a robust definition in finite-dimensional
systems at € = 0, for which mean-field constructions break down.) Given this
definition of metastability, phase coexistence at positive s may be expected, as
argued above. However, this metastability does not lead to phase coexistence for
any ¢: in fact the free energy for two coupled KCMs can be obtained exactly and
the statistics of the overlap are trivial in this case. Clearly the static construction
based on coupled replicas does not reveal the metastability in this model: the
reason is that the kinetic constraints generate metastable behavior by reducing
the ability of the system to evolve from high-overlap to low-overlap states. (To
see this, note that if one removes the kinetic constraints, the metastable states

disappear but the results for coupled replicas do not change.)

A similar situation occurs when considering plaquette models with different over-



5. DYNAMICAL AND STATIC TRANSITIONS IN PLAQUETTE MODELS OF GLASSES
120

lap measures and different rules for their dynamical evolution. As discussed in
Sec. 5.3 changing the dynamical rules of the plaquette models so that plaque-
tte (defect) variables flip independently destroys the dynamical phase transition.
(Viewing the plaquette models in a defect representation, this is equivalent to
removing a kinetic constraint [28].) Also, changing the definition of overlap from
Q to Qqg = > i 7,7, means that the phase transition for the coupled replicas is

lost. (This also happens in plaquette models on random graphs for which exact

mean-field calculations are possible [121].)

The general point here is that the natural dynamical definition of metastabil-
ity [120] coincides with the presence of phase transitions for coupled replicas only
if the natural dynamics of the system leads to unconstrained local changes in the
overlap. So if the dynamics has (unconstrained) single spin flips then the natural
overlap parameter is the spin overlap and one observes both static and dynamic
transitions in plaquette models. If the dynamics has independent changes to de-
fect variables and one uses the defect overlap then both static and dynamical
transitions are lost, so the two constructions are still consistent with each other.
If one uses spin flip dynamics and an overlap based on defects then the dynamical
transition survives but the coupled replicas are insensitive to it. (This is similar
to the KCM case: the dynamical rules for defect variables in plaquette models
are constrained but the spin-overlap is not sensitive to this constraint). Finally
if one uses independent-defect dynamics but an overlap based on spins then the
dynamical transition is lost but the static one survives: the dynamical and static
constructions probe different aspects of the system in this case and give different

results.

We end this section by noting that the inactive and high-overlap states in Figs. [5.4
and are structurally distinct from equilbrium states at temperature 7', and

also from the active and low-overlap states. For example, as noted above, con-
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Figure 5.9: Three dimensional stack of coupled two-dimensional TPMs.

figurations deep inside the high-overlap phase have energies and spin correlation
functions representative of equilibrium at temperature 7'/2 while the low overlap
phase is close to an equilibrium state at temperature 7. The states observed at
finite € are not exactly the equilibrium states at temperature 7" or 7'/2 that are
found for € = 0 or ¢ — o0, but their properties are qualitatively similar, and there
is a significant jump in the energy E;(¢) on crossing the first-order transition
line. This is quite different from ensembles with a quenched coupling between
replicas [122]/123], where the structures of high- and low-overlap states should be
statistically (almost) indistinguishable, with (at most) a small discontinuity in

E;(0) at the transition (see also [112]).

5.5.2 Connection between multiple coupled replicas and

biased-activity ensembles

The connection between Figs. and can be further motivated through a
generalisation of the coupled two-replica system discussed above. Given a pla-
quette model in dimension d, consider the associated d + 1 system composed of

many replicas of the d-dimensional system arranged parallel to each other along



5. DYNAMICAL AND STATIC TRANSITIONS IN PLAQUETTE MODELS OF GLASSES
122

the extra dimension, see Fig. Such system of n coupled replicas has an energy

En(017027"'7) = EJ(01> +EJ(02)+

—EZ (ojo? +0io} +--+) . (5.22)

Using the methods of Refs. [3698,/109] it is easy to prove that the partition sum

of the (d + 1)-dimensional problem also has an exact duality:
Z,(J,€) = (sinh BJ sinh B)N" Z,,(J*, £*), (5.23)

where we have assumed periodic boundary conditions in the transverse direction,
and (J,¢) and (J* %) are related again by (A.9). Similar results were found
in [124,/125] for other classes of plaquette models. Given this duality we expect
the phenomenology of this many-replica system to be similar to that of two repli-
cas, except that any phase transitions should be in the (d + 1)-dimensional Ising
universality class (assuming that both longitudinal and transverse dimensions are

taken to infinity in the thermodynamic limit).

The partition sum Z,, has a natural transfer matrix representation in the transverse
direction, Z, = Tr(T"), with

T = coshV(87/2)M* R [1 + tanh(8./2)07, 07 - ak]

7

Q) (1+e 07, (5.24)

where ¢®* are Pauli matrices. This in turn can be related to the generator of
(imaginary time) quantum evolution in the usual manner [124,|125] when the
transverse coupling is large and the longitudinal one small [e=2%¢, tanh(3.J/2) < 1],
so that Z,, o« exp (—tH), with

H= —hZUf — gZUfHU;H O (5.25)
i H

where

6t h=e2° 6t g=pJ/2, t=ndt (5.26)
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The Hamiltonian ([5.25)) generates dynamics in the transverse direction. While it
is not derived from a stochastic operator it has the basic features of the genera-
tor [12,/16] for the dynamical ensemble defined in (2.39)): an off-diagonal part (the
o® terms) that perform configuration changes and a diagonal part (the %) plaque-
tte terms associated to the escape rate. The parameter s in the s-ensemble oper-
ator controls the relative strength of the diagonal and off-diagonal terms [12,|16],
in analogy with the balance between h and ¢ in . Furthermore, the dual-
ity implies a duality A <> g in (5.25)), with the possibility of a dynamical
transition at that self-dual point ¢ = h. This connection between a static transi-
tion in the d + 1-dimensional problem (itself closely connected to the static
transition in the two-replica plaquette system) and a dynamical transition in the

d-dimensional system ([5.25)) provide another rationalisation of the similarities be-

tween Figs. and [5.8

5.5.3 Outlook

Plaquette spin models have several features that make them attractive for studies
of the glass transition. As we have shown here, exact results can be derived,
which guide numerical studies of phase behaviour and many-body correlations.
The models are also computationally much less demanding than atomistic models
of supercooled liquids, so that (for example) finite size scaling over a large range
of system sizes can be performed, to analyse phase transitions. The equilibrium
relaxation of the models follows a dynamical facilitation scenario, in which point
defects play a central role. However, there are strong many-body correlations, and
the statistics of overlap fluctuations are rich and complex, as anticipated in the
theory of Franz and Parisi [11]. In this sense, the models provide a bridge between
different theories. Indeed, as argued in [100], one might describe plaquette models

by a modified form of RFOT, but with two important caveats: (i) the analogue
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of the Kauzmann transition occurs at zero temperature in these models (ii) the
interfacial cost associated with growing droplets of a new state within a typical
equilibrium state scales logarithmically in the droplet size (not as a power law as

anticipated by RFOT).

