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RESUME COURT

ECHANTILLONNAGE HORS D’EQUILIBRE
DANS LES SYSTEMES VITREUX

L’échantillonnage d’une distribution donnée pour un systeme avec nombreux degrés
de liberté en interaction est une tache centrale dans plusieurs domains scientifiques.
Le temps de relaxation, c’est-a-dire I’échelle de temps typique sur laquelle la conver-
gence est atteinte, devient extrémement long dans de nombreux problemes, allant du
repliement des protéines a l'entrainement des réseaux neuronaux. En physique de la
matiere condensée, ce sont les systemes désordonnés, des verres de spin aux liquides
surrefroidis, qui constituent un défi de choix. Leur temps de relaxation augmente de
plusieurs ordres de grandeur sous l'effet d’'un changement modeste de température
ou densité. Les stratégies suivies pour réduire le temps de relaxation reposent sur
I'utilisation de dynamiques non physiques qui échantillonnent la distribution cible tout
en restant réversibles. Une autre possibilité, qui trouve son origines en mathématiques
appliquées, consiste a ajouter a un processus stochastique d’équilibre une force hors
d’équilibre, ce qui peut donner lieu a une diminution du temps de relaxation. Cette
these aborde quantitativement les performance des dynamiques irréversibles qui échan-
tillonnent la distribution de Boltzmann dans les systemes présentant un ralentissement
dynamique vitreux. Dans le chapitre 1, nous décrivons plusieurs facons de s’écarter
de I'équilibre tout en préservant la distribution cible, et nous identifions une implé-
mentation minimale, obtenue en ajoutant a une dynamique de Langevin suramortie
d’équilibre des forces transverses au gradient d’énergie. Dans le chapitre 2, nous étu-
dions la dynamique avec les forces transverses pour une particule évoluant dans un po-
tentiel extérieur. Dans le chapitre 3, nous mettons les forces transverses a 'ouvre dans
un verre de spin en champ moyen, en quantifiant et comprenant I'accélération grace a
de nouvelles fonctions de corrélation croisées et un théoreme de fluctuation-dissipation
modifié. Dans le chapitre 3, nous explorons 'effet de forces transverses dans un liquide
dense par des simulations numériques en 3d. Nous découvrons que l'accélération est
une fonction non monotone de la température Dans la région de dynamique vitreuse,
I'efficacité des forces transverses diminue. Ici, a 1’échelle microscopique, les trajectoires
dynamiques caractéristiques des forces transverses se replient sur elles-mémes en or-
bites circulaires, ce qui est quantifié en mesurant la constante de diffusion impaire,
un coefficient de transport autorisé par les forces transverses. Dans les chapitres 4
et 5, nous rationalisons notre investigation numérique, en développant des théorie de
champ moyen dynamique et de couplage de modes adaptées aux forces transverses.
Nous abordons ’émergence des coefficients de transport (diffusivité, viscosité, mobil-
ité), avec leur composantes impaires, et déterminons le comportement asymptotique
de l'accélération lorsque l'intensité des forces transverses augmente. Dans le chapitre
7, nous évaluons les performances de 'algorithme Event Chain Monte Carlo (ECMC),
une méthode d’échantillonnage hors équilibre qui réalise des translations collectives de
chaines de particules, dans un verre polydisperse de disques durs. A toutes les den-
sités explorées, ECMC garde un avantage sur l'algorithme d’équilibre de Metropolis.
Comme dans le cas de forces transverses, l'efficacité d” ECMC diminue a mesure que
la densité augmente. Nous proposons ensuite un nouvel algorithme, collective Swap

iii



(cSwap), qui réalise des échanges, collectifs et hors d’équilibre, des diametres de par-
ticules. Il surpasse en efficacité les méthodes Monte Carlo de référence, et son efficacité
augmente avec la densité, tout du moins dans notre fenétre d’observation. En combi-
nant cSwap et ECMC, nous obtenons une accélération de 40 par rapport aux meilleurs
méthodes. Le nouvel algorithme est appliqué a la production d’empilements de disque
stabiles a des densités élevées. Nous concluons avec un résumé de nos contribution.

Mots-clés: méthodes Monte Carlo, chaines de Markov irreversibles, verres de spin,
théorie de champ moyen dynamique, théorie du couplage de modes, interaction non
réciproques, transition vitreuse, simulations numériques, processus stochastiques.

v



ABSTRACT
IRREVERSIBLE SAMPLING OF GLASSY SYS-
TEMS

In silico sampling of a target distribution for a system of many interacting degrees of
freedom is a ubiquitous task in natural sciences. The relaxation time, the typical time
scale over which convergence is achieved, becomes dauntingly large in some relevant
problems, ranging from protein folding to neural networks training . The hardest in-
stance of this problem in condensed matter is presented by disordered systems, from
spin glasses to supercooled liquids, whose relaxation time grows by many orders of
magnitude upon a mild change in temperature or density. The way-to-go paradigm to
reduce the relaxation time relies on designing alternative, nonphysical dynamical evo-
lution rules that sample the target distribution, which is achieved by preserving time
reversibility. Another route, which has its birthplace in applied mathematics, con-
sists in supplementing with a nonequilibrium drive an otherwise equilibrium stochastic
process, which can be rewarded with a reduction of the relaxation time. This the-
sis addresses the quantitative performance of irreversible dynamics that sample the
Boltzmann distribution in different models and system displaying glassy dynamical
slowdown. In Chapter 1 we describe different ways by which the dynamics can be
driven out of equilibrium while preserving the target distribution, and we identify a
minimal implementation of the nonequilibrium drive, achieved by supplementing an
equilibrium overdamped Langevin dynamics with forces transverse to the energy gra-
dient. In Chapter 2 we move to the dynamics of transverse forces for a single particle
evolving in an external potential. In Chapter 3, we study the dynamics of a mean
field spin glass with transverse forces. We quantify and physically understand the
speedup by means of novel cross correlation function and of a modified fluctuation
dissipation theorem. In Chapter 4 we bring transverse forces to work in dense liquids
through numerical simulations in finite dimensions. We discover that the speedup is a
nonmonotonus function of the temperature and that, as we enter the region of glassy
dynamics, the efficiency of transverse forces decreases. Microscopically, we find that
in this region the dynamical pathways unlocked by transverse forces fold themselves
in circular orbits. We characterize these trajectories by measuring the odd diffusion
constant, a transport coefficient now permitted by transverse forces. In Chapter 5 and
6 we rationalize our numerical investigation, developing a dynamical mean field theory
and a mode coupling theory specifically tailored for transverse forces. We address the
emergence of several transport coefficients (diffusivity, viscosity, mobility), with a focus
on their odd components, and determine the asymptotic behavior of the speedup as
transverse forces are made increasingly strong. In Chapter 7, we probe the performance
of the Event-Chain Monte Carlo algorithm, a nonequilibrium sampling method that
performs driven, collective translations of chains of particles, in a polydisperse glass
former of hard disks. At all densities explored, ECMC maintains an edge over the
equilibrium Metropolis algorithm. Echoing what we found for transverse forces, the
efficiency of ECMC decreases as the density of the system increases. We then propose a
novel algorithm, collective Swap (cSwap), which performs out of equilibrium, collective
swaps of particle diameters. We show that it outperforms state-of-the art Mote Carlo



algorithms, and that its efficiency increases with the density within our observation
window. By combining cSwap and ECMC, we achieve a speedup of 40 over state of
the art methods. As an application, we use the novel algorithm to produce stable
jammed packings at remarkably high densities. In the conclusions, we summarize the
contributions developed in the previous chapter, and propose future research directions.

Keywords: Monte Carlo methods, irreversible Markov chains, spin glasses, dynam-
ical mean field theory, mode coupling theory, Non- reciprocal interactions, Glass tran-
sition, Numerical simulations, stochastic processes.
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RESUME

L’ échantillonnage d’une distribution donnée pour un systéeme avec de nombreux de-
grés de liberté en interaction est une tache centrale dans plusieurs sciences naturelles et
en mathématiques. Les domaines concernés incluent la biochimie, la matiére conden-
sée, les problemes d’optimisation et d’inférence, et la physique des hautes énergies. Le
paradigme pour accomplir cette tache d’échantillonnage consiste a simuler un processus
stochastique qui est réversible dans le temps. Cette propriété garantit que la distribu-
tion cible est échantillonnée une fois que la dynamique a atteint son état d’équilibre. La
convergence vers |’état stationnaire est atteinte sur une échelle de temps typique con-
nue sous le nom de temps de relaxation. Le temps de relaxation devient extrémement
long dans nombreux problémes de physique ou autres. Quelques exemples incluent le
repliement des protéines, ou les structures protéiques stables et biologiquement per-
tinentes sont séparées par de grandes barrieres énergétiques, ou dans ’apprentissage
automatique, ou les parametres optimaux nécessaires pour que le réseau neuronal exé-
cute correctement une tache donnée doivent étre identifiés dans un paysage complexe
en haute dimension.

L’instance la plus difficile du probléeme d’ échantillonnage en matiere condensée est
présentée par les systémes désordonnés, des verres de spin aux liquides surfondus, qui
consituent un défi de choix. Pour ces systémes, le temps de relaxation augmente de
plusieurs ordres de grandeur lors d’un léger changement de température ou de densité.
L origine de ce ralentissement brutal échappe encore a notre compréhension, ainsi que
la nature du lien entre la dynamique des systemes vitreux et leurs propriétés thermody-
namiques, déterminées par la distribution de Boltzmann. Sonder la thermodynamique
de ces systemes en profondeur dans le régime vitreux est nécessaire pour étendre notre
compréhension de leurs propriétés. C’est également un défi en soi, qui pourrait mener
a des découvertes et des applications dans les autres domaines mentionnés ou un ralen-
tissement similaire est observé.

Pour réduire le temps de relaxation, une possibilité est de recourir a des dy-
namiques non physiques dotées d’une propriété de réversibilité temporelle, qui leur
permet d’échantillonner la distribution de Boltzmann a 1’état stationnaire. Un exem-
ple célebre de cette approche est un algorithme pour les verres structurels polydisperses,
connu sous le nom de Swap. En permettant des échanges a 1’équilibre des diametres
des particules, Swap atteint une accélération de plusieurs ordres de grandeur. D’autres
exemples incluent les cluster algorithm, population annealing et parallel tempering.

Une autre possibilité, qui trouve sa source dans les mathématiques appliquées, con-
siste a ajouter a un processus stochastique d’équilibre une force hors équilibre. Un
théoreme stipule que recourir a une dynamique hors équilibre peut étre récompensé
par une réduction du temps de relaxation. De nombreuses dynamiques hors équilibre
existent, et ont fait I'objet d’études approfondies en mathématiques appliquées et, plus
récemment ont trouvé des applications en physique dans les systémes ferromagnétiques
et dans I’étude de la fusion en deux dimensions. Cependant, nous conaissons peu la per-
formance de ces méthodes dans les systemes présentant un ralentissement dynamique
vitreux, notamment en ce qui concerne la dépendance de 'accélération avec la tem-
pérature et la densité du systeme et le type d’interactions entre les constituants du
systeme. Cette theése vise a combler cette lacune en abordant la performance quantita-
tive des dynamiques irréversibles qui échantillonnent la distribution de Boltzmann dans
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différents modeles et systemes dont la dynamique est entravée par un ralentissement
vitreux.

Dans le Chapitre 1, nous introduisons le paradigme de 1’échantillonnage d’équilibre
et le concept de temps de relaxation. Nous décrivons différentes manieres de s’écarter
de I’équilibre tout en préservant la distribution cible. Une possibilité, connue sous le
nom de lifting, consiste a augmenter 1’espace de phase du systeme par des variables
auxiliaires, puis a exploiter la nature étendue de l'espace de phase pour injecter une
impulsion hors équilibre, ajoutant une forme de persistance aux trajectoires du systeme.
Nous présentons différents types de dynamiques augmentées, en nous inspirant des
modeles de matiere active. Une seconde possibilité consiste a ajouter a une dynamique
de Langevin suramortie d’équilibre des forces transverses au gradient de I’énergie. Nous
identifions cette dynamique avec forces transverses comme une mise en ceuvre minimale
des forces hors équilibre.

Dans le Chapitre 2, nous construisons une image physique de la maniere dont
les forces transverses operent en examinant différents exemples de particules dans
un potentiel externe. Les forces transverses augmentent le taux d’échappement, une
fréquence d’évolution microscopique typique. Ensuite, nous examinons les cas d’une
particule dans un puits harmonique et du probleme de franchissement de barriere, ou
nous quantifions l'accélération de I’échantillonnage et discutons de la maniere dont les
trajectoires sont modifiées en présence de forces transverses. Fait intéressant, les ré-
sultats sur I'accélération sont différents de ceux que 'on aurait pu deviner a partir de
I’analyse naive du taux d’évasion. Nous concluons en discutant de la maniere dont le
théoreme de fluctuation-dissipation est violé par les forces transverses.