Looking forward, we hope that further work on plaquette models (particularly in
d = 3) will show to what extent mean-field [11] and RFOT ideas can be modified
to apply in this setting. We can imagine that the apparently different physical
pictures envisaged by thermodynamic and dynamical theories of the glass tran-
sition |7] might both be applicable in these models. In that case, it is not clear
whether some new results would be required to discriminate between the theo-
ries, or whether they might in fact offer complementary descriptions of the same

phenomena.



6. META-WORK AND AN

ANALOGOUS JARZYNSKI RELATION

6.1 Jarzynski relation in trajectory space

Given that the thermodynamics of trajectories is a generalisation of equilibrium
thermodynamics to dynamical ensembles, it is natural to expect there will be
an analogous extension of the fundamental non-equilibrium relations encoded by
the fluctuation theorems to trajectory ensembles. In this chapter we study an
analogous Jarzynski equality in the thermodynamics of trajectories by identifying
an analogous quantity to work. This allows for the computation of the large
deviation function g(x) of the z-ensemble. We study two systems, the quantum
two-level system of Fig. to provide a simple illustration of the approach, and
the micromaser of section where the rich dynamical phase space allows us
to investigate the behaviour of the Jarzynski relation as one crosses first-order
discontinuities. This is a situation which has thus far received comparatively little
attention (see for example Refs. [126,(127] for a numerical and Ref. [128] for a

mean-field study in the case of the Ising model).
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6.1.1 Meta-dynamics: Dynamics in the space of trajecto-

ries

In the thermodynamics of trajectories it is of interest to be able to determine the
function g(x) over a range of values z. Instead of performing many “equilibrated”
simulation runs at fixed x, we aim to extract the function g(z) while changing x.
To this end we require the notion of a meta-dynamics and a meta-time, which for
convenience we take as integer, enumerating the sequence of generated trajecto-
ries X = (Xo,...,Xpy). The meta-dynamics that generates these trajectories is
required to obey detailed balance (see Eq. with respect to the distribution
P,(X) defined by Equation 3.7} The natural candidate for this meta-dynamics is
transition path sampling (see Chap. . For the purpose of efficiency we stick to

the z-ensemble scheme.

6.1.2 Meta-work and the Jarzynski relation

Equation has the form of an equilibrium Boltzmann distribution, where
E,.(X) = x7(X) can be identified as the analogue of an “energy”. Suppose that
we change x along the sequence X: We start with a value xo for the biasing field
and generate the initial trajectory X,. We then change the value of zy to x; and
generate the next trajectory X; of the sequence with a single TPS step and so on.

The change of the “energy” along the whole sequence is
AE=FE,,(Xy) — E,,(Xo) =W + Q, (6.1)

which can be split into two sums

£
F

Q

[ECCz‘+1 (Xi-f-l) - ECCi+1 (Xl)]’ W= Z[Eﬂﬁi+1 (XZ) - ExL (Xl)] (62)

s
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These sums are identified as “heat” ) and “work” W, respectively. In particular,

the meta-work N1
W= (zin — 2:)7(X;) (6.3)

i=0
sums the incremental changes of the “energy” due to a change of the field x for

the same trajectory.

We can now prove the Jarzynski relation following standard arguments by com-
bining the form of the path probability Eq. (3.7) with Eq. (4.1). Consider the

average

(e = / DXy - DXy Ppy(Xo) Py (Xg — X1) -+ Poyy Xy1 — Xy)e™V

The first integral reads

A tx ) /DXO Py(Xo) Py (X — Xl)e—xl—r(xo)
_ Zg (1) )
~ Zx(o) / DXo Pr, (Xo) i (Xo = Xi) = ZK<xo)Pm(X1). (6.5)

Unraveling all terms thus leads to

ZK(HEN)

(™) = Zr(zo)

(6.6)

which is the analogous Jarzynski relation for the meta-work in canonical ensembles

of trajectories.

It is important to remember that there are two layers to the dynamics in this
case, and that the trajectory analogue of the Jarzynski applies at the level above
the physical dynamics occurring in a trajectory. This can be confusing as the
conventional, thermodynamic Jarzynski relation uses the concept of a trajectory
linking two configurations of a system. Here however, the trajectories play the
roles of (meta-) configurations, with a meta-dynamics - the dynamic process of

moving through the trajectory space with TPS - playing the role of the trajectories.
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For clarity we refer to quantities of interest in the trajectory ensembles as meta-

quantities of their thermodynamic analogues (meta-work meta-free energy etc.).

6.1.3 Computing the meta-free energy ¢(x)

From Eq. (6.6), we can extract the change of the trajectory (or meta-) free energy

Ag = glay)  glao) = Jim — (™) (6.7
from the meta-work. Because in practice finite K must be used, it should be
noted we are in essence calculating a finite- K meta-free energy g(z, K'). However
by using a sufficiently large value of K this value approaches its large-deviation
limit, g(z) while still allowing the computation to be done in finite time. Using
this result, the meta-free energy g(x) of the z-ensemble can be calculated from
simulation in the following way. A trajectory with fixed number of events K is
created and equilibrated to the desired starting value xy using the z-ensemble TPS
algorithm. The system then moves along the “forward” path up to the desired
maximum value x in a series of steps. For simplicity, we consider a linear protocol
x; = xo + i(xy — x9)/N although other protocols might be more suitable. Each

step corresponds to a single change to the trajectory whether the proposed change

is accepted under the Metropolis criterion or not.

This process is repeated M times until a good distribution of meta-work for both
the forward and the reverse process (going from xy to zg) is built up. The meta-
free energy difference between xy and zy can then be computed with an iterative

Bennett’s Acceptance Ratio (BAR) method [129,(130],
ZMl [1 + eWT,j*Ag““)] -
]:

ij\il [eWi 4 =29 -

Ag*+Y) = —1In (6.8)
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where the sum over j denotes the sum over the work values for each repetition of
forward (1) and reverse () process. The work values are random numbers with

probability distributions Pr(W) and P|(WV), respectively.

As is the case in thermodynamic problems, there need be some overlap in the
work distributions for the forward and reverse processes, but the rate at which
these processes occur need not be slow enough to ensure equilibrium at all points
(resulting in completely overlapping work distributions). Strictly speaking, the
large-deviation function g(x) is defined in the limit of K — oco. In practice, for
the numerical estimation of g(z), the length of individual trajectories as defined by
the number of events K is not critical to the result, provided the meta free-energies
are scaled per event. Furthermore, while short trajectories of low K necessarily
require less computation time, they also necessarily have much larger fluctuations
in work distributions, requiring more repetitions to build a reasonable distribution
numerically, meaning there is some trade off in efficiency. Note however that a
positive aspect of these fluctuations is that the broadening of work distributions
can lead to an increase in their overlap. These considerations indicate that the
optimal trajectory length, and number of steps to calculate the effective meta

free-energies as efficiently as possible, are highly system dependent.