Dans le Chapitre 3, nous mettons les forces transverses a 1’épreuve dans le modele
du p-spin sphérique, un verre de spin en champ moyen avec un paysage énergétique
accidenté. Nous dérivons des équations dynamiques pour les fonctions de corrélation et
de réponse du systeéme, qui sont ensuite étudiées par intégration numérique directe et
analytiquement, & travers une forme de relation dccidentellede fluctuation-dissipation.
Nous constatons que, comme pour les dynamiques d’équilibre, il existe une température
en dessous de laquelle la dynamique du systeme est arrétée et 1'ergodicité est brisée.
Cette température n’est pas modifiée par les forces transverses : elle est la méme qu’a
I’équilibre. Dans la région ergodique, nous quantifions ’accélération fournie par les
forces transverses et l'interprétons en termes de 1’évolution de nouvelles fonctions de
corrélation absentes dans le cas d’équilibre.

Dans le Chapitre 4, nous mettons les forces transverses a I’ceuvre dans un modele
trés utilisé des verres structurel, le mélange binaire de Kob-Andersen. Nous implémen-
tons numériquement une dynamique brownienne suramortie avec des forces transverses
et mesurons 'augmentation de la constante de diffusion longitudinale produite, comme
un indicateur de la réduction du temps de relaxation du systeme. Nous constatons que
les forces transverses maintiennent un avantage sur les dynamiques d’équilibre et que,
de facon surprenant, ’accélération de I’échantillonnage est une fonction non monotone
de la température, diminuant a mesure que le systéme devient plus vitreux. Nous car-
actérisons les trajectoires dynamiques générées par les forces transverses en étudiant la
diffusivité impaire du systeéme, un coefficient de transport dont 'existence est rendue
possible par la nature hors équilibre des forces transverses. Le comportement des con-
stantes de diffusion longitudinale et impaire dans le régime vitreux étayes I'image des
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particules étant entrainées dans un mouvement tourbillonnant a l'intérieur de la cage
formée par leurs voisins locaux.

Dans les Chapitres 5 et 6, nous rationalisons nos résultats numériques, en dévelop-
pant une théorie dynamique de champ moyen et une théorie du couplage de modes
spécifiquement adaptées aux forces transverses. Dans le Chapitre 5, nous abordons
Iefficacité des forces transverses dans un liquide simple en dimension infinie, ou le
désordre n’est pas figé, comme pour les verres de spin, mais auto-induit par la struc-
ture amorphe du systeme. La limite de champ moyen est atteinte en envoyant la
dimension de I’espace a 'infini, tout en redimensionnant correctement la densité. Nous
développons une théorie dynamique en champ moyen pour les forces transverses. Nous
quantifions I'accélération en termes du coefficient de diffusion du systeme, en partic-
ulier a proximité de la transition vitreuse, ou la dynamique s’arréte. Nous dévoilons
également la présence de coefficients de transport impairs (diffusivité impaire, vis-
cosité impaire et mobilité impaire) et étudions leur comportement proche de l'arrét
dynamique. Notre analyse éclaire la nature des trajectoire dynamiques suivies par
le liquide et comment elles évoluent a mesure que nous approchons la phase a er-
godicité brisée. Dans les chapitre 6, nous nous efforcons de comprendre analytique-
ment comment les forces transverses opérent en dimensions finies. Nous étendons deux
schémas d’approximation, la théorie du couplage faible et la théorie du couplage de
modes, a la dynamique des liquides avec des forces transverses. Le premier schéma
d’approximation est valide pour le cas ou les interactions sont faibles par rapport aux
fluctuations thermiques et prévoit que 'efficacité des forces transverses augmente a
mesure que la température diminue. Le second schéma d’approximation prévoit un ar-
rét dynamique en dessous d’une température de transition dynamique Tycr. Comme
pour le scénario de champ moyen, nous trouvons que Tyt est le méme que pour les
dynamiques d’équilibre. Dans la phase ergodique et en approchant de la transition,
nous trouvons que le gain fourni par les forces transverses est une fonction décroissante
de la température. Notre analyse nous permet également de calculer de nombreux
autres coefficients de transport, avec un accent particulier sur la diffusivité impaire, la
mobilité impaire et la viscosité impaire. Ces résultats corroborent et rationalisent le
comportement des liquides denses avec des forces transverses observés numériquement
au Chapitre 4. Nous concluons en analysant la théorie du couplage de modes pour un
modele de lifted active Brownian particles, introduit dans le Chapitre 1. Nous trou-
vons des résultats similaires a ceux obtenus pour les forces transverses, suggérant que
la tendance de lefficacité observée pour ce modele minimal pourrait également tenir
pour d’autres échantillonneurs irréversibles.

Dans le Chapitre 7, nous étudions le célebre algorithme Event Chain Monte Carlo
(ECMC), un schéma de Monte Carlo hors équilibre qui exploite I'idée de [lifting pour
effectuer des translations collectives entrainées de chaines de particules, dans un modele
de disques durs polydisperses. Comme observé pour les forces transverses, I'efficacité de
I’ECMC par rapport a l’algorithme standard de Metropolis diminue avec 'augmentation
de la nature vitreuse du systeme. Cependant, les mouvements collectifs et entrainés
caractéristiques de 'ECMC n’ont pas de raison de se limiter aux seules translations de
particules, car en principe, d’autres degrés de liberté peuvent également ressentir une
force hors équilibre. Un candidat naturel sont les diametres mis en mouvement par
I’algorithme Swap. Nous proposons un algorithme qui effectue des échanges collectifs
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entrainés dans des systemes de disques durs polydisperses continus, en exportant les
idées de chaine d’événements dans espace des diamétres des particules. A mesure que
la nature vitreuse du systeme augmente, I'efficacité de notre algorithme par rapport a
Swap augmente également. En combinant notre nouvel algorithme avec ECMC pour
les translations de particules, nous réalisons une accélération d’environ 40 par rapport
a I'état de I'art Swap. Comme application, nous montrons que notre algorithme peut
étre utilisé pour produire des empilements tres denses de disques.

Enfin, dans les conclusions, nous résumons les contributions développées dans les
chapitres précédents et proposons des directions de recherche futures.
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INTRODUCTION

The main goal of statistical mechanics is to understand the macroscopic properties of
systems composed of an extremely large number of constituents, starting from their
microscopic interactions. When the microscopic dynamics is reversible in time and the
system exchanges heat with an external reservoir, the macroscopic properties can be
obtained as averages over all the microscopic configurations of the system, weighted
according to the Boltzmann distribution [59].

How can these averages be computed in practice? For the majority of strongly
interacting realistic systems, the analytical evaluation of these ensemble averages is
done by resorting to approximation schemes, as is the case for dense liquids [124].
The high number of degrees of freedom involved makes any exact numerical, or let
alone, analytical integration unfeasible. To escape the curse of dimensionality, the
way-to-go paradigm consists in simulating a stochastic dynamics for the system of in-
terest [202, 6, 97], in the spirit of the pioneering work on the Monte Carlo algorithm by
Ulam, Metropolis and Rosenbluth [189, 188, 231], or of Molecular Dynamics by Alder
and Wainwright [5], or of Brownian dynamics by Turq, Lantelme and Friedman [249].
These algorithms allow the system to explore its configuration space using a stochas-
tic process, where thermal fluctuations are combined with energy minimization flows.
The dynamical evolution rules are tailored to be statistically reversible in the steady
state with respect to the Boltzmann distribution. This condition ensures that, after a
large enough relaxation time, the configurations explored by the simulated system are
distributed according to the Boltzmann distribution.

There are however systems of physical interest characterized by an extremely rugged
energy landscape, full of local minima and saddle points where the dynamics can get
stuck for long times, rendering sampling a very difficult task in practice. The com-
putational challenges of sampling the Boltzmann distribution in systems of this sort
extend well beyond the realm of physics. Similar difficulties arise for instance in bio-
chemistry, when determining the stable, functional structure of proteins [196, 58]. In
this case, biologically relevant configurations are separated by high energy barriers, and
using local dynamics, the transitions from one configuration to another are extremely
rare. Another interesting field of application is constraint satisfaction problems [168,
95] and machine learning [8]. There, configurations are the internal weights of the
neural network, and the loss function, a measure of the performance of the network in
accomplishing a given feature-extraction task, plays the role of the energy of the config-
urations. Training a neural network involves performing a stochastic dynamics in the
loss landscape [45], which is reminiscent, with some caveats [54, 195], of the dynamics
discussed above for physical systems, with the common trait that the high-dimensional
loss landscape is often non-convex.

In condensed matter physics, a manifestation of this hard-to-sample, rugged land-
scape is given by systems where some form of disorder is present. The disorder can
be directly quenched in the interactions, as is the case for magnetic alloys known as
spin-glasses [191], or it can be self-induced, as for structural glasses and amorphous
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Figure 1: Sampling a target distribution is a hard problem in some relevant fields such as
(a) biochemistry, (b) optimization problems and machine learning, and (¢) amorphous and
disordered materials. The images are adapted respectively from [82, 7, 20].

materials [26]. For these systems, as the temperature is lowered or the density increased
beyond a typical threshold, the dynamics slows down by several orders of magnitude,
and the particles that constitute these materials are effectively frozen, as in crystalline
solids. However, on a structural level, the difference from the rapidly relaxing, liquid
configurations are hard to identify. As the interplay between their structure and the
slow dynamics of glasses continues to elude our understanding [10, 57, 60, 26, 28, 42],
the development of algorithms capable of exploring more efficiently glassy landscapes
plays a crucial role in the development and falsification of the theories of the glass
transition [16, 37].

When fighting against the computationally growing timescales of glassy systems,
it is a common practice to design and simulate unphysical dynamics, that reduce the
time necessary to reach equilibration while preserving the target Boltzmann distri-
bution. The latter condition can be ensured by tuning the transition rates of the
dynamical process so that the stochastic dynamics is time reversible. This property,
called equilibrium, or detailed balance, ensures the eventual sampling of the Boltzmann
distribution. Examples of these dynamics are given by cluster algorithms for spins [242,
257] or particle systems [144, 83], where many components of the system are collec-
tively updated, or by parallel tempering [133], where many copies of the system are
simulated at different temperatures and interact with each other through configuration
swaps. Recently, an efficient algorithm for polydisperse systems was developed. This
so-called Swap algorithm achieves a remarkable speedup of several orders of magnitude
by allowing for the exchange of radii of particles of different species [119, 203].

Another direction in the design of novel algorithms was pursued in the field of
applied mathematics, and diffused gradually over the last 15 years into the field of sta-
tistical physics. The seminal idea is that imposing an equilibrium reversible dynamics is
a sufficient, but not necessary, condition to grant the correct sampling of the Boltzmann
distribution. One can thus design dynamics that are out-of-equilibrium, or irreversible,
but that nevertheless sample the Boltzmann distribution in their steady state. A math-
ematical theorem [135, 134, 136] states (in spirit) that, when an equilibrium dynamics
is supplemented by a nonequilibrium driving that preserves the Boltzmann distribu-
tion, the relaxation time to the steady state is shortened compared to the equilibrium
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Figure 2: In a liquid (a) particle diffuse rapidly, while in a glass (b), their dynamics is
extremely slow. The Fourier transform of density-density correlation yields mild changes
upon increasing the density (c), but on the other hand the corresponding time correlation
develops a plateau that spans many orders of magnitude (d). Taken from [142]:

case. These out of equilibrium drives can be provided by supplementing the dynam-
ics with forces transverse to the energy gradient. Another way of implementing the
nonequilibrium drive is given by the so called lifted dynamics [255]. In these dynamics,
the original degrees of freedom of a given system are supplemented by an extra set of
variables, and an out of equilibrium dynamics for the extended system is designed ex-
ploiting the extended structure of the configuration space. As shown in seminal works
in the field of applied mathematics [81, 63], this procedure usually transform diffusive
processes in ballistic ones, leaving room for a speedup in sampling. In the realm of
physics, these ideas have been applied successfully for ferromagnetic systems close to
a second-order phase transitions [248, 233, 199] and hard and soft disks [23, 22, 193]
in the vicinity of the melting point, and various other directions [194, 140, 148, 182,
121]. Applications of these ideas are found also in the domain of Bayesian inference,
where these dynamics go under the mathematical framework of piecewise deterministic
Markov Processes [72, 198], and in machine learning [207, 106, 104]. Classical lifted
dynamics have also been shown to be equivalent to class of quantum algorithms known
as quantum walks [251, 11].

The physical systems where these irreversible dynamics have been applied exhibit
a critical dynamical slowdown, which is by nature very different from the one ob-
served for disordered and amorphous systems. How do these irreversible samplers of
the Boltzmann distribution fare in glassy system? How big is the speedup, and how
does it depends on the temperature and density of the system? Can these ideas on
irreversibility be combined with state-of-the art, equilibrium algorithms, and help us
advance in the "race to the bottom" [232] of the energy landscapes of disordered sys-
tems? These are the questions that this thesis addresses.

3
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Figure 3: Examples of unphysical dynamical rules that sample the Boltzmann distribution
and obey detailed balance: (a) Wolff cluster algorithm for spin systems (b) parallel tempering,
(c) Dress-Krauth cluster algorithm for particle systems, (d) Swap Monte Carlo. The image
is taken from [37].