6.2 Application to open quantum systems

For the purpose of demonstrating the validity of the analogous Jarzynski equal-
ity , we consider again open quantum systems whose dynamics are described
by Lindblad master equations as in Eq. Throughout, A is set to unity and we
simulate the systems are using continuous-time Monte Carlo algorithms [30] (see

Chapter 4)).
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6.2.1 Two-Level System

We consider a laser-driven two-level system, which exchanges photons with a ra-
diation bath as in section Again the counted events are photon emissions

and absorptions under the action of the Lindblad operators L;, Lo

We consider first the zero-temperature case (A = 0), for which there is only one
jump - described by action under L; (photon emission). The large deviation

function in this case (from Eq. [3.43)) reads

gx) = =3 (1+ g) (6.9)

Fig.[6.1(a) provides a numerical test of the Jarzynski relation for trajectories
with K = 20 events. Due to the simplicity if the system, with only one possible
outcome for each event, this is sufficient for a good agreement with the large- K
limitfl] of the meta-free energy - g(z) (see Fig. [6.1). We have sampled M = 5000
trajectories for the forward and backward protocol, where trajectories started from
an initial o = 0 (equilibrium) state to a final state ranging between z = —1 and
x = 1.5, with N = 1000 TPS step moves for each direction. As criterion to stop
the BAR iterations, we chose the threshold 1075 for the fractional change of the
estimated g(x) between iterations. For this system convergence is reached very
fast taking typically 2-3 iterations, and there is a good agreement between the

results obtained from the Jarzynski relation and the exact results.

We now consider the finite temperature case with parameters v = 62, A = 2.
Here action under both L; and Ly occurs, and so there are two jump possibilities.

Fig.[6.1{(b) provides a numerical test of the Jarzynski relation in this case. Analyt-

! Actually, given that there is only one possible event, drawn from one waiting time distribu-
tion, then provided we start in the ground state of the system, K = 1 is enough to realise the

large- K limit of the system.
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Figure 6.1: 2-level system. (a) Comparison of the meta-free energy g(z) obtained numer-
ically via the trajectory Jarzynski relation (symbols) to the exact analytical
result (solid line) for a range of x, in the zero temperature case, with
~v = 4Q. (b) Same as in (a), but now for the finite temperature case, with
v = 692 and A = 2€). The statistical error is smaller than the symbol sizes.
Insets to (b): Sampled histograms for the meta-work distribution Py(W) for
the forward (red) and P|(—W) for the backward process (blue), at the two

final values of z shown.

ical results are again obtained from the largest eigenvalue of the deformed master
operator corresponding to the s-ensemble, and inverted to give the z-ensemble
meta-free energy g(x). The exact expression is available but cumbersome and
rather unilluminating to be given explicitly. Note that the true g(z) diverges close
to x ~ —3.5 [cf. with the zero temperature case, Eq. , where the limiting
value is © = —2]. Again, M = 5000 iterations were used for trajectories of K = 20
events but with now N = 5 x 10° TPS step moves for each iteration. There are
now two possible outcomes for each event, corresponding to photon emission and
absorption. However K = 20 still converges to the large-K limit satisfactorily.

While there is a good agreement between the results obtained from the Jarzyn-
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ski relation and the exact results for a broad range of xy, we have extended the
plotted range of = values to demonstrate that the numerical estimate for g(x)
starts to divert from its analytical prediction as we approach the divergence. For
x < 0 the “pressure” is negative, selecting rare trajectories with large trajectory
length 7. Our numerical procedure breaks down because it takes an increasing
amount of time to equilibrate the system at the final x for the backward itera-
tions. For the forward-backward protocol, N has to be sufficiently large to generate
work distributions that sufficiently overlap in order for Eq. to work. This is
demonstrated in the inset of Fig.[6.1(b). This is a general feature of the Jarzynski
relation. Although in principle it holds for any driving speed and any protocol,
application to data requires either to sample extreme work values sufficiently or

to generate distributions from forward and backward protocols that overlap.

6.2.2 Micromaser

We again consider the micromaser (see section , which provides a useful test
of a pseudo-many-body system, as well as a system with many first-order phase
transitions in the z-ensemble. A detailed account of the model can be found in
Ref. [94]. The events being counted are the actions under any of the four Lindblad

terms.

Despite being a system with a single degree of freedom, the micromaser has a rich
dynamical behaviour due to the combination of an infinite dimensional Hilbert
space and the non-linear jump operators L; and Ls. In particular, it displays a
number of distinct dynamical phases and transitions between them [95//131},132].
(Strictly speaking, these are sharp crossovers which only become singular in the
limit of r — oo; see [74,131].) As a result it provides a useful testing ground for

the trajectory Jarzynski relation.
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Figure 6.2: Micromaser. (a) Comparison of the meta-free energy g(x) obtained numer-
ically via the trajectory Jarzynski relation (symbols) to results obtained by
direct diagonalisation of the master operator (solid line) for a = 1.27, where
the system is initially equilibrated to z = 2. (b) Same as in (a), but now
for a = 4x. Different simulations, equilibrated to different initial values of

x are denoted by different symbols.

We first attempt to compute meta-free energy differences within a single phase.
Fig. 6.2(a) provides a numerical test of the Jarzynski relation for a pump param-
eter of @ = 1.27. The trajectories are initially equilibrated to a non-equilibrium
dynamical phase with zy = 2, and the Jarzynski protocol run for trajectories of
K = 1000 jumps, with M = 5000 iterations and N = 60000 TPS step moves
per iteration. The computed meta-free energy differences are compared to re-
sults obtained from direct diagonalisation of the master operator, as in [95], and
a good agreement is found between the two methods. Provided the existence of
phases, and the boundaries between them, is known, a complete picture of meta
free energy differences can be constructed even when there are multiple dynamical
phases. For example, with the pump parameter taking a value of o = 4, four

distinct phases occur, see Fig.[6.2(b), and g(z) can be computed within phases by
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initially equilibrating the trajectories to a value of x within the required phase.
Again trajectories of K = 1000 jumps were used, with M = 5000 iterations and
N = 60000 TPS step moves per iteration.

6.2.3 Driving across a first-order phase transition

We finally examine the behavior of the Jarzynski relation using a protocol xqg — xy
that crosses a phase boundary z* at a finite speed. In the quasi-stationary limit
of N — oo, we obtain from the definition Eq. (3.3) the well-known expression

ZK(IN) o N " 81112[((%’) _ N -
n A - / dr S22 / dz (7, (6.10)

for thermodynamic integration, where the subscript emphasizes that the average
is calculated from equilibrated trajectories at fixed . Eq. is known to fail
in the presence of a discontinuous phase transition, not because the equation is
wrong but because of the way a simulation is carried out in practice. Typically, one
will apply a small change x; — z;11, let the system relax, and then record data to
calculate the average. Crossing x*, the system will not immediately adapt to the
new state but follow the metastable branch due to the cost of nucleating the new
stable phase, thus violating the assumption that the calculated mean corresponds
to the true equilibrium mean. In the micromaser, sharp crossovers occur at certain
values of the biasing field between phases that can be characterised by either
their average emission rate, or the closely related expected photon occupation
of the cavity [95]131,/132]. When considering these transitions in the context
of the z-ensemble, different phases have significantly different average trajectory
lengths for the same fixed number of quantum jumps. Just like in ordinary first-
order transitions, pronounced metastability may prevent from estimating meta
free-energies accurately with (6.10). This can occur when the transition at z*

is between phases with very different activities. In this case, if trajectories are
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prepared in the less active phase (for example starting from =z = 0 and increasing
x), the barrier to nucleate the more active phase when = > x* can be prohibitive
for practical simulation. The nucleation event can be promoted externally, for
example by altering the photon occupation of the cavity by temporarily increasing
the pump parameter (or similar “parallel tempering”). But without such external
interference the timescale for nucleating the new stable phase is often beyond what

can be reasonably simulated.