Outline

This thesis is organised as follows: in Chapter 1 we describe different ways by which
the dynamics can be driven out of equilibrium while preserving the target distribution,
and we identify a minimal implementation of the nonequilibrium drive, achieved by
supplementing an equilibrium overdamped Langevin dynamics with forces transverse
to the energy gradient. In Chapter 2 we move to the dynamics of transverse forces
for a single particle evolving in an external potential. In Chapter 3, which contains
results from [112], we study the dynamics of a mean field spin glass with transverse
forces. We quantify and physically understand the speedup by means of novel cross

-VV

(a) (b) (c)

Figure 4: Examples of out-of-equilibrium dynamics that sample the Boltzmann distribution
in the steady state: (a) Dynamics where the gradient part of the energy —VV is supplemented
by forces f transverse to the energy gradient. (b) Lifted dynamics, where an additional set of
degrees of freedom v drives the dynamics out of equilibrium, (c¢) Event-Chain Monte Carlo,
adapted from [149], is a kind of lifted dynamics where directed, collective displacement of
chains of particles are performed.
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correlation function and of a modified fluctuation dissipation theorem. In Chapter 4,
based on [108] we bring transverse forces to work in dense liquids through numerical
simulations in finite dimensions. We discover that the speedup is a nonmonotonous
function of the temperature and that, as we enter the region of glassy dynamics, the
efficiency of transverse forces decreases. Microscopically, we find that in this region the
dynamical pathways unlocked by transverse forces fold themselves in circular orbits.
We characterize these trajectories by measuring the odd diffusion constant, a transport
coefficient now permitted by transverse forces. In Chapter 5 and 6, based on [109, 107]
we rationalize our numerical investigation, developing a dynamical mean field theory
and a mode coupling theory specifically tailored for transverse forces. We address the
emergence of several transport coefficients (diffusivity, viscosity, mobility), with a focus
on their odd components, and determine the asymptotic behavior of the speedup as
transverse forces are made increasingly strong. In Chapter 7, based on [110], we probe
the performance of the Event-Chain Monte Carlo algorithm, a nonequilibrium sam-
pling method that performs driven, collective translations of chains of particles, in a
polydisperse glass former of hard disks. At all densities explored, ECMC maintains an
edge over the equilibrium Metropolis algorithm. Echoing what we found for transverse
forces, the efficiency of ECMC decreases as the density of the system increases. We
then propose a novel algorithm, collective Swap (cSwap), which performs out of equilib-
rium, collective swaps of particle diameters. We show that it outperforms state-of-the
art Mote Carlo algorithms, and that its efficiency increases with the density within
our observation window. By combining cSwap and ECMC, we achieve a speedup of
40 over state of the art methods. As an application, we use the novel algorithm to
produce stable jammed packings at remarkably high densities. In the conclusions, we
summarize the contributions developed in the previous chapter, and propose future
research directions.
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In this introductory chapter, we illustrate the paradigm of equilibrium sampling by
means of an overdamped Langevin equation. We recall a widely accepted definition of
time reversibility for stochastic dynamics, and we introduce a timescale that governs the
convergence to the equilibrium state. We then observe that giving up time reversibility
while preserving the Boltzmann distribution in the stationary state can be rewarded
with a larger convergence rate, and we present several formulations of irreversible
dynamics that sample the Boltzmann distribution. These examples take inspiration in
their design from models of active particles, and they will be used to justify the main
purpose of study for this part of the thesis: a dynamics that achieves a speedup by
including forces transverse to the local energy gradient.
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1.1 Equilibrium sampling of the Boltzmann distribution

We start by defining our general goal. Given a system with d real and continuous
degrees of freedom encoded in a vector r, and given an energy V' (r) associated to these
degree of freedom, the goal is to produce independent configurations of r distributed
according to the Boltzmann distribution

polr) = e 7O (1)
Z

with 371 = k,T, with T the temperature of the system and k; the Boltzmann constant,
which we set to 1 in the rest of this thesis. The normalization factor is the partition
function Z = [ dre #V®_ In this first part of the thesis, we address this question from
a theoretical standpoint, while pinpointing elements important for practical realiza-
tions. The way-to-go paradigm to tackle this problem is to endow the system with
an equilibrium, stochastic, local dynamics. To illustrate this paradigm, consider the
following overdamped Langevin dynamics

= —poVV(r) + /2T 1ok (t). (1.2)

The mobility g sets the time-scale at which the particle is moving. The two terms on
the right hand side of Eq. (1.2) play complementary roles. The first one is deterministic
and drives the system toward near local minima of the energy. The second one involves
a Gaussian white noise &€(t), with correlations (£(t) ® &(t')) = 16(t — /). It helps
exploring the energy landscape by eventually kicking the particle out of saddle points
and minima, where the gradient term is zero. The time derivative of the energy, upon
averaging over the noise, is

<§tv<r<t>>> — (VY ) - TVV () (1.3)

And is negative if V(r) is convex. The stochastic dynamics given in Eq. (1.2) comes
with an associated probability density distribution p(r,t), such that p(r,t)dr is the
probability of finding the particle in a infinitesimal phase space volume dr centered
around r at time ¢, and it evolves in time according to the Fokker-Planck equation

Op(r,t) = Qop(r, 1), (1.4)
where () is a linear operator
Qo =V -[(VV)+TV]. (1.5)

We are adopting the convention that the gradient V acts on anything to its right,
unless it is enclosed by round parentheses. The Fokker-Planck operator in Eq. (1.5) is
composed of a drift term and of a diffusive term, which are signatures, at the level of
the dynamics of p(r,t), of gradient descent flow and of thermal fluctuations.

Due to conservation of probability [drp(r,t) = 1, the Fokker-Planck equation
Eq. (1.4) can be written in the form of a continuity equation

ip(r,t) = =V - j(r,t). (1.6)

8
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Where the probability current j(r,t) depends on p and reads

jx,t) = —pug [VV + TV] p(r, ). (1.7)

The stationary solution of Eq. (1.4) is the Boltzmann distribution defined in Eq. (1.1),
since
ath(r7 t) - QOpB - 0. (1.8)

Equivalently, we can note that j(r,t) in the continuity equation Eq. (1.7) vanishes when
evaluated for p = py. The task of sampling Boltzmann is thus accomplished once the
stochastic process defined by Eq. (1.2) reaches the steady state. The question of the
time taken to reach this condition is addressed in the next Section. Before turning to
this issue, however, we will discuss the equilibrium nature of the overdamped Langevin
process.

1.1.1 Equilibrium dynamics and time reversibility

In physics, the concept of time reversal symmetry has its origin in the deterministic
Newton second law, which is invariant upon inversion of time. In statistical mechan-
ics, where deterministic forces are combined with random fluctuations, time reversal
symmetry is the hallmark of thermal equilibrium. A stochastic dynamics, such as the
overdamped Langevin dynamics presented in Eq. (1.2), is an equilibrium dynamics —i.e.
it is invariant under time reversal symmetry— if, in the stationary state, the probabil-
ity P({r(7)},0 < 7 < t|r(0)) of observing a given trajectory {r(7)} which starts at
t = 0 at r(0) and ends at r(t) at a final observation time ¢, is the same of observing
its time-reversed counterpart {r®(7) = r(t — 7)}. Taking the sampling of the steady
state distribution p,(r) into account for the position of the particle at the beginning
of a trajectory, the equilibrium condition reads

P({r(r)},0 < 7 < t[r(0))p..(x(0)) = P({r*(r),0 < 7 < t}|r(t))pc(x(t)).  (1.9)

Eq. (1.9) is also known under the name of detailed balance condition. The probability
of a given trajectory can be computed using a path integral approach, such as the
Omnsager-Machlup formalism [209, 180] for Gaussian noise. The result reads

P({r(7)},0 <7 < tr(0)) ox e S, (1.10)

Here S[{r(¢)}] is the Onsager-Machlup action associated to the dynamics under con-
sideration. For the overdamped Langevin dynamics in Eq. (1.2) in the Stratonovich
discretization, it is given by

1

SN = 7

t 1t

/ dr [#(t) + oWV (e + — / IRV (). (L11)
0 2,&0 0

Using Eq. (1.11), the path probability ratio is

P{r(1)}0<7 <OIrO) _ swiwy-veon _ L) (1.12)

P({rf(r)},0 <7 <1)[r(t) pu(r(0))
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which proves the detailed balance equation Eq. (1.9) with respect to the Boltzmann
distribution pg, for the overdamped Langevin dynamics.

The violation of the time reversal symmetry condition given by Eq. (1.9) signals the
nonequilibrium nature of the dynamics. When this occurs, it is interesting to access
to the typical rate at which the irreversible nature of the process manifests itself. This
inverse time scale is given by the entropy production rate o [237, 214], defined as

i L [ o e O)P(E(),0 < < 7[r(0)
= Jim 7 ate(en ) o e G < T < e ()

(1.13)

where the integral [d{r(7)} signifies a sum over all the possible trajectories {r(¢)}.
On a mathematical ground, ¢ is the growth rate of the Kullback-Leibler divergence
between the probabilities of observing a trajectory and its time-reversed counterpart
in the steady state. For systems obeying Eq. (1.9), we consistently have ¢ = 0. The
entropy production rate can be related with the presence of a non-vanishing current in
the steady state of the system, as the following equality

1 i2
o= /er“(r) >0 (1.14)
ol «(T)
holds. A consequence of having a nonequilibrium dynamics is the presence of a nonzero,

divergence-free probability current in the steady state.

After discussing the signatures of equilibrium and nonequilibrium stochastic dy-
namics in their steady state, let us look at the times scale necessary to enter the steady
state.

1.2 Relaxation time

How much time does it take for the overdamped Langevin dynamics to reach its termi-
nal, equilibrium state? To answer this question, we introduce a bra and ket notation
from quantum mechanics. The Fokker Planck equation Eq. (1.4) can be written in the
form

O |p(t)) = Qo |p(t)) (1.15)
The distribution in real space is obtained via the projection
plr.t) = (rlo(t)). (1.16)

Since Eq. (1.15) is linear, we can write |p(¢)) as a linear combination of exponentially

decaying terms
+o0

p()) = > (Lalp(0)) e | Ra(t)) (1.17)

n=0
The vector |R,,) and |L,) are the left and right eigenvectors associated to q:

(L] Q0 = A\ (L] . (1.18)

10
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The spectrum )\, and its properties can be determined by transforming the operator
)y into a Hermitian operator W,

Wo = —pu(r) 3 Qup (r) = % ~TV + ;(VV) TV + ;(VV)]. (1.19)

1
and rotating the vectors |R,,) to a new basis: |¥,,) = ps? |R,,). The eigenvalue problem

given in Eq. (1.18) thus becomes
Wo W) = A\ [¥,) (1.20)

Since Wy is Hermitian, its spectrum {\,} is real. Moreover, one can write Wy = w- wi,
with w = \/“;O[TV + 3(VV)], and thus its spectrum is positive-definite, A, > 0.
If the potential V' is confining enough and it has no basin of attraction enclosed by
infinitely high energy barriers, the stationary solution is unique, and is thus given by
the Boltzmann distribution, |Ry) = |ps), with Ay = 0. Upon arranging the eigenvalues
according to their increasing value, 0 < Ay < Ay < A3..., we can identify )\1_1 as the
slowest timescale over which the target Boltzmann distribution is approached. This
timescale is the relaxation time 73

1

= (1.21)

Tr
There are situations where the relaxation time of the system can become so large
that a satisfying convergence to the equilibrium distribution becomes unattainable in
practice. This is the case where there are energy barriers with a height much larger
than the strength of thermal fluctuations. For example, consider a one dimensional
particle evolving under overdamped Langevin dynamics in the double well potential

1'4—

Viu() = z’ (1.22)

A

This potential has two symmetric minima located at X = 4w, and a maximum
at xpr = 0. The two minima are separated by an energy barrier of height A =
V(xp) — V(zE). If the particle is in one of the two minima, the average time required
to cross the energy barrier is the Kramers’ time 7 [87, 164]

2m 8A
p— e .
po\/ [V () V" (1)

This time contains a prefactor that depends on the stiffness of the potential at the
bottom and at the top of the well, and an Arrhenius weight e®” which grows exponen-
tially in the ratio AV/T. At low temperatures, very long times are needed to witness
a barrier crossing event, which is a necessary condition to attain equilibration. For
some systems with an extensive number of degrees of freedom, as amorphous materials
and spin glasses, sampling the Boltzmann distribution becomes even harder, due to
the presence of many minima and saddle points separated by high energy barriers.

T« (1.23)

It is thus clear that, even if in principle the equilibrium overdamped Langevin
dynamics given in Eq. (1.2) is granted to converge to the Boltzmann distribution in

11
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(a)

Figure 1.1: (a) Illustration of the barrier crossing problem in one dimensions. (b) High
dimensional disordered systems have a complex landscape with a large number of minima
and saddle point hindering the motion.

systems with a large but finite number of degrees of freedom, in practice this procedure
may be numerically unfeasible, as long simulation times are needed before the quality
of the sampling becomes satisfactory. This happens in regimes where interactions
are much stronger than thermal fluctuations, for example at low temperature or high
density, which are precisely the regimes to be probed in order to better understand the
physics of disordered systems.

How to cope with the increasing sluggishness characterized above is a research
field of its own. The central idea is to resort to alternative dynamical evolution rules,
which might be unphysical while still granting the convergence to the target Boltzmann
distribution. How to design these alternative dynamical evolution rules is a subtle
art [17], which usually demands some knowledge of the system for which the dynamics
is tailored. For the purposes of this thesis, we can classify these dynamics into two
big families. In one family the overdamped Langevin dynamics is changed, but the
detailed balance property given by Eq. (1.9) is preserved. In Appendix A, we address
a dynamics belonging to this family, obtained by a spatial modulation of the mobility
field. In another family, initially developed in the field of applied mathematics, the
possibility that renouncing to detailed balance can be rewarded with faster relaxation
is exploited. In this thesis, we will be interested in this second family of processes,
which we will now look into more closely.

1.3 Nonequilibrium to the rescue

In this Section, we look at out-of-equilibrium dynamics, i.e. dynamics that violate the
detailed balance equation given by Eq. (1.9), while preserving the Boltzmann distribu-
tion in the steady state.

12
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1.3.1 Transverse forces

We start by perturbing the overdamped Langevin dynamics with a generic force field
f(r), constrained to have a finite squared average over the Boltzmann distribution,
(|f]*)p = 1, with (...)s = [dr...ps(r). Using this normalization, we can control the
strength of the additional drift with a single parameter v. The resulting overdamped
Langevin equation is

I =—poVV + poyf(r) +1/2u0TE(L). (1.24)

We now impose that the steady-state of this stochastic process to be the Boltzmann
distribution pg. This yields the condition

_BE-VV 4+ V- -f=0, (1.25)

which is obviously satisfied if we take f to be both solenoidal and orthogonal to the
gradient of the potential:

V- £f=0

1.26
f-VV =0 ( )

at every point r. The resulting dynamics is now out of equilibrium, as can be seen by
computing the entropy production rate

o=Bf)s >0 (1.27)

The overdamped Langevin dynamics described by Egs. (1.24, 1.25) is an out of equi-
librium process, but it admits the Boltzmann form as its nonequilibrium steady state
distribution. At the level of the continuity equation for p(r,t), this means that in the
steady state a nonzero, divergence-free current appears,

Jo. = Yhofps. (1.28)

It has been proven that the dynamics given by Eqgs. (1.24, 1.25) has a relaxation time
smaller or equal than the corresponding equilibrium relaxation time, obtained for v = 0.
A mathematical proof was given in [135, 134] and in [136] for the case of discrete Markov
processes. The derivation of theorem in the discrete case is given in Appendix. For
small v and continuous dynamics, we propose here a simple physicist’s argument [112]
to account for the increase in the relaxation rate towards the steady state of the Fokker-
Planck operator. We first rotate the Fokker-Planck operator associated to Eq. (1.24),
as we did in Sec. 1.2, thus obtaining

W, = —ps 2Qp2 = Wy +y0W (1.29)

where W, is the Hermitian Fokker-Planck operator in the absence of the coupling
parameter 7, given by Eq. (1.19), and

SW = —piof - V. (1.30)

13
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Due to the solenoidal nature of f, §W is a anti-Hermitian operator, SWT = 1io(V-f)+pof-
V = —0W containing the out-of-equilibrium drive. We denote by |¥,,) the eigenstates
of the unperturbed Hermitian operator Wy, and by A, the associated unperturbed
eigenvalue. We are interested in the change 0\ to the spectral gap AN = Ay — A\ of
the operator W between the ground state |V,) and the first excited state |¥;). We
first observe that the ground state and its (zero) energy are left unchanged by the
perturbation. Therefore, to second order in perturbation theory, we have

AN = =y (U1[oW|Py)
U, |6W W, )2 1.31
+7221<1| W)l (1.31)
A — A\,

n>1

Due to the skew-Hermiticity of the perturbation the first term in Eq. (1.31) is imaginary.
This is a signature of oscillations produced by the out-of-equilibrium currents, which
we will show up later again in the thesis. The second term is real and positive. The
eigenvalues of W are thus shifted in the opposite direction to what would occur in the
case of a Hermitian perturbation. Only the real part of the spectral gap is relevant in
the computation of the relaxation times, and since it is increased by the perturbation,
the relaxation time toward the steady state distribution is reduced.

How can the solenoidal drift f be implemented? A practical, and minimal choice for
numerical implementation consists in taking f = AVV (r), with A an antisymmetric
matrix, AT = —A. In order to have a control on the amplitude of (AVV);, we impose
the Frobenius norm of the matrix ||A[[2 = 3=, ; A7, to be equal to the space dimension
d. The resulting dynamics with transverse forces reads

I"Z —M0(1+’7A)VV+ \/Q,UOTE(t), (132)

the theorem mentioned above ensures that the dynamics with transverse forces has
a shorter relaxation time compared to its equilibrium counterpart given in, Eq (1.2).
However, the theorem does not quantify the extent of the acceleration, nor its depen-
dence on the relevant parameter of the problems, such as the temperature or the details
of the potential landscape. Another question is whether, and for which parameters, the
speedup provided by transverse forces is equivalent to a renormalization of the mobil-
ity, po — g, a somewhat trivial way of accelerating the dynamics. For disordered and
glassy systems, these question are unanswered, and will be addressed in this thesis.

Before exploring the performance of transverse forces, we illustrate an alternative
way by which the dynamics can be driven out of equilibrium while preserving the
Boltzmann distribution. This second method is known as lifting, and is presented with
a style largely inspired from the physics of active particles. We also sketch a connection
between a lifted dynamics and transverse forces, that gives us hope that the results
obtained with transverse forces in glassy systems might be generalizable to the broader
class of irreversible dynamics that sample the Boltzmann distribution.

14
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1.3.2 Lifted Markov processes

Another way by which the dynamics of the system can be driven out of equilibrium is
called lifting. Tt is a procedure that was born in the field of applied mathematics [63,
81], and it consists, broadly speaking, in supplementing the system under consideration
with an additional set of degrees of freedom, called lifted variables—see Appendix C2.1
for a mathematical definition of lifted Markov chain—. The lifted degrees of freedom
interact with the original ones, driving the system out of equilibrium. The dynamics
is chosen in such a way that the steady state distribution, once marginalized over the
lifted degrees of freedom, is the Boltzmann distribution for the original set of variables.
Within the lifting procedure, the aim is to transform the diffusive motion typical of
equilibrium process into a ballistic one. A mathematical justification for the use of
lifted Markov chains is given in Appendix C, where a bound for the speed of reversible
and lifted Markov chains is discussed.

In statistical mechanics, there are at least two kinds of dynamics that get very close
to the idea of lifting. The first one is the underdamped Langevin dynamics, which
obtained restoring the mass m and the momentum p in the overdamped Langevin
equation given by Eq. (1.2):

r = —
mc (1.33)
p=—2p-VV+ V2T CE(L).

Here ¢ = pg 1is the friction coefficient. The overdamped Langevin result is restored by
taking the limit m — 0. Here, the momentum p plays a role analogous to the lifting
degrees of freedom. The equilibrium distribution associated to this problem is
1 p2

polr,p) = e VO (1.34)
and integrating out the momentum p restores the Boltzmann distribution given in
Eq. (1.1). In the equilibrium case, alternative dynamics can be obtained by considering
stochastic process of higher order, that converge faster to the steady state, at least
in convex problems [200]. Interestingly, an adaptation of this kind of dynamics to
Monte Carlo schemes, the Hamiltonian Monte Carlo method [84], provided the original
motivation to the introduction of lifted dynamics in the seminal work of Diaconis [31].

There is another family of dynamics of interest in statistical mechanics that present
interesting resemblances with the lifted ones. It is the ensemble of active, self-propelled
particles. This broad term refers to microscopic constituents that can harvest energy
from some internal, and usually hidden, degree of freedom or from the environment
and transform it into directed motion. A formulation for lifted dynamics in terms of
active particles is the following: consider the overdamped Langevin dynamics given
in Eq. (1.2), and supplement it with a lifted set of degrees of freedom v. A lifted,
overdamped Langevin dynamics is then

r= —MoVV(I‘) + V-t 2MOT€<t) (135)
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The lifted degrees of freedom act in the form of a self propulsion. Up to now, this
equation is a generic model for an active particle. The active particles studied in
physics are out of equilibrium systems where the steady state distribution for the
position r and the self-propulsion v, p,.(r, v) that is usually not of the Boltzmann form
in the steady state. However, we can try to impose on the dynamics of v to be such
that

/dvpss(r,v) = pg(r). (1.36)
When this condition is realized, we have what we call a lifted active particle.

How should the dynamics of the self-propulsion v be defined? There is no unique
way by which this can be done. In the next section, we will present some examples
of lifted dynamics inspired from the world of active particles. The goal is twofold: we
want to give the reader a taste of the variety of choices that can be made, and provide
a connection to the transverse force dynamics described earlier in this Section.

Lifted run-and-tumble

In lifted run-and-tumble particles (IRTP) the self propulsion v has a constant magni-
tude vy, v = vpu. The direction of the self-propulsion changes from a given direction u
to a new one u’ on the unit d-dimensional sphere according to the Poisson rate

[u—=u)=puVV-(u—u)i(VV:(a—1u)) (1.37)

with 6(z) is the Heaviside function: #(z) = 0 if z < 0, and 1 otherwise. If the tumbling
rate was uniform, we would recover the equation of motion of a run and tumble particle
in an external potential. Physically, the choice of tumbling rate given by Eq. (1.37)
means that a (-RTP changes its direction of self propulsion more frequently when
climbing against the energy gradient, while it changes mildly when the particle is
descending the potential landscape V. The steady state distribution for a (-RTP is

polrw) = ). (1.38)

with €4 = % the area of a unit sphere in d dimensions.

Lifted active Brownian particles

In this case, the modulus of the self propulsion is fixed, v = vgu, but the direction of the
self propulsion velocity diffuses on the unit sphere. For a lifted active Brownian particle
(!ABP), the equation of motion for the self propulsion direction in d dimensions is

0= By
d—1

(VV-wu— VV]+ /2D, [(u-n(t)u—nt) (1.39)

with i a Gaussian white noise with unit correlation (n(t) @ n(t')) = 16(t —t'), and D,
is a rotational diffusivity. Without the first term in the square brackets on the right
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hand side, Eq. (1.39) reduces to free Brownian motion for u on the unit sphere, which
is how the self propulsion speed evolves for active Brownian particles. When the term
inside the square brackets is taken into account, the self propulsion tends to align to a
direction opposite to the energy gradient. The steady state distribution of the /ABP

plrw) = o) (1.40)

as for the -RTP. It is interesting to look at how Eq. (1.39) simplifies in the case d = 2.
Here, the direction of u is completely identified by the angle # that it makes with the
x axis. The dynamics for 6 is

0 = BugAu - VV +1/2D,n(t). (1.41)

0

with A = [1

-1 : . : :
0 1 an antisymmetric matrix, so that Au is orthogonal to u.

Lifted active Ornstein-Uhlenbeck particle

For a lifted active Ornstein-Uhlenbeck particle ((AOUP), the modulus of the self
propulsion fluctuates. The equations of motion read

r= —/Loarv + vou + \/ 2Tﬂog<t>

(1.42)
= —u— BudV +V2x(b).

Compared to an AOUP, the self-propulsion speed is driven by an the gradient of the
energy V. The steady state distribution reads

2

Pus(r, V) = (27?)_%6_%@3(1“). (1.43)

To establish an explicit connection with transverse forces, we consider the case of a
¢(AOUP with temperature-dependent mobility, u = T~!. If we introduce the extended
variable x = (r,v)" and the extended potential U(x) = BV (r) + g we obtain from
Eq.(1.42)

x = —(1og + yA)OU + V2x(t) (1.44)

0, —1
1, 04
correlations (x(t) ® x(t')) = §(t — t')153 and v = vy. Upon considering the extended
space of x and rescaling the mobility of the system, we have been able to bring forth
the presence of transverse forces in a lifted dynamics.

with A = d] a 2d x 2d skew-symmetric matrix, x a Gaussian white noise with

1.4 Summary and outlook

In this Chapter we saw that
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The local, equilibrium, overdamped Langevin dynamics

t = —poVV(r)+/200TE() (1.45)

converges to the Boltzmann distribution pg o< e #V® over a timescale given by
the relaxation time 7.

e Ty can become extremely large, for instance in the presence of energy barriers
separating two metastable states.

o It is possible to design alternative dynamics that are out of equilibrium, but that
preserve the Boltzmann distribution in the steady state, p.(r) = pg(r). For a
class of these dynamics a theorem ensures that 7 is reduced compared to their
equilibrium counterpart.

e A minimal implementation of this out of equilibrium drive is obtained by adding
forces transverse to the energy gradient:

= —uo(1+ yA)VV (r) 4+ \/2u0TE(t) (1.46)
with AT = —A, and 7 a real number encoding the strength of the nonequilbrium

drive.