One could hope that the Jarzynski relation, given that it applies to arbitrarily
fast non-equilibrium protocols, would provide a way out of this problem since
trajectories can be sampled at finite rate for the change in x. In practice, however,
even with slow driving speeds it is problematic to compute free energy differences
across first-order phase boundaries. Results for the micromaser are shown in
Fig. [6.3| (for a pump parameter of @ = 1.27 and with 1 = 0.15 corresponding
to a temperature 7" = 0.5). Trajectories with K" = 2000 jumps were sampled for
M = 5000 iterations, with N = 10° TPS step moves for each iteration. For the
chosen parameters, the system undergoes a first-order transition at x* ~ 1.34.
The computed free energy difference using the Jarzinsky relation gets locked to
the phase that is stable for x < z* but which becomes metastable for x > x*.
This is evident by the fact that the computed free energy follows the path of the

eigenvalue that dominates for x < x*, but which becomes subdominant at x > x*.

Fig. [6.3|(b) shows parameters that are more suitable for a cross-phase meta-free
energy computation. The system is set to zero temperature - removing the pos-
sibility of the cavity absorbing a photon from the bath and thus simplifying the
simulation - and the atom beam rate is reduced - which serves to reduce the dif-
ference in the dynamic properties of the two phases [95]. The sampling is also
improved by doubling the number of iterations. While there is improvement over

the finite temperature case of Fig. [6.3(a), the calculated meta-free energy still
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Figure 6.3: Micromaser with cross-phase Jarzynski protocol. (a) Comparison of the

numerical meta free energy, g(z), obtained numerically via the Jarzynski
relation (symbols) to results obtained by direct diagonalisation (solid line)
in a micromaser with pump parameter o« = 1.27, at a finite temperature
(v/k = 0.15). The second largest eigenvalue (dashed line) is plotted to
illustrate the meta free energy calculation being locked to the metastable
branch after the transition. Inset to (a): the expected waiting time per
event showing the differing dynamic properties of the two phases. (b) Same
as in (a), but now at zero temperature (v/x = 0). Insets to (b): sampled
meta-work distributions for the forward (red) and backward (blue) process

for the three points shown.

deviates from its expected value across the phase boundary. The cause can be

understood by looking at the meta-work distributions for the forward and re-

verse processes, see insets to Fig. 6.3(b). For the conditions shown, the driving is

slow enough for the forward and reverse meta-work distributions to overlap im-

mediately before the phase transition. However as the phase boundary is crossed

the two become separated. A small residual spike of the reverse distribution lies

within the bulk of the forward distribution, corresponding to a small fraction of

cases where the reverse process starts in the metastable phase. This occurs pre-

cisely because the simulation cannot be done in the “thermodynamic limit” of
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K — oo and r/(k — ) — o0, i.e. the transition is not strictly a phase transition
but a very sharp crossover [131]. Thus when differences in the meta free energy
g(x) is computed with the BAR method, it only sees the metastable phase. It is
worth noting that these attempts to compute a cross-phase free energy difference
took two orders of magnitude more computation than any of the single-phase free

energy computations.

6.3 Outlook

The results of this chapter further underpin the thermodynamics approach to
dynamics. Not only ensembles of dynamical trajectories can be studied by gener-
alising equilibrium statistical mechanics via large deviation methods, but also non-
equilibrium statistical mechanics tools can be generalised and applied to uncover
properties of such ensembles. By considering the analogous Jarzynski relation we
have shown that the large-deviation function that encodes the properties of one
trajectory ensemble can be obtained by considering the statistics of the meta-work

performed as the parameter that characterises the ensemble is driven.

A further interesting observation is the following. The general relation between
forward and backward processes that underpins most integral fluctuation theorems
is a straightforward consequence of probability conservation [58]. Few integral fluc-
tuation relations are “non-trivial” in the sense of conveying actually useful infor-
mation about the problem studied. This occurs when one can write the stationary
distribution in terms of “weights” that encode their functional dependence on the
objects that form the ensemble under consideration (usually configurations; tra-
jectories in our case), and a “free-energy”. For ensembles of configurations, these

include the Jarzynski relation proper [37,38] and the Hatano-Sasa relation [55] for
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driven stationary states. We note that the class of trajectory ensemble problems
we studied here adds to this small group. These are cases where the “normalisa-
tion constant” of the stationary probability distribution also has physical meaning,
as it is given by the large-deviation function which is the generating function for
moments and cumulants of time-integrated observables (and thus play the role of

trajectory free-energies).

While the trajectory Jarzynski relation allows for the direct computation of the
generating functions for the dynamics of a system, it is unclear if it will be a
computationally efficient method of doing so. There are doubts about whether
the conventional Jarzynski relation is more efficient at calculating free energy dif-
ferences than other methods (see for example Refs. [133}[134]), and while there are
proposed methods that show some potential (for example Ref. [135]), in general
it is not clear if Jarzynski-based methods are optimal [136]. This, coupled with
the issues in crossing a phase boundary, mean the trajectory Jarzynski relation
is unlikely to be the optimal method of calculating meta-free energy differences.
Never the less the importance of the Jarzynski relation to non-equilibrium statis-
tical mechanics makes the investigation of its dynamical analogue worthwhile. It
also serves to emphasise the analogy between dynamical ensembles and thermo-
dynamics and provide a basis for exploring other useful thermodynamic relations

in the context of dynamical ensembles.



7. DYNAMICAL LEE-YANG ZEROS IN

THE r-ENSEMBLE

Although ensembles in the thermodynamics of trajectories are formally equivalent
to equilibrium statistical mechanics, trajectory phases are in general difficult to
probe either experimentally or numerically. The problem is two fold: firstly, these
trajectory phase transitions occur in the limit of long times or large K which
may be difficult to access in practice. Secondly, and perhaps more importantly,
the “counting fields” which drive these trajectory phase transitions are generally
not simply related to physically accessible parameters |12}13]16,19,(137-H140] and
so are hard to tune in either an experiment or simulation [17]. While transition
path sampling has been shown to be an effective numerical technique for exploring
dynamical phase spaces, it can still be problematic and computationally expensive
to implement. Omne can imagine situations where one does not require the full
dynamical phase diagram of a system, but rather the locations of any dynamical
phase transitions (for example one could potentially combine the location of phase
space singularities with the trajectory Jarzynski relation shown in Chapter [6] to

efficiently compute the generating function of a system).