There are plenty of ways by which a dynamics can be driven out of equilibrium
while preserving the Boltzmann distribution. As our goal is to quantify the extent of
the sampling speedup in glassy system, we need a candidate dynamics to implement
and study. Transverse forces appear to be a good candidate, as they are ensured to
provide a reduction of the relaxation time, and their structure represents a minimal
implementation of an irreversible driving. Moreover, the link we made with a lifting
model at the end of this chapter gives us hope that some properties of transverse forces
might pertain to other dynamics as well, such as the ones belonging to the lifting family.
In the next Chapter we build an intuition on how transverse forces operate using some
prototypical external potentials.
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In this Chapter we build an understanding of how transverse forces operate, by
looking at different examples of a particle in an external potential. Transverse forces
are found to increase a typical microscopic evolution frequency, the escape rate. Then
we look at the cases of a particle in a harmonic well and at the barrier crossing problem,
where we quantify the sampling speedup and discuss how the trajectories are modified
in the presence of transverse forces. Interestingly, the result on the speedup are different
from the ones that one would have guessed from the naive analysis of the escape
rate. We conclude by discussing how the fluctuation-dissipation theorem is violated by
transverse forces.
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2.1 The dynamics

In this Section we study the overdamped Langevin equation of motion with transverse
forces:

t=—(1+7A)VV(r)+ V2TE(t) (2.1)
with r the position of the particle in d dimensions, V(r) an external potential and T
the temperature. The noise is white and Gaussian, (£(t) ® &£(t')) = 15(t — t'). The
matrix A is antisymmetric, and creates the transverse force. In Chapter 1, we saw that
this dynamics is out of equilibrium and admits the Boltzmann form p; o< e™#" as its
steady state distribution.

We start our discussion by looking at a microscopic timescale characterizing the
evolution of the system.

2.2 [Escape rate

The escape rate [222, 103, 181] is the typical rate at which a particle moves away
from a given configuration to one in its neighbourhood. To compute it, we resort
to the Onsager-Machlup path integral formalism. From Eq. (2.1), the probability
P(r; + r;dt|r;,0) of observing a transition from an initial position r; to the position
r; + r;d¢ in the infinitesimal time interval dt is

1
4T
If we set & = 0 in Eq. (6.48) we obtain the probability that the particle remains in its
initial configuration during the infinitesimal interval dt, i.e.

P(r: + fidt]rs, 0) o exp {—dt [ (i + (1 +~A) V) — ;VQV} } (2.2)

P(rs, dt|rs, 0) o exp {—dt UT (1+~A)VV)? — ;VQV] } . (2.3)

This allows us to interpret, up to an additive constant stemming from the discretization

of a time interval into infinitesimal increments, the quantity 7, * = 4 F (1 +~A) VV)2

=T |1
as the rate at which the system escapes from its current configuration. The two terms
in 75! have the following physical meaning: the first one expresses the fact that nonzero
forces make the system move away from a given configuration. The second term tells

about the influence of the concavity of the potential on the escape process.

We can average the escape rate over the steady-state Boltzmann distribution pg.
Using the fact that A = —A” and after an integration by parts we get

('), = 7 (V1) 2 (awvy) | 24

For v = 0 we recover the equilibrium result 7, elq = = <(VV)2>B. If the potential is
spherically symmetric, ((AVV)?) = AyAg(0;V V), = 3||AlR ((VV)?) |, where

|Al]f = X, ; A; is the Frobenius norm of A. We therefore conclude that

_ 1 -
= (14 AR Tk, (25)
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This result shows that transverse forces increase, through a rescaling, the escape rate of
the system with respect to the equilibrium case. As a side remark, which will be useful
when studying the transverse forces in infinite dimensions, for 7 to have a well-defined
d > 1 limit we shall need to work with ||A||} ~ d.

The analysis of the escape rate suggests that, if transverse forces act always as a
rescaling of time, their speedup with respect to equilibrium dynamics should scale as
~2. In the next two Sections, we specialize to the case of a harmonic and of a double
well potential respectively, and we compute the relaxation time. We will see that this
intuition about the scaling of the sampling speedup with v loses its validity for large

v.

2.3 Harmonic well

We now consider a two-dimensional harmonic potential V(r) = ir - Kr, with K =

[01 k(:) ] a matrix containing the stiffness coefficients of the well. We set k; > ks.
2

Eq. (2.1) reads then

r=—(14+~A)Kr+ v2T€. (2.6)
Transverse forces are implemented via the antisymmetric matrix A,
10 -1
a=f @

We first look at the relaxation time of the system, by mapping the dynamics to a
quantum mechanical problem. The Fokker-Planck operator (2, reads

Q, =V -[(14+~vA)Kr+TV]. (2.8)

It governs the evolution of the probability distribution p(r,t), O,p(r,t) = Q,p(r,t). The
mapping to a quantum mechanical problem is performed by considering the operator

W, = —pgl/QQp]é/Q =Wy +~vAKr -V (2.9)

where Wy =T <—V + gKr> . (V + gKr) is the Hermitian operator usually found for
equilibrium dynamics and the second term is a skew-Hermitian operator. Its appear-
ance is a consequence of injecting irreversible currents into the system by means of
transverse forces.

To diagonalize W, we introduce a set of creation and annihilation operators
a=VIK! (V n 5K;>

al = VTK-! (_V + BK;) (2.10)

that satisfy the commutation relations [ai, aﬂ = 0;;. The operator W, becomes

szaT-K<1+gA) - a, (2.11)
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and it can be rewritten in a diagonal basis,

Ae(y) 0
_ w7
W, =b l ) A(v)] b, (2.12)
the eigenvalues A\ () are
1
A:(7) =35 [kl ko \/(ky — k2)? — 7%11:2} (2.13)

and the operators b, b are rotated creation and annihilation operators

b = Oa

2.14
b" = Oaf, (2.14)

with O = v, ® v_, vi being the eigenvectors associated to the matrix appearing in
Eq. (2.11), with eigenvalues Ay () respectively. As a consequence of the theory of
the quantum-mechanical harmonic oscillator [256], the spectrum of W, is discrete and
characterized by a two-dimensional vector n = (n,,n_)T € N%

Aw = 1A (7) + oA (7). (2.15)

The ground state of IV, which is mapped to the Boltzmann distribution in the rotated
basis, is obtained for n = 0. The eigenvalue with the smallest nonzero real part is
A_(7), and the relaxation time is given by the inverse of the real part of A_(v). For
~v = 0, we fall back to the equilibrium case and the relaxation time is

1

Tw(0) = o

(2.16)
If the harmonic well is isotropic k; = ka, then Ay () = ki (1+=+i|y|), and the relaxation
time is the same as in equilibrium, 7:(y) = 7:(0). We thus fall in a marginal case of
the theorem stated in Sec. 1.3.1, with transverse forces that operate by generating
oscillations of the particle inside the harmonic well, see Fig. 2.1(a), where a T = 0
trajectory at v = 0 is compared with a v # 0 one. In the latter case, the particle
spirals to the bottom of the well.

In the anisotropic case, ki # ks, there is room for a true reduction of the relaxation

time. For v # 0 and 72 < ~, = %, A+ () are real numbers and the relaxation
time is )
w(7) = > (2.17)
. A-(7)

and 7z(7) < 7:(0). The relaxation time is a decreasing function of 7 for v < .. For
v > 9., A_(7) acquires an imaginary part, and the relaxation time saturates to the
value

TR(7 > 70) = < TR(O)- (2.18)

ky + ko
This is the point where oscillations start to appear, and transverse forces cease to
enhance the sampling efficiency of the system. Figure 2.1(b) shows the relaxation time
as a function of v in the case of an anisotropic well.
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Figure 2.1: (a) Zero temperature trajectories in an isotropic harmonic well with K;; =
;5. Without transverse forces (blue curve, v = 0) and with transverse forces (red
curve, v = 2). (b) Plot of the relaxation time 7(y) for an anisotropic harmonic well
with k1 = 2, ks = 0.5.

2.3.1 0Odd transport in the harmonic well

How do transverse forces modify the trajectories of the system? Owing to their nonequi-
Ibrium nature, transverse forces are accompanied by forms of transport that do not
appear in an equilibrium situation. Here we address the relevant form of odd trans-
port for the harmonic oscillator, odd diffusion. Other forms will be discussed when we
address many body systems. Odd diffusion manifests itself in the form of a nonzero off-
diagonal, anti-symmetric part of the diffusion tensor, defined as D = [;F(1(¢t) ® #(0)).
Physically, this detects the presence of a chiral, swirling motion, and the presence of
fluxes perpendicular to concentration gradients arising in the system. At the micro-
scopic level, a Green-Kubo relation, derived in [125] identifies the odd diffusion as the
time integral of the anti-symmetric part of the velocity-velocity autocorrelation tensor.

To characterize the swirling motion inside the confining harmonic well potential,
we can compute the odd diffusion constant D, which is
L pHee . :
D, = —5 (r(t) - Ar(0)) (2.19)
0
where (...) is the average of the initial position over the Boltzmann distribution and
over the realisation of the noise £(t). Note that we conventionally chose the sign of D
so that D, < 0 if the system undergoes a counterclockwise swirling motion.

We consider now the case of an isotropic harmonic well, &, = ky = k. Using
Eq. (2.6) and the fact the realization of the noise £(¢) are independent from £€(0) and
r(0) we get

Dy =~ [T R (14 M) 1) - A (14 4A)£(0)) — VTR (1 +4A) x(t) - AE(0))

2 Jo
(2.20)
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Using the solution r(¢) of Eq. (2.6):

¢
r(t) = r(0)e M /2T / dre PAHIAE=) g (1) (2.21)
0
and the fact that (r(0) ® r(0)), = 1%. Integration over time leads to
T

This is the expression for the odd diffusivity of the harmonic oscillator under transverse
forces. D, does not depend on the stiffness k of the harmonic well. This is physically
due to the following cancellation effect: the odd diffusivity scales as F?7g, where [
is the average squared force acting on the particle and 7y the relaxation time of the
particle. Now, F? ~ k?(r?), ~ k, while 7, ~ k™', see Eq. (2.16). The two factors
cancel out, leaving D, independent from the well stiffness.

In this Section, we saw how transverse forces affect the relaxation and the trajec-
tories of a particle inside a harmonic well. We now proceed to assess the efficiency of
transverse forces for a non convex problem involving the crossing of an energy barrier.

2.4 Barrier crossing

In this Section we quantify by how much transverse forces help to overcome energy
barriers. For the purpose of illustration, we resort to the Ichiki-Ohzeki (I0) formula-
tion of transverse forces [208]: two copies of a one dimensional system in an external
potential interacting through antisymmetric couplings. The positions of the parti-
cles in the two copies are encoded in the vector r = [rM) r®]7. The potential is
V(r) = v(rM) + v(r®), with v(x) a non convex potential which has two minima, one
of them located at z,,, separated by a energy barrier of height A. The energy barrier
culminates at a maximum at z);. The equation of motion in Eq. (2.1) reads

[:8] = —(1+7A) [Z:E:gﬂ +V2T EE; 8] . (2.23)

with A given by Eq. (5.10). We are interested in the situation where 7' < A, and we
will look at the rare event where particle 1 hops over the energy barrier, while particle
2 remains confined within the bottom of the well, the simultaneous crossing of both
the particles happening with an exponentially smaller rate in the ratio A/T.

2.4.1 Heuristic argument

Before proceeding with a detailed analysis, there is a simple way to understand how
a nonzero 7 speeds barrier crossing up. If particle 2 is confined at the bottom of the
well, its position evolves according to

#O(0) == o (1) — 70/ (V1) + VITER(D)

~ — km(T(Z)(t) _ xm) o ’}/V/(T(l)(t)) + ﬁf(z)@) (224)
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where k,, = V" (x,,) > 0 is the stiffness of the well. We can integrate this equation and
substitute 7? into the evolution equation for r():

i) = | " dsMa(t — s)o' (D (s)) + V2IT(1) (2.25)

where Z(t) is now a coloured Gaussian noise with correlations (Z(¢)Z(¢')) = 6(t —t') +
IV ?kpeknlt=tl = Mo(t — ¢/). The mobility kernel Mp(t) = 6(t) + *kn, e ~*0(t)
and the correlation kernel Mc(t) = $Mpg(t) + 1 Mg(—t) are related by Kubo’s fluctu-
ation theorem for generalized Langevin equations. While the two-dimensional process
(7“(1), 7)) is a nonequilibrium one, the effective process rM) | forgetting the information
on 7 is an equilibrium process (at least when ) evolves in a quadratic well). In the
large ky, limit, Mg(t) ~ (1+~%)d(¢) and the mobility of the particle picks up a 2 con-
tribution so that the barrier crossing time is reduced accordingly: 7 ~ e #2/(1 + ~?).
This limiting case thus matches the escape rate analysis done in Sec. 2.2 within an
effective equilibrium dynamics picture.