A potential solution to this question is based on a generalization of the Lee-Yang

theory [39,40] of phase transitions to these dynamical systems [41-43]. Using this

139
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approach one may extract the zeros of the moment generating function (MGF)
using its short time high-order cumulants [64-66]. In equilibrium statistical me-
chanics, the zeros of the partition function are complex for a finite system, but
move towards real values of the order parameter when the system size is taken to
infinity. Analogously in the dynamical case, the zeros of the MGF move towards
real values of the fields s,z when trajectory observation time is taken to inﬁnityﬂ
Thus the location of trajectory transition points can be extrapolated by track-
ing the movement of these complex zeros for short, but increasing, time. This
approach was applied successfully to the s-ensemble in both classical stochastic
systems, which had both 1st order [42] and continuous trajectory phase tran-
sitions [43], and open quantum sytems [141]. Motivated by the success of this
approach to the s-ensemble we extend it to the z-ensemble (i.e. the ensemble
of trajectories where the overall time of a trajectory is not fixed, see Chapter (3))
and use it to identify trajectory transition points using high-order cumulants of
the overall time length of trajectories at small values of K. The efficiency of the
x-ensemble in simulating a range of systems, as shown in Chapter {4| potentially
makes it the ensemble of interest for identifying the trajectory transition points

of a system.

In this chapter we develop an analogous dynamical Lee-Yang theory for the x-
ensemble and apply it to an open quantum system, the “blinking” 3-level system,
as well as the 1d East model of section 4.3.3] The 3-level system displays dy-
namical intermittency [18}30,142] which was shown recently to be the result of
two complex conjugate transition points lying close to the origin in the complex s
plane, when analysed within the s-ensemble framework [141]. Contrastingly, the
xr-ensemble zeros do not converge to any location in the complex x plane indicat-

ing intermittency does not manifest as complex conjugate transition points in this

1Strictly speaking both system size and time should be taken to infinity for this convergence.
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trajectory ensemble. An analytic expression for the z-ensemble LD function is
extracted via exact diagonalization and is confirmed not to possess any trajectory
transition points. The emergence of complex singularities in one ensemble and not
the other highlights that although the s- and z-ensembles encode equivalent in-
formation the former ensemble couples to a dynamical observable which captures

this intermittency more directly.

7.1 Dynamical Lee-Yang zeros of the z-ensemble

Taking inspiration from the ideas of Lee and Yang [39}40], we focus on the dy-
namical zeros (z;(K)) of the MGF given in Eq. as a function of the number of
configuration changes K. Because a trajectory phase transition corresponds to the
crossing of dominant eigenvalues of the tilted transition operator, see Chapter

and Egs. [3.103.26] and [3.34, when we are close to a transition point x = z., we

can approximate the MGF by the two eigenvalues of the transfer matrix with the

largest real parts of the transition operator, cf. Eq[3.9
Zi(x) ~ co()ef@ 4 ¢ (z)efM@), (7.1)

Here the initial conditions are encoded in the coefficients cy(z) and ¢;(x), however
these are unimportant in the large K limit. Rearranging Eq. (7.1) we find the

zeros of the MGF are given by

log[ci(x)/co(x)] + i2mn
K )

where n € Z. In the large K limit the second term of Eq. (7.2]) vanishes, indicating

that with increasing K the zeros of the MGF will converge to where \o(z) = A (z),

i. e. a trajectory transition point z..

Here we note that the difference between dynamical Lee-Yang zero approach of

Refs. [42,43,141] is that we are using the total number of configuration changes



7. DYNAMICAL LEE-YANG ZEROS IN THE 2-ENSEMBLE 142

K to define our ensembles. This quantity is a non-negative integer and thus the
motion of the Lee-Yang zeros in the complex x plane with increasing K will not be
smooth. Having established a form of dynamical Lee-Yang theory for fluctuating
time ensembles, we will relate these Lee-Yang zeros to the high-order cumulants of
the observation time. Using the Hadamard factorization theorem [143] we rewrite

the MGF in terms of the Lee-Yang zeros:

Zie(7) H[%], (7.3)

where z;(K) denotes the jth zero of the MGF after K events.

For finite K and real =, the MGF is both real and positive implying that the Lee-
Yang zeros appear in complex conjugate pairs. Ignoring any analytic prefactors
in Eq. the cumulant generating function (CGF) may be approximated as:
Gz, K) ~ ) ;log(z;(K) — x) — log(x;(K)), hence the Lee-Yang zeros of the
MGF appear as logarithmic singularities of the CGF (as expected). According to
Darboux’s theorem [144}/145] these singularities will determine the functional form
of the high-order cumulants of the observation time. Differentiating the CGF with
respect to x, we find the zeros of the MGF and high-order cumulants are related
via [64-60]

e—im arglz; (K)]

() = () =113 (7.4

where we have written the complex zeros in polar notation, x;(K) = |z;(K)|e " &gz (K],

and as before ((-)) indicates cumulants, eg. ((72)) = (72) — ()7, etc.

Considering high-order cumulants, that is those with large orders m, the sum in
Eq. is dominated by the pair of Lee-Yang zeros closest to the origin, which we
label zo(K) and x§(K). Thus we make a further approximation that the high-order
cumulants are given solely by the contribution from this pair [42/43|/64-66,145146],

o 1 2 cos[m arg x(t)]
() % (1) D — ) 2SS

(7.5)
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The key observation is that this approximation allows us to determine the position
of the leading Lee-Yang zero pair from high-order cumulants of the observation

time. Formally this pair is found by solving the matrix equation [42}43}66,147],

(+) (=)
1 -t — (o + ) (m —1)km
/@(T;)Ll ‘ 2 B ’ (76)
L =35 [0l mﬁgrjﬁ)-l

where the entries of the matrices are given by the ratios of the cumulants

m=1

oy = LT
o (K) = ———. (7.7)

{rm)
From Eq. (7.6) we will extract the leading Lee-Yang pair, xy and z, and with
increasing K these zeros will converge to the trajectory transition points closest
to the origin. We will now apply this approach to a classical stochastic model
of a glass former that has a 1st order trajectory transition at the origin and a

dissipative open quantum system that displays dynamical intermittency.

7.2 FEast Model

To exemplify the ideas described in the previous section, we study the trajectory
phase transitions in the fluctuating time ensembles of the 1d East Model [27].
From the s-ensemble it is known that the glassy dynamics of this model is a
consequence of a dynamical phase transition occuring at s. = 0 between phases of
distinct activity. This first order dynamical transition is between an equilibrium
liquid phase (or active phase) and an inactive glassy phase, the glassy dynamics
then results from the system effectively existing close to phase coexistence between
these regimes. In Chapter [4] we show this phase coexistence picture holds when
one considers the z-ensemble as well, see Fig.[7.1|(a), where the transition between

the glassy inactive phase and liquid active phase also occurs at z. = 0. We now
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Figure 7.1: East Model results for N = 60 spins. (a) The obervation time activity as

a function of x displays a discontinuity at = 0. This marks a first order

transition from an inactive glassy phase, x < 0, to an active liquid phase.

(b) The leading Lee-Yang zero pair extracted from the high-order cumulants.

These converge to points close to the origin with increasing K, this highlights

one infer the presence of a trajectory transition point at the origin in the

limit of K — oo from these small K cumulants.

(c) The approximated

cumulants (dashed lines) are found to match their numerically extracted

values (full lines) for small K, confirming the validity of the approximation.
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show why this may be expected by considering the relationship between the LD
functions 0(s) and g(z). Differentiating Eq. (3.14) with respect to x twice we find
9" (x) =

0" (9(2)) 78

[0"(g (=)

First and second order trajectory transition points are marked by diverging ¢”(x)
or 0”(s) depending on the ensemble of trajectories one is considering. We know
that ¢(0) = 0 and 6”(0) — oo due to probability conservation and the presence
of the first order trajectory transition at s. = 0 respectively. Combined with a
finite activity at s = 0, i. e. —6’(0) is finite, one can readily see that ¢”(0) will
diverge and therefore x. = 0 is a trajectory transition point in the fluctuating time

trajectory ensemble.

Having understood the trajectory phase behaviour of this model within the z-
ensemble we apply the proposed method of Sec. to extract the trajectory
transition point using the observation time cumulants for fixed jump number K.
Figure (c) shows high-order observation time cumulants as a function of K ex-
tracted directly from simulation (full lines). Using the approximation in Eq.
we extract the leading Lee-Yang zero pair, zo(K) and xj(K), from these cumu-
lants and plot them as a function of K in Fig. [7.1(b). These zeros are plotted for
N =60 and T = 0.5 and are found to approach the origin with increasing jump
number K. As the trajectory phase transition only occurs in the limit of large
N and K these zeros converge to a pair of complex conjugate transition points
close to the origin. In the thermodynamic limit these transitions points merge and
form the transition point z. = 0. However, already for finite N and K one can

see evidence of a trajectory phase transition at x. = 0.

To test the validity of the approximation we use the extracted Lee-Yang pair to

estimate the cumulants via Eq. ((7.5]) and compare it with the numerical cumulants.
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These estimated cumulants (dashed lines) are plotted in Fig. [7.1|(c) and show that
over the K range of interest the approximation fits the numerically extracted
cumulants well. This confirms that we are indeed extracting the leading Lee-Yang
zero pair of the system. However, going to even larger K values the approximation
in Eq. begins to break down as higher order zeros begin to move towards
the origin and contribute to the cumulants. We demonstrate here that one may
be able to infer the position the trajectory transition points before this occurs; if
one were to use even higher order cumulants this method is also expected to give

better results.

7.3 Dissipative Three-level system

We now consider a driven dissipative 3-level quantum system as shown in Fig.[7.2|(a).
This system is driven by two resonant lasers with Rabi frequencies €y and 5 re-
spectively which results in a system Hamiltonian:

2

H=> Qic;+c)), (7.9)

i=1
where ¢; = |0)(i| and ¢! = |i)(0]. In addition to this Hamiltonian the system also

possesses a single decay channel |1) — |0) with an associated decay rate x. This

manifests as a single jump operator in the systems evolution,

L1 = \/ECl, (710)

and hence the value of 7 in Eq. is fixed as 1. In this section we apply the
z-ensemble approach to the emission waiting times from this system. In particular
we are interested in the parameter regime where the transition timescales of the
|0) = |1) processes are much shorter than the |0) < |2) transition timescales,

i. e. Q1, k> Q. In this parameter regime the photon emission trajectories are
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Figure 7.2: We consider k = 4Q; and fix 21 = 1 and Q2 = 0.15. (a) Schematic of a
dissipative 3-level system. The system is driven by two lasers of frequency
2y and Q9 which drive transitions from |0) — |1) and |0) — |2) respectively.
There is a single decay channel |1) — |0) with an associated decay rate
k. (b) The large deviation function 6(s) and associated dynamical activity
k(s) as a function of s. A rounded crossover is seen at s ~ 0 where the
system changes from behaving as an active two-level system comprised of
the states |1) and |0), i. e. an active phase, to a photon inactive phase. (c)
The large deviation function associated with the fluctuating time trajectory
ensemble along with the observation time is plotted as a function of zx.
Although the system is intermittent this does not manifest as a crossover
as in the s-ensemble case. (d) Dynamical Lee-Yang zeros of the fluctuating
time ensemble MGF extracted from cumulants of order m = 6,7,8,9. These
are found to oscillate with increasing K and do not converge to a single
point. This is indicative of a lack of a trajectory transition point existing in

the complex = plane.
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composed of large temporal regions where the system is very photon active and
large inactive regions where few photons are emitted [30}/142]. This intermittency
manifests as a dynamical crossover in the activity k(s) as a function of s [18].
Due to the small scale of the system the LD function #(s) and the corresponding
activity may be extracted via exact diagonalization and are shown in Fig. [7.2{b).
The rounded crossover marks a transition from a highly active phase for s < 0,
where the dynamics is dominated by the transition channel |1) — |0), to an

inactive phase (s 2 0) where the dark state |2) dominates.

Recently it has been shown that this crossover is the result of a complex conjugate
pair of transition points in the complex s plane [141]. Moreover the crossover was
shown to sharpen as the transition points moved towards the real s axis, i. e. in the
limit x — 0. We now ask two questions: firstly does the dynamical intermittency
manifest in the z-ensemble as a crossover and secondly do complex z transition
points exist, similar to the s-ensemble case. To answer these questions we begin
by diagonalizing the transfer matrix, see Eq. , to find the dynamical free

energy

4605 (2(x (22 + K) + 203) + 2(z + K)Q3)
(z(x(x + k) +493%) + 4(x + k)Q23)...
(42 + 4%k + 2502 + (K2 4 4(02 + 02)))

g(x) = log (7.11)

We note that this function is not well-defined for all values of x € R. From

Eq. (3.14]) we see that the domain of g(z), i. e. [z, x,], is simply the range of 0(s):

x; = min6(s), (7.12)

seR

Z, = max (s).

Furthermore it is straightforward to relate the observation time activity to the

photon activity,
Jd(z) = ——. (7.13)
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From the above Equation it is clear that a crossover in ¢'(s) may not necessarily
result in a crossover in ¢'(z) due to the nontrivial functional form of g(z). We
evaluate the LD function g(x) and find no crossover in the observation activity

despite the system being intermittent, see Fig. [7.2]c).

However this does not necessarily imply no transition points are present in the
complex z plane. To show that the susceptibility ¢”(z) may still be a smooth
function of real x but possess complex trajectory transition points we factorize

the MGF in terms of its zeros

e_xj(K) — e 7

J

where we once again denote the Lee-Yang zeros as z;(K). From this we approxi-

mate the dynamical free energy as

log 7
glr) = lim B2 - (@) (7.15)
e Te —e™7 e T —e®

where we simply replace the Lee-Yang zeros by the complex transition point pair
z. and z}. Furthermore we’ve assumed that in the limit of large K the diverging
Lee-Yang zero density at these transition points is compensated by the factor of
1/K. From this simple approximation we find the susceptibility at x = Re[x.] is
given by

1

g'(x =Relad) = o /2 (7.17)

This equation implies that although there would be a peak in the susceptibility
when Im[z.| < 1, corresponding to a crossover, in general this may not be present
despite complex transition points being present. Such a crossover becomes a sharp
discontinuity when the transition points move onto the real z axis, i. e. Im[z.] — 0.