This heuristic approach suggests that the IO dynamics contributes to changes in
the barrier crossing time by rescaling the prefactor of the Arrhenius formula. We now
confirm this observation in the general case by looking at the most probable path taken
by the system during the barrier crossing process, also known as the instanton trajec-
tory. The process in which particle 1 overcomes the energetic barrier while particle
2 remains confined in the well corresponds, for the composite system, to a trajectory
from 1, = [T, Tm]? to s = [xar, 2] and from r, to the minimum on the other side
of the saddle. We now proceed with a careful analysis of the instanton trajectory.

2.4.2 Instanton trajectory: no change in the exponential factor

The barrier crossing rate 7—! can be expressed within a path-integral formulation,
7l = [ Zigx e ~H5S (2.26)

where the path-integral runs over paths connecting r,, to ry, and where the Janssen-De
Dominicis action functional reads
+o0o

S, 8] = / dt[i - — H (r,7)] (2.27)
The response field ¥ expresses the effect of the noise on the dynamics of r. In the
small noise T" — 0 limit, the path that dominates the integral minimizes S, and the
resulting saddle-point trajectories follow a Hamiltonian-like dynamics (with respect to
H in Eq. (2.27)) in a space of extended variables where the conjugate field £ stands for
a momentum. The escape time 7 then satisfies the logarithmic equivalence

@
Te et R (2.28)
¢ = M1y (¢)|r(—00)=rm, r(+o00)=rs S [I‘, I’]

The explicit expression for H(r,t) is

Hr,#) =t -1 (1 ++A)-VU(r) (2.29)
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The minimum of S for the trajectories of interest is found by looking for the solutions
of the Hamiltonian system induced by H along the H = 0 energy manifold, so that we
have the differential equations

(2.30)

r =

P =9 =_(1+7A)-VV(r)+2f
—91 — (1 +~A) - Hess V(r) - ¢

together with the condition H(r,#) = 0. Here Hess V (r)y = v"(r(®)dy, is the Hessian
matrix of V. These coupled differential equations are equivalent to

{f = (1 —7A)- VV(r) (231)

r =VV(r)

which, in principle, can be solved explicitly if a potential V' is specified. We solve
the instanton trajectory r within perturbation theory up to second order in v as a
functional of the external potential V', assuming the v = 0 trajectory is fully known. A
linear analysis of the trajectory close to the saddle point ry shows that the perturbation
expansion must have the form

r =rg! + 975 + 0(y*)

(2.32)
r® =l +4r? + 0(°)

with 7"(()1) = (r(()l)(t)) and 7’((]2) = 0. By taking into account the boundary condition

for the perturbation r(+00){” = r(—00){ =0 for a = 1,2, i > 0 we obtain
(2) bt [T5° k1 (1)
r=—em / dr e "y (IO (7')) (2.33)
t
+oo
riY = k,, e 60 / dr e 60y (1) + C’] (2.34)
t

where G(t) = [ drv” (7“(()1)(7')) and C' is a constant determined by matching the asymp-
totic expression for rél) (t) for t — +o00 to the linear expansion at r;. We illustrate the
role played by v in deforming the equilibrium trajectory in Fig. 2.2. As done in pre-
vious studies of the escape time out of equilibrium [50], we have chosen as an explicit
potential v the well-known double well v(z) = ix‘l — %xQ. We see that indeed system
2 finds it optimal to rise in its own energy landscape to favour the crossing of system
1 over the barrier. Interestingly, the action for the instanton trajectory is unchanged
with respect to the equilibrium dynamics, namely

Sii= [ vV () = A (2.35)
This result is identical to the one obtained with the equilibrium dynamics at v = 0,
supporting the the heuristic analysis of Sec. 2.4.1. While the instanton trajectory is
clearly altered, the Arrhenius factor is left unchanged by the 10 dynamics. In the
next section, we investigate the dependence on ~ of the prefactor to the Arrhenius
exponential.
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Figure 2.2: (a) Gradient flow of the double well potentials for two noninteracting
particles. (b) Force field for two copies of a particle in a double well potential coupled
with Ichiki-Ohzeki interactions, v = 0. (c) Instanton trajectory from Eq. (2.31) for
v = 0 and its perturbation expansion up to second order in v for the double well
potential v(z) = {2* — 222, The instanton starts from the minima located at (—1, —1)
and ends at the saddle point located at (0, —1). Adapted from [112]

2.4.3 Full expression of 7

Bouchet and Reygner [418] have derived an Eyring-Kramers formula for nonequilibrium
dynamics which do not necessarily sample the Boltzmann distribution. Here we spe-
cialize their general result to the IO dynamics, which allows us to arrive at a concrete
~v-dependence of the escape time. When applied to the IO dynamics the time 7 reads

2 kM A
—eT

= — 2.
‘)‘+| km ¢ ( 36)

T

where kyr = —V"(xp) > 0, ky, = V7(2,,) > 0, and A, is the eigenvalue related to the
unstable direction of the dynamics linearized around the saddle point ry:

1
A] = 5 {kM — ki + \/(kM + km)? + 472krk, (2.37)

For v = 0 Eq. (2.36) yields the well-known Kramers’ time

2
= 2.38
/s (2.38)

>

while for v # 0 we have A\, > kj; and the time required for particle 1 to hop over the
energetic barrier is reduced.

We realize a posteriori that the heuristic approach of Sec. 2.4.1 was physically
sound. It can indeed be recovered by letting k,, — +oo in Eq. (2.37), yielding A, ~
kar(1 4 ~?). This limiting case is actually the smallest achievable value of 7 at given
v, ky and AV, since O, Ay is always positive.

What happens when transverse forces are very strong? In the limit v — oo, the
barrier crossing time decreases as 7 ~ 7!, in contrast with the scaling suggested by
the initial analysis of the escape rate don in Sec 2.2, from which a scaling 7 ~ =2
was derived. Note that the theoretical sampling efficiency of transverse forces must
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eventually saturate: this happens because the barrier crossing time can be reduced to
0, while the relaxation time inside an harmonic well saturates to a lower bound, as we
saw in Sec. 2.3.

In this Section, we saw that transverse forces speedup the process of barrier crossing
via a prefactor in the Kramer’s time. We now want to find what happens in the case
of a many-body system with several energy barrier? Before answering this question,
we investigate how fluctuation dissipation relations are affected by the presence of
transverse forces.

2.5 Fluctuation-dissipation relations

In this Section we look at how transverse forces affect fluctuation-dissipation relations.
Our starting point is the transverse forces dynamics for a particle in d dimensions under
an external potential V and an external force F**(¢). With this modification, Eq. (2.1)
reads

P =—(1+~yA)VV(r(t)) + F*(t) + V2TE(t)

=F(t) + F* + V2TE(t)
The main tool we use is a path-integral average over the dynamics. Denoting by
O(t) = O(r(t)) a generic vector observable that depends on the position of the particle

at time ¢, we introduce two types of averages. The average in the presence of an
external force F™':

(2.39)

(O(ts)) = [ dro [ Dr(t)0(t)e S T py (xo) (2.40)

with Sg"t the Onsager-Machlup action associated to the transverse force dynamics,
perturbed by the external force:

1 tobs 2
ext - = . I niet _ eext
STt = o5 | dt (B(t) = F7(t) = F™)", (2.41)
and the average over the unperturbed transverse force dynamics:
(O(tony)), = / dr, / Dr(£)0(t)e=5E0) 5, (x0) (2.42)

with S, the Onsager-Machlup action associated to the transverse force dynamics when
Fo(t) = 0:
1 Lobs . . 9
Sife] = g | dE(E(E) —F(1),
Both averages (...), and (...)S* involve an average over the initial condition at time
t = 0, which follows the steady-state, Boltzmann distribution and the dynamics up to
time t,ps, with the boundary condition r(t = 0) = ry.

(2.43)

We want to establish a relation between the response function

. N (SOa(t) ext
R, (1) = <5F<§xt(t/)>

v

(2.44)

Fext =0
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and the correlation function
CH(t, 1) = (Ou(t)rp(t))-. (2.45)

Before doing this, however, it is useful to consider how the action behaves under time
reversal. For a given path r(t) starting at ¢ = 0 and ending at ¢ = t.ps, define r®(s) =
r(tops — S) as its time-reversed counterpart. Then we have

Syle(t)] = S " ()] = = [V (£(tors)) — V(x(0))] (2.46)

1
T
For v = 0, we recover detailed balance. For v # 0, the above equation implies that we
can reverse time for the observable inside the average (...),, at the cost of changing
the sign of v:

s

(Oa(r())y = (Ou(r™ (1)) — (2.47)

. Eq. (2.46) is known in the literature of lifted Markov Chains as skew detailed bal-
ance [255].

We can now start compute the response function. Applying the functional derivative
to the Onsager-Machlup action we get

: [{Oa(tobs)ie(t))y = (Oaltons) Fy (1)) (2.48)

Rap(tobs, t') = oT

On the other hand, using Eq. (2.46), and assuming that O(t) is even under time reversal,

we have
Rab<t/7 tobS) = _21T [<Oa<t0b8>7"b(t/)>*7 - <Oa(tobS)Fbv(t/)>*7] (249)

If we choose tops > ', then Ry, (1, tons) = 0 by causality, and we have

— ;T [(Outons) (') + (Oa(tons)To(t)) ]

B 21T [(Oa(tobs)Fly(t,»W - <Oa(t0bs>FIj(t/)>_7] '

Rab(tobsa t/) - Rab(t/a tobs) = Rab(tobsv t/)

(2.50)

Using time translation invariance and the matrix notation, Eq. (2.50) becomes

1 1

701G, (0)+ Cy(0)] = 5

Rv(t> == 2T

[D,(#) = D) (1 —7A) (2.51)

with ¢ = tops —t', and we have introduced the matrix D, (t) = (O(t) ® VV(r(0))),. For
~v = 0 we find the usual fluctuation dissipation relation

1
The breaking of time reversal symmetry yields a violation of the fluctuation dissipation
relation. Eq. (2.51) will be used later when studying the relation between the mobility

and diffusion tensor in dense liquids.
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While we expect Eq. (2.51) to hold for a generic, possibly nonconservative force
applied to the system, the case where the external perturbation is obtained by shifting
the energy by an amount 6V (r) = —h(t) - w(r), with h(¢) a time dependent vector field
and w(r) a conjugated observable, is of special interest. In this case, we can introduce
a response function R’ with respect to change in the field h(t) as

) ) 60,(t))
R (1) = ,
< Ol (1) >

(2.53)

Since transverse forces preserve the Boltzmann distribution in the steady state, the lin-
ear response formalism can be developed as in the equilibrium case, thus obtaining [59]
in the stationary regime

R/ (1) = —;atc;(t) (2.54)

with C(t —t') = C(t,t') = (O(t) ® w(t')), the correlation function between the
observable O and the variable w(r) conjugated to the small field h(¢). In this case,
the fluctuation dissipation theorem is restored. If we choose w so that w(r) = r, then
F*' = (14+~A)h(t). This means that R'(t,#') = R(t,')(14+~A), and C'(¢,t') = C(t,t')
and therefore )

R(t)(1+~A) = —?&C(t). (2.55)

These different formulations of the fluctuation-dissipation relation will be useful in
subsequent parts of the thesis.

2.6 Summary and Outlook

In this Chapter we studied the effect of transverse forces in the motion of one particle
in an external potential, and we found that

« The escape rate of the system 7, ', i.e. the typical rate at which a particle evolve
from a configuration to another, is enhanced with respect to its equilibrium 7,
value through a rescaling:

o~ (1 + )T (2.56)

e In an isotropic harmonic well, transverse forces do not reduce the relaxation
time: 7x(7y) = 7 (0). If the well is anisotropic, then 73 (v) < 7:(0), and saturation
occurs at large 7.

o Even when the particle is confined in a harmonic well, a form of odd transport
emerges, due to the swirling motion induced by transverse forces. This is captured
by a nonzero odd diffusion constant D, = —~T.

o The time required to cross an energy barrier with transverse forces follows the
Arrhenius law 7 ~ e %, but the prefactor is smaller than its equilibrium coun-
terpart. The instanton trajectory from the bottom of the energy well to the
saddle point bends when v # 0. At large v, the barrier crossing time decreases
as T~y L.
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e Due to the breaking of time reversal symmetry, the fluctuation dissipation theo-
rem is no longer valid, unless the perturbation consists in a change of the poten-
tial.

We can now move to study the performance of transverse forces in a paradigmatic
model of disordered systems with a rugged energy landscape, namely the p-spin spher-
ical model.
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In this chapter, we put transverse forces to the test in the p-spin spherical model, a
mean field spin glass with a rugged energy landscape. We derive dynamical equations
for the correlation and the response functions of the system. The evolution of the
correlation and response functions is then studied by direct numerical integration and
analytically, through a form of accidental fluctuation dissipation relation. We find that,
as for equilibrium dynamics, there is a temperature below which the dynamics of the
system becomes arrested and ergodicity is broken. This temperature is not modified by
transverse forces: it is the same as in equilibrium. In the ergodic region, we quantify
the speedup provided by transverse forces, and interpret it in terms of the evolution of
novel correlation functions that are absent in the equilibrium case.
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3.1 The p-spin spherical model

The spherical p-spin is a disordered, fully connected model of N interacting spins
o1, ...,oy fulfilling the constraint >~ , 02 = N. The energy V[{o;}i=1...n] of a con-
figuration is

V[{Ui}izl,...,N] = — Z Jil...ipgi1 N Uip (31)
11<...<ip
where the J;, ; are independent quenched random couplings with variance z%;—l'

This model was introduced at the beginning of the 90s [66, 65] to better understand
the replica symmetry breaking scenario occurring in many models of spin glasses. After
its introduction, it has been instrumental in shaping up our understanding of disordered
and glassy systems [67, 15, 93], including active ones [36], up to our days [91, 154, 215].