Having concluded that despite the lack of a crossover complex transition points
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may still be present we apply our Lee-Yang zero method described in Sec. [7.1]
The high-order observation time cumulants are calculated using Quantum Jump
Monte Carlo [30] as in Chapter il Here we recall that the motion of the Lee-
Yang zeros relies only on the finite X' cumulants at * = 0 and so are potentially

experimentally accessible.

The leading Lee-Yang zero pair xo(K) and z§(K) are extracted using cumulants
of order m = 6,7,8,9 in a parameter regime where the system is intermittent,
e.g. O =1,k =4and Qy = 0.15. In Fig. [7.2(d) we show the motion of this
pair as a function of K and find that they do not converge to any complex pair
of transition points, instead their positions oscillate as a function of K. This lack
of convergence indicates that the Lee-Yang approach of Sec. is not applicable
to the z-ensemble of this model and g(x) does not possess any complex transition

points as well as no crossover as a function of = € [z, z,,].

However in Ref. [141] it was shown that in this intermittent regime there exists a
pair of complex conjugate s-ensemble transition points close to the origin, s. and
s*. At these transition points the dynamical susceptibility diverges, i. e. 6" (sg*)) —
oo. This susceptibility is related to the z-ensemble activity and susceptibility via

vy " (0)
P = e (7.18)

one would then naively expect there to exist a pair of z-ensemble transition points
to exist at ¢ = 6(s{”). In this instance we instead find ¢”(8(s-”) is finite but
q (9(59))) — 0. Thus a transition point in the s-ensemble may not result in an
equivalent transition point in the x-ensemble but a point of zero activity. We note
that the observation time activity g(x) is finite for all finite real x € [z}, x,]. This
means a s-ensemble transition point s. € R results in a real x-ensemble transition

point at z. = 6(s.) through Eq. (7.18), as seen in the East model studied in
Sec. [L.2l
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We have shown that there is not necessarily a one-to-one mapping between com-
plex transition points of the s- and x-ensembles. For completeness we confirm
that g(x) possesses no complex z transition points analytically. Differentiating
Eq. twice with respect to x we identify the points at which the suscepti-
bility ¢”(z) diverges to be the zeros of a high-order polynomial in z. Thus in
our parameter regime of interest (2 = 1,k = 4 and Qy = 0.15) we identify the

transition points

zr. = {—2.26285, —1.9515, —1.64015, —1.22567, (7.19)

—1.17993, —0.868574, —0.663688, —0.110638, —0.096998 }.

Crucially all of these transition points lie outside the domain of g(z) (with the
smallest lying on the domain boundary of g(x)) and hence the cumulants and
extracted zeros are not influenced by their presence. Thus the lack of conver-
gence of the Lee-Yang zeros confirms the lack of z-ensemble transition points for
this model despite intermittency. This highlights that although equivalent infor-
mation is captured in both the s- and z-ensembles, in the former signatures of
the intermittent stationary state are more apparent. This is analogous to equi-
librium thermodynamics where coupling to the “correct” order parameter reveals

information about the system more readily than other order parameters would.

While there are no peaks in the fixed-K susceptibility, ¢”(z), indicating a lack of
a crossover in the z-ensemble, it is important to note that physical quantities of
interest exhibit the same behaviour in both ensembles. Of particular interest, the
Mandel ) parameter - a measure of the degree of photon bunching/antibunching

- can be defined for both the s-ensemble,

. <K2>s - <K>g o
Qs = —<K>S 1 (7.20)
and z-ensemble. [142]
Q, = \Tha— 20 (7.21)
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Figure 7.3: We consider k = 427 and fix 21 = 1 and Q9 = 0.15. Plots of the Mandel
@ Parameter for (a) the s-ensemble and (b) the z-ensemble. Despite the
information being encoded in different ways, the same physical properties

are realised by both ensembles

In both ensembles the ) parameter is peaked close to s/x = 0 on the inactive
side (z < 0,s > 0), with the same limiting behaviour (@ = 0 in the low-activity
limit, ) = —2/3 in the high-activity limit, see Fig. . This illustrates that
while the two ensembles encode information about the system in different ways,

they correspond to the same physical dynamics.

7.4 Outlook

While this chapter demonstrates the applicability of the Lee-Yang method of lo-
cating trajectory transition points to the z-ensemble, the most notable outcome is
where it fails in the quantum three-level system. It serves as an important reminder
that while different trajectory ensembles encode the same physical dynamics, the
manner in which the information is encoded is critical to what is uncovered. While
the s-ensemble reveals a dynamical phase transition in the complex s plane, it is a

transition to a state with zero dynamical activity (i.e. ¢'(s) = 0). The z-ensemble,



7. DYNAMICAL LEE-YANG ZEROS IN THE 2-ENSEMBLE 153

by its very construction, is incapable of encoding trajectories with zero activity
and so no trajectory transition points are found. This can be of great consequence
to the understanding of dynamical behaviours, as even systems where trajectories
in the long-time limit can not physically realise zero activity can have their high
order cumulants (and therefore the tails of their distributions) influenced by com-
plex transition points to states of zero activity. This is precisely the case in the

quantum three-level system.

Since it is true that the x-ensemble can not encode trajectories with precisely
zero activity, the inverse must be true for the s-ensemble. A trajectory with zero
activity simply has ' = 0 in the s-ensemble, while the order parameter diverges in
the z-ensemble, 7 — oo. Conversely, states with infinite activity have 7 = 0 while
K diverges. While a dynamical system with infinite activity appears inherently
unrealisable, there are two points to note. Firstly the presence of a transition
point in the complex x plane can influence the high-order cumulants of the system
in an analogous fashion to the three-level system. Secondly this is inherently an
issue of an order parameter diverging, and one might choose an ensemble whose

order parameter can physically diverge, as in the x-ensemble.

This chapter then serves as a useful illustration of the need for, and benefit of ex-
ploring a variety of dynamical ensembles. Thermodynamics has a long history of
selecting the ensemble most suited to the problem at hand, and with care one can
navigate the shortcomings of any particular ensemble. While the thermodynamics
of trajectories has thus far been focused on the s-ensemble, it is potentially bene-
ficial to take inspiration from thermodynamics and explore a variety of alternate

ensembles.