A summary of the properties relevant to the present discussion [14, 56] is that this
model undergoes a transition from a paramagnetic state at high temperatures to a
spin-glass phase at low temperatures 7" < T, [66]. From a static point of view, its
peculiarity is that there exists an intermediate temperature 7,; > T, such that in the
temperature range T, < T < T,; an exponentially large number of metastable states
appears, without however affecting the paramagnetic nature of the system. From a
dynamical standpoint, while the system relaxes above Ty, it fails to explore this complex
energy landscape as soon as T° < T, [65], when endowed with purely relaxational
equilibrium dynamics. The spin-spin correlation function

1
C(t,t) = v > {oi(t)oi(t')) (3.2)
In the stationary state, where C(t,t') = C(t —t'), the correlation function fails to relax
to0ast—t — +oo for T < Ty, reaching instead a temperature-dependent plateau value
q. For this reason, the p-spin represent an ideal test-bench to quantify the acceleration
provided by new sampling protocols, such as the transverse force dynamics.

3.2 Transverse forces in the p-spin: Ichiki-Ohzeki dynam-

ics

We implement transverse forces in the p-spin using the Ichiki-Ohzeki (I0) dynam-

ics [208]. we consider two coupled p-spin systems (with the same realization of the
(1) (2)

disorder), with spins ;" and o;” evolving according to

. (1) oA —+ ’u(l) (t)o'(l) (1)

g; oV v & (t)

| = —(12+7A) | + V2T [ f . (3.3)
Lr?)] 2+ 1 (t)o? &2()

. 10
The matrix A = [1 0

of strength v between the two systems. The noises 51»(“) (t) are white and Gaussian, with

] implements the transverse force, an antisymmetric coupling
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correlation <§-(a) (t)fj(-b) (t")) = 0i;6m0(t — t'). The functions p(¥(¢) are adjusted so that

1

the spherical constraint 3N <<ol~(a) (t))2> = N is fulfilled throughout the dynamical

evolution. There is a large body of literature on the effect of a nonequilibrium drive
on the p-spin (or on other complex systems with a similar glassy behavior at low
temperatures). In these works it has consistently been found that in the presence of
a nonequilibrium drive (be it in a randomized non-relaxational dynamics [68], or in a
shear [25] or with an active force [30]) a lower temperature than the equilibrium one
is required in order to witness the onset of ergodicity breaking. However, in those
cases the nonequilibrium stationary-state that is being sampled is not the Boltzmann
distribution, and it is in general unknown. We stress that, unlike in the latter series of
works, the IO dynamics does correctly sample, in its stationary state, the Boltzmann
distribution py ~ e ~#7 for # = V[{c!"}] + V[{oP}] (with V given in Eq. (3.1)),
despite being a nonequilibrium dynamics. From an analytical standpoint, a remarkable
feature of the standard dynamics of the p-spin, which is preserved by Eq. (3.3) is that
the mean-field nature of the problem allows us to write the stochastic evolution of
a single spin in terms of unknown functions (the spin-spin correlation, the response
function that enters the memory kernel, and noise correlations) that are determined
self-consistently. Such a procedure can be applied to our case. Note however that
in the context of the IO dynamics, the spin-spin correlation becomes a collection of
four spin-spin correlations Cyy(t, t') = =(32; 0@ (£)o® ('), and the same holds for the
response function

where h{(t) is a time-dependent force field applied to spin i of system a. For numerical
purposes, we will work with the integrated response Fy(t,t') = — [ dTRay(t, 7) .

Using a path integral formalism and the mean field approximation, we write an
effective Langevin equation for the dynamics of a single spin ¢! in system 1 and
its counterpart ¢® in system 2, from which self-consistent equations of motion for
the correlation and the integrated response can be derived. Since our interest goes
to the dynamics in the steady state we assume time translational invariance to hold,
Cap(t, ') = Cop(t —t') and Fop(t, ') = Fop(t —t'). The effective equations of motion for

o(t)= {0'(1) 0(2))} , for the correlation matrix C and the integrated response matrix
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F are:

o (t) = — (1o +7A) - pu(t) - o (t) + /Ot ArMp(t — 7) - o(7)

¥ 2 (1 +7A) - Colp, 1) - 7 (0) + E(1) (35)
OF(t) = —1y — (1 +~A) - pu(t) - F(t) + /t/t drMg(t — 7) - F(r) (3.6)
0,C(t) = — (1, + 7A) - p(t) - C(t) + /Ot drMgp(t — 1) - C(r) + ;, (1, 4+ 7A) - Co(p, 1)
(3.7)
p(t) = Diag|T1, + /Ot drM(t — 1) - CT(t —7) + /Ot drD(t —7)- 0,.F*(t — 1)
+ 2 (14 7A) - Cofp. 1) - C7(1)
(3.8)

where the coloured Gaussian noise has correlations (E(t) @ E(t')) = 2T1,6(t — t') +
D(¢,t'). The three kernels Mg, Cy and D that appear in Egs. (3.5, 3.6, 3.7) are non-
linear functionals of the elements of C and F. The overall structure of these equations
is similar to the equilibrium setting, and the derivation is detailed in App. D1. These
equations are solved with the boundary conditions C(0) = 15, F(0) = 0, while the
diagonal matrix p(t) enforces the spherical constraint.

In the case of standard equilibrium dynamics, the response and the correlations
are related by the fluctuation-dissipation theorem (FDT), §,F(t) = —48,C(t) and it
is possible to obtain a closed equation for the spin-spin correlation function of the
system alone. By focusing on the long time limit of the dynamics one can then find the
temperature below which the correlation function displays a nonzero plateau at infinite
times when ergodicity is broken. Since the IO dynamics is a nonequilibrium one, we
cannot resort to the fluctuation dissipation theorem, and analytical manipulations
of Egs. (3.5, 3.6, 3.7, 3.8) may seem, at first sight, out of reach. In the following
section, however, we shall exhibit a simple argument that suggests that for the specific
correlations and integrated response considered above, a relation formally similar to
the FDT might still survive in the nonequilibrium steady-state.

3.2.1 Numerical integration

We integrate the dynamical equations Eqgs. (3.6, 3.7, 3.8) for p = 3 using a finite
difference method implemented in [102, 155, 27, 92] and detailed in App. D2. We
check that our implementation of the IO dynamics samples the correct Boltzmann
distribution by measuring the energy per spin F,, at long times in the ergodic phase.
This is a static quantity independent of v, for which a value of E,, = —% is predicted
on the basis of the equilibrium statics alone [66]. In the numerical integration, we
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Figure 3.1: Energy per spin as a function of temperature 7" obtained from numerical
integration (blue dots) at v = 1 and theoretical prediction F., = —5= (black dashed
line).

computed the energy by exploiting the relation
p(t = +00) = (T — pEy) 1o (3.9)

The agreement between the measured value of E,, and its theoretical prediction is
shown in Fig. 3.1. The errors are of order 107! and they are therefore negligible.

Having ascertained that our implementation of the IO dynamics correctly samples
a static quantity, we proceed by investigating the time behavior of the correlation
function of one subsystem. Our results are presented in Fig. 3.2. In the range of pa-
rameters explored, with v up to 2.4, the IO dynamics is accelerated by a non negligible
amount compared to the standard one. For v ~ 2.4, the highest coupling achievable
while preserving the convergence of the integration scheme, the convergence to 0 of
the correlation function is anticipated by almost an order of magnitude. For T' < T,
the system freezes even at v # 0, and the position of the infinite time plateau is left
unchanged.

We quantify the speedup obtained by means of the IO dynamics by measuring the
relaxation time 7,(7), defined here as the time necessary for C; to decay to the value
1/e in the ergodic phase. Our results are shown in Fig. 3.3. The ratio between 7,(7)
and the relaxation time in the standard dynamics, 7,(0) appears to scale approximately
as (1 +~2)~!. This scaling the same as the one found in Sec. 2.4.1 when heuristically
discussing the Kramers’ problem. We will provide the reader with further interpretation
for this phenomenon in the next section.

The departure of the IO dynamics from the equilibrium dynamics is accompanied
by an early growth in the cross correlations of the system. This can be seen in Fig. 3.2,
where we plot (15 in dotted lines, and is presented in more detail in Fig. 3.4, where
a close up of the cross correlations for various values of v is shown. The dynamics of
these quantities is entirely located in the region of g-relaxation of C;. They exhibit
a bump at short times, reaching a point of maximum modulus and then decaying to
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Figure 3.2: Correlation function of system 1, Cy;(t) for v = 2.4 (solid lines) and
v = 0 (dashed lines) for various temperatures above and below T, ~ 0.6124. The
dotted curves represent the cross correlations Cyo(t) for v = 2.4. The shift between
the dashed and the solid line of a given colour, which quantifies the acceleration of the
dynamics, somewhat increases as the temperature is decreased.

zero. This maximum grows linearly with v for v < 1. The location of the maximum
moves left to shorter times as v grows. This can be rationalized by observing that the
entropy production rate per spin is % = 27?u, and that therefore the timescale over

which non reversible effects appear decreases with ~.

3.2.2 Fluctuation-dissipation relation

In this Section, we look at how the fluctuation-dissipation relation is modified by
transverse forces for the p-spin. Since in a spin system external perturbations are
applied by means magnetic fields, which consist in a shift of the energy V', we expect
the fluctuation dissipation theorem discussed at the end of Sec. 2.5 to hold. Since we
have defined the response matrix R(¢,t') as the response of the system with respect
to an applied force, we expect that in the stationary state, a fluctuation-dissipation
relation of the following form

1
R(t,t)(1+~A) = —TatC(t) (3.10)
to hold. Using the integrated response matrix F, Eq. (3.10) can be rewritten as
1
F(t)(1+~A) = T[C(O) — C(t)] (3.11)

A numerical test for a particular entry and particular values of 7" and 7 of Eq. (3.11)
is shown in Fig. 3.5. Similar results are obtained for other entries and other values of
coupling and temperature. Eq. (3.11) can be proven analytically. We can indeed show
that if Eqgs. (3.7, 3.8) and the aFDT relation Eq. (3.10) are true then the remaining
equation Eq. (3.6) must also hold. The details of the proof are reported in App. D3.
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Figure 3.3: Ratio between the relaxation time of Cy; for the 10 dynamics, 7,(7), and
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Figure 3.4: Cross correlation Cis (dotted lines) and Cy; (dashed lines) as a function of
time for T' = 0.613 at different values of .

The numerical investigation performed in this section raises a series of questions
to be answered. Can we explain the absence of a shift in the dynamical temperature
T;? Is it possible to justify the scaling of the relaxation time of C}; with 47 In the
following section we shall build a theoretical understanding of our numerical findings.

3.2.3 Speedup and ergodicity breaking

By using the aFDT relation we can reduce the set of Egs. (3.6, 3.7, 3.8) to a single
equation for the correlation matrix C(t):

8,C(t) = —T (12 +vA) - C(t)

1 t
— 7 (L +94) [ drCop.t =) 0,C(r)

(3.12)
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Figure 3.5: Parametric plot of the left and right hand side of the first entry of Eq. (3.11)
from the integration of Egs. (3.6, 3.7, 3.8) at 7' = 0.613 and v = 2.4.

with Co(p,t);; = gC’fj_l. Apart from the matrix prefactor (15 + yA) the structure
of this equation is the same as the one obtained in the standard equilibrium dy-
namics of the p-spin [65, 14, 56]. We therefore study its long time behavior by as-
suming that lim; ., C(t) = Q, with Q a matrix of long time plateaus generalizing
the nonergodic parameter. We introduce the Laplace transform of a matrix M(t)
as M(2) = [, dtM(t) e ~** and we observe that C(z) ~ € and Cy(p,z) ~ Qolp)

z

as z — 0, with Qo(p);; = %—1' Applying the Laplace transform to both sides of

Eq. (3.12) and keeping only the terms that diverge as z — 0 yields

TQ - ZQulp) - (1, - Q) =0 (31

We now see that the dependence on I' has simply disappeared. The form of the
plateaus matrix can therefore not depend on ~. In particular, it must match the
solution obtained at v = 0. We can therefore write Q = Q15 and Qu(p) = QP '1,.
Eq. (3.13) then becomes the standard equation for the long time plateau of the p-spin
equilibrium dynamics

2
2? = Q" %(1-Q) (3.14)

In analogy with the Kramers problem and the harmonic oscillator of Sec. 2.4 we see that
an increased mobility (15 4+ vA) arises in the IO dynamics of the p-spin. This rescaling
of the mobility can always be absorbed into a rescaling of the time units. Below Ty,
where the plateau extends to infinite times, the dynamical ergodicity breaking cannot
be avoided while above T; an acceleration is achieved.