8. (CONCLUSIONS AND FUTURE

WORK

The key message of this thesis is the benefits that can be reaped by exploring
alternative dynamical ensembles. While observing a system for a set amount of
time and counting events of importance is the most natural method of defining a
trajectory ensemble - with intuitive analytical structure - flexibility in mathemat-
ical descriptions of physical systems is an important endeavour. The analytical
structure of fixed time (s-) ensembles easily extends from master equation de-
scriptions of dynamics, whereas the fluctuating time (2-) ensembles we introduced
in Chapter [2| adapt far more naturally to the structure of computer simulations.
Thermodynamics has a long history of selecting the most appropriate ensemble
to the task at hand, with a wide variety of order parameters being used to define
thermal phase spaces, and we have explored similar, potentially beneficial, situ-
ations in the thermodynamics of trajectories. Recent studies using more exotic
order parameters (for example see |[148]) have also uncovered further depth in sys-
tems already studied by the s-ensemble, emphasising the benefit of this flexibility.
Furthermore, the ensemble correspondence we illustrated allows for the results
obtained in the z-ensemble to be converted to the s-ensemble and vice versa, and
more recent work in Ref. [149] has demonstrated the full equivalence of these

ensembles. This further illustrates the scope of flexibility allowed by alternative

154
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dynamical ensembles.

s-ensemble path sampling schemes have struggled in situations where time-reversal
symmetry is broken, as they are dependent on being able to produce time-reversed
dynamics. Even when this is not the case they provide limited ability to control ac-
ceptance rates - which is of key importance to the efficiency of Metropolis-Hastings
algorithms. We explored an alternative x-ensemble TPS scheme which was shown
to provide significant computational benefits, including better algorithmic scaling,
in a number of stochastic systems, both quantum and classical. Furthermore this
scheme shows the potential to develop into a self-tuning algorithm that precisely
controls acceptance rates to maximize efficiency. Since TPS often involves some
trial and error to find the optimal methods for any given system, a self-tuning

algorithm would speed up initial TPS investigations of new systems.

After this exploration of z-ensemble TPS we turned to plaquette models of glasses,
where the efficiency provided by z-ensemble scheme allowed the exploration of the
dynamical phase space of a three-dimensional glass former. It was found to be
strikingly similar to the thermodynamic one, and while we do not believe they are
directly related, we argue both are intrinsically related to long-lived metastable
states. Since metastability and dynamical heterogeneities are a universal features
of glass formers this is a good point to try and resolve competing theories of
glassiness. Bringing the argument firmly onto a three-dimensional footing where
both dynamical and thermodynamic arguments can be applied is an important
step. In general, the thermodynamic arguments (such as RFOT) are compelling
in the mean-field limit (i.e. infinite dimensions) where they are exact. In contrast,
kinetically constrained dynamics is supposed to describe the dynamics in low (two
and three) dimensions where dynamical fluctuations are prevalent. Our three-
dimensional version of a plaquette model (the SPyM model) provides a good test

bed for the study of thermodynamical behaviour of coupled systems, in the spirit
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of RFOT, together with the study of dynamical behaviour associated to facilitated
dynamics. The models studied in Chapter |5 are therefore particularly useful to
the discussion of the nature of the glass transition. Utilising a highly optimised
TPS scheme to locate the dynamical critical point in the SPyM (if there is one as
we assume) will be an interesting endeavour, as sampling the distribution close to
a critical point is difficult. We are hopeful the self-tuning z-ensemble algorithm

described in Chapter 4] will provide the capability to accomplish this.

We then looked to expand upon the thermodynamics of trajectories as a whole
with a trajectory analogue of the Jarzynski equality. This allowed for the compu-
tation of dynamical free energies from the “meta-dynamics” through the space of
trajectories conducted by TPS. While this is unlikely to be the most efficient means
of calculating these LD functions, it is a useful demonstration of an important re-
lation in non-equilibrium statistical physics. We expect other important relations
from statistical physics will be similarly developed for the thermodynamics of tra-
jectories. We further comment on the possibility that a combination of numerical
techniques, perhaps the histogram reweighting methods used in Chapter |5, will
enable a cross-phase meta-free energy calculation using the Jarzynski protocol, as
this is a problem that has received comparatively little attention. Failing that,
the Lee-Yang zeros method studied in Chapter [7| can be used to locate trajectory
phase transition points, and single-phase free energy calculations used instead to
capture the full LD functions. This method of Lee and Yang also provided a useful
reminder of the importance of careful selection of ensembles. Studying a “blink-
ing” quantum three-level system revealed no trajectory phase transitions in the
r-ensemble, where prior studies in the s-ensemble had found complex s transition
points. While these two ensembles are equivalent in the “thermodynamic limit”
(with some small technical nuances, see Ref. [149]) of K’ — 0o, T — 00, the transi-
tion point previously found in the s-ensemble is a transition to a dynamical state

of zero activity. As such, information about this state can not be encoded in the



8. CONCLUSIONS AND FUTURE WORK 157

x-ensemble. We argue that, if anything, this further stresses the need for a vari-
ety of dynamical ensembles constructed from different order parameters. One can
then analyse if an order parameter is likely to capture any behaviours of interest

in a system under study.

Finally we close with a general comment on the thermodynamics of trajectories
as a whole. That the mathematical formalism of a centuries old theory can be so
usefully adapted to a fundamentally new setting is a testament to the power of
statistical mechanics. We look forward to further development of these ideas, with
the hope that non-equilibrium physics can be placed on equally solid mathematical

footing is its equilibrium counterpart.



A. MAPPING COUPLED TPMSs TO

SINGLE SYSTEM IN FIELD

In [36], a mapping was derived between the free energies of the coupled system
(5.5) and a single plaquette model in a magnetic field. Here, we present a mapping
between (sets of) configurations of these systems, which extends that analysis, as

well as recovering the same mapping between free energies.

b

. on each site: our aim is to calculate the

We introduce overlap variables ¢; = o0,

statistical weight of a particular configuration of these variables. This weight is

Wa(qlJ,e) = Ze’ﬁE"f" ot H(S ;—ola?d) (A1)

o, ob

We now perform the sum over the o variables. If we sum over ¢® first we obtain,

Wa(ql|J,e) = Zexp Zaw 0f, o,

X (1+ i, ax,.) +5€Z%

For the summation over ¢ we replace of of --- o},

by 7;. Then we use the
characteristic feature of the model, that plaquette and spin configurations are in

a one-to-one correspondence, so we replace the sum over the o with a sum over
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the Tﬁ.

J
Wa(ql|J,e) = Zexp % Zrz (1 + ¢, G5, * - 'Qku)

I

Performing the sum, we arrive at
Wy(q|J,e) = (4cosh BJ)N/? . e PEr (@82 i4i, (A.2)
with
BJ" = log cosh(3J) (A.3)

We recognise the exponential term in (A.2) as the statistical weight of a configu-
ration o = ¢ for a single plaquette model with energy scale J’, in a magnetic field

h =e.
To explore the consequences of this property for the free energy, we observe
Z2(J7 8) = Zq W2<q|‘]7 E)a so that

Zy(J,€) = (4dcosh BI)YN2 . Z, (' €), (A.4)

where

Zy(J,h) =Y e Pralortihiion (A.5)

g

is the partition function of a single plaquette model in a field h. In addition, this

latter system is known to have an exact duality |97, 98]
Zy(J, h) = (sinh 8.J sinh 28h)N/2Z,(J, h), (A.6)

where

e %7 = tanh(Bh), e " = tanh(B.J/2). (A.7)

From Egs. (A.4)-(A.7) the duality of the coupled plaquette system follows:

Zy(J,€) = (sinh 3.J sinh Be)N Zy(J*, *), (A.8)
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with
e 7" =tanh(BJ/2), e = tanh(Be/2). (A.9)
This duality is precisely the one obtained in [36] for the two coupled replicas of the

TPM. (Note that if tanhy = e2* then tanh z = ¢=2Y, which follows from the def-

inition of the tanh function, and facilitates inversion of these duality transforms.)
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