We support the above picture by carrying out a perturbation expansion to second
order in . In particular we recover the scaling of the relaxation time 7, shown in
Fig. 3.3 starting from the dynamical equation for the correlation matrix Eq. (3.12).
We multiply both sides by 1, + vAT and we expand C in powers of 7, C ~ §,C +
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78, C + 726, C, thereby obtaining:

8,C(t) + AT - 8,6,C(t) = — (1 +7?) (C(t) + ;/Ot drCo(p,t — 1) - aTc<T)) (3.15)

The second term on the left hand side contains 6;C, the first order perturbation of C.
It is a skew symmetric matrix and therefore it contributes to the expansion of the cross
correlations shown in Fig. 3.4. Motivated by the numerical observation of Sec. 3.2.1
we assume that this term essentially vanishes at times larger than the time scale at
which the § relaxation takes place. Moreover, because of the skew symmetry of the
first order perturbation, the diagonal entries of Eq. (3.15) are not affected by the short
time dynamics of §;C. We therefore obtain, to second order in ~:

01Caa(t) = — (1 +77) (Tcaa / ATCluo(p,t — 7)07Cog(T )) (3.16)

for a = 1,2. This is the same equation as that of the equilibrium dynamics, up to a
rescaling of time ¢ — ¢/(1 +~?), in agreement with the findings of Fig. 3.3.

3.3 Random solenoidal fields

Let us look at the p-spin with transverse forces studied in this chapter from a more
general perspective: in this chapter, we studied a mean field model whose dynamics
is governed by a combination of a disordered conservative force and a solenoidal force,
namely the one implemented through transverse forces. The latter is random too,
since it is related with the gradient term via the antisymmetric matrix A, as shown in
Eq. (3.3). One could then ask what happens in a more general setting, where the ran-
dom solenoidal force is not constrained to have a transverse form. This section collects
some work in progress addressing this question. Consider the following overdamped
Brownian Dynamics of a particle in d dimensions

d
AL ZMT N0 (317

The noise is white and Gaussian, with zero mean and covariance (&;(t)&;(t')) = 6;;0(t —
t'). The first contribution is a restoring harmonic force with stiffness p, that keeps
the particle confined. The second and third term are respectively the gradient of a
potential V' and a solenoidal field, with vector potential A. Both the gradient and the
vector potentials are taken to be random, with correlations

V)V () = —o?dly <(r - r/)2>
d
(3.18)

. / 2
Aij(r)Anm(r’) = —anFA <(rdr)> (5zn5jm — 52m5]n> .
Note the antisymmetry of the covariance for the field A;;(r). The parameters v and a

encode the strength of the disorder of V' and A;; respectively, and the functions I'4, 'y,
describe the decay of the space correlations.
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Eq. (3.18) represents a general Helmholtz decomposition of the forces acting on
disordered systems into a conservative and a nonconservative part. For example, for
a=0,v=1and'y(z) = —3(1—%)?, and imposing the additional spherical constraint
(r?(t)) = d (which implies that the stiffness is a function of time pu = u(t)) one falls
back onto the equilibrium dynamics of the p-spin spherical model. The 0 temperature
dynamics of Eq. (3.18) has been studied as a general model for the stability of ecological
systems [105, 18]. In a nutshell, the nature of the fixed points of the zero temperature

dynamics changes as two parameters 7 = ﬁ, and m = ,u/\/aQFQ’l(O) + 02, (0) are
varied. The combination 7 represents the competition between gradient and solenoidal
forces, while m encodes the strength of the restoring harmonic force compared to the
disordered forces. When m > 1, the system has only one stable fixed point. For
me(T) < m < 1 the system has an exponentially large (in the dimension d) number of
unstable fixed points, and only a sub-exponential number of minima. For m < m.(7),
both minima and saddle points proliferate exponentially, with the number of saddle
points being exponentially larger than the number of minima.

A relevant question is what happens to the dynamics of the system when 7" > 0.
While the case a = 0 (an hence 7 = 1) has been extensively studied, both in its
stationary and ageing regimes [157, 156, 70], where a dynamical glass transition is
found for T' < T.(u). What happens for a # 0 is an open questions, that we want to
address. Here we describe a first step in this direction, the derivation of the dynamical
equation for the correlation and response function.

As for the study of the p-spin, we are interested in determining equations of motion
for the response function R(¢,t') and the correlations C(¢,t"). Since Eq. (3.18) hold
also in the absence of spherical constraints, we need to study also the mean squared
displacement B(t,t'), defined as

R(t.1) = ;V;m(tm(t'» (3.19)
Clt 1) = ;Vg;m(t)m(t’» (3.20)
B@ﬂpz;Eyoxw—nw»%:cw¢y+cw¢q—20@y) (3.21)

We resort to a path integral formalism to obtain effective equations of motion for
the particle, upon averaging over the disorder. The derivation is along the lines of one
for the p-spin in Appendix D1. Here we provide the relevant steps. The Janssen-De
Dominicis action reads:

8V(I’) 1 0A”(r)
Or; _\/3%: Ir;

7i(t) + pri + +Tr(1)?*  (3.22)

Sil =Y / dtiry (1)

With r(¢) and £(t) two trajectories of the particle and the related conjugate field. The
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average over the disorder for the exponential weight of a given trajectory is

exp (=S5 [r,T]) = exp (— Z / dtiry(t) [74(t) + pri(t] + TF(t)?

+ - Z / dede'ir; (t)ir; (¢ )(Wgn( ))8Véiit/)) (3.23)
1on v (g OAin(E(t)) 0A; (x(t))
”kl/dtdt 7i(t) oxy, oz )

The force correlations for the potential and the solenoidal fields can be computed by
deriving the correlators:

V() oV (x(t) ., o: o (=)
873- 87’j =2 6ijFV ( d )

) (3.24)
— 42 (ri<t) — Ti(t/»(Tj (t) —7 (t/»F// ((I‘ — I") >
d v d
0Aw(r(t)) 0Au(x(t)) _ o 20 15 (= r')”
> AP — a0 1) ( . )
_ 425,10 —dn<t'>>2m ((r —dr’>2> (3.25)
o (ra(t) = ra() (5 (8) = () 1y (@ = 1)
+4a g n < y )
In a saddle point approximation, one can write
/ dtdt’ Zm py ilt) = ”(t/))yj () = —2 / dtdt’zm R(t,#) [rs(t) — 1:()]
(3.26)

and neglect contributions of order d—! or higher. The effective equations for the degree
of freedom r;(t) are therefore

7i(t) = —pri(t) + 4/t dsI'p (B(t,s)) R(t,s) [ri(t) — ri(s)] + &(t) (3.27)

(&(0)& () = by [2T6(t — 1) + 2Tk (B(L, )] (3.28)
With the dissipation and fluctuation kernels I'p, I'r defined as follows:

Tp(B(t, 1) = v’ I (B(t, 1))

FF(B(t,t/)) = UQF'V(B(t,t’)) + CZQF;‘(B(t,t/)) (3.29)

The equations for the response, the correlation and the mean squared displacement
finally read:

OR(LY) = —uR(t ) +4 /0 "dsT (B(ts)) R(t, 8) [R(t,#) — R(s, )] + 6(t — )
(3.30)
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0C(1, 1) = —uC(t 1) +4 [ "dsTp (B(t, 8)) R(t, s) [C(t ) — C(s, £)]
y (3.31)
+2TR(t',t) + 2 ; dsT'r (B(t,s)) R(t', s)

1dC(t, t)
2 dat

= —uC(t,t) + T +2 /0 "dsTo(B(t, ) R(t, ) [C(t,1) — Cls, $) + B(t, 5)]

2 [ "dsTw(B(t, ) R(t, s)

(3.32)
;@B(t, ) = —% (C(t, 1) — C(t' V) + Bt t) + T
v2 [ "dsTp(B(t, $))R(t,s) [B(t, s) + B(t. ) — B(s,1)] (3.33)

v2 [ CAsTr(B(L, 8)) [R(t, s) — R(, 5)]

The equilibrium case [70] is recovered for a = 0. The correlator of the solenoidal field
enters into the expression of fluctuation kernel I', but not into the dissipation kernel
I'p. This is a consequence of the nonequilibrium nature of Eq. (3.18).

To proceed further, these equation can be integrated numerically, as was done for
the p spin with transverse transverse forces. In the presence of a solenoidal field,
7 < 1, it would be interesting to see how the dynamics changes in the region for
me(T) < m < 1, where there saddles are exponentially abundant, and minima are not.
We speculate that forms of chaotic behavior might arise in this situation, and that the
study of the statistics of the single particle trajectories in Eq. (3.27) and the correlation
function C(t,t") might capture this property.

3.4 Outlook

In this chapter we provided a first test of the dynamics with transverse forces in a
many body, disordered system, the spherical p-spin glass model. We interpret the fact
that the temperature at which dynamical ergodicity breaking occurs is not shifted as a
reflection of the fact that the transverse force dynamics accelerates the barrier crossing
rate through a prefactor of the Arrhenius law, as we saw in Section 2.4. On the
other hand in the ergodic phase, transverse forces maintain an edge over equilibrium
dynamics. Our analysis in perturbation theory suggests that this is due to the fact
that cross correlation conspire at short times to accelerate relaxation. In the spherical
p-spin, the evolution of the off-diagonal elements of C represent the new dynamical
pathway unlocked by transverse forces. What are these new dynamical pathways in
systems of interacting particles, which are free from their spherical constraint, and
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what quantity can we measure associated to them? In the following chapter, we start
tackling this question by looking at the mean field theory of simple liquids.

Contributions from Chapter 3

o We consider the dynamics of the mean field p-spin spherical model with
transverse forces. The transverse forces are implemented by asymmetri-

cally coupling two replicas of the same model with a coupling strength -,
following Ichiki and Ohzeki [208].

o Using a path-integral approach we derive effective dynamical equation for
the response and the spin-spin correlation matrices R(t,t') and C(¢,t').

e The dynamical equations are studied both numerically, through direct in-
tegration, and analytically, through an accidental fluctuation dissipation
theorem.

o We find that the system has a dynamical temperature Ty(7y), below which
ergodicity is broken and dynamical arrest occurs. Ty(7y) has the same value
as in equilibrium, T,(y) = T,4(0).

o In the ergodic phase, T > T(v), we find that transverse forces reduce
the relaxation time necessary to witness the decay of C(t,t'). Using a
perturbative approach, we show that the acceleration at moderate values
of 7 is given by a rescaling of the relaxation time, 7,(7) ~ 7,(0)/(1 + ~?).

o Asa work in progress, we are considering the dynamics of a particle in high
dimensions evolving under the action of a confining harmonic potential, a
random Gaussian potential, and a random solenoidal force at finite tem-
perature. Using a path integral formalism, we derive dynamical equations
for the response and correlation functions and the mean squared displace-
ment. These equation constitute the starting point for further analyzing
these model and its different phases.
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In this Chapter we explore the sampling efficiency of transverse forces in a widely
used model for structural glass formers, the binary Kob-Andersen mixture. We nu-
merically implement an overdamped Brownian dynamics with transverse forces, and
measure the increase in the longitudinal diffusion constant produced by transverse
forces as a proxy of the reduction of the relaxation time of the system. We find that
transverse forces maintain an edge over equilibrium dynamics and that, quite surpris-
ingly, the sampling speedup varies non monotonically with the temperature, decreasing
as the system becomes more glassy. We characterize the dynamical pathways generated
by transverse forces studying the odd diffusivity of the system, a transport coefficient
unlocked by the nonequilibrium nature of transverse forces. The behavior of the longi-
tudinal and odd diffusion constants in the glassy regime supports the picture of particles
being driven by transverse forces in a swirling motion inside the cage formed by their
local neighbours.
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We further address the question of how transverse forces perform in a finite-dimensional,
structural glass model, by means of numerical simulations. We consider the Kob-
Andersen model, which was originally introduced in [159, 160, 161, 162] to test the
Mode Coupling theory of the glass transition, a microscopic theory for supercooled
liquids, to be addressed later in the thesis. This task was also pursued in [90, 38, 39].
While the seminal papers on the Kob-Andersen mixture addressed the Hamiltonian
dynamics of the model, its equilibrium Monte Carlo [35] and overdamped Langevin
dynamics [90] have also been extensively studied. The Kob-Andersen model has thus
been instrumental in understanding the behavior of structural glasses. A non exhaus-
tive list of applications of this model includes aging [163], the response to an external
shear [24], the study of dynamical susceptibilities [27] and novel algorithmic tech-
niques [219, 212] for the preparation of stable glassy states. Variants of this model
have also been employed in the study of active glassy systems [186, 77, 76].

The Kob-Andersen model consists of a three-dimensional mixture of two species of
particles, labelled A and B respectively, with the interaction potential given by

Vig(r) = deug [(%5)12 _ (“‘“5)61 0(2.5005 — 1) (4.1)

T T

with a, 8 € {A, B} and 6(z) the Heaviside function. The binary nature of the system
allows to explore its dynamics across a wide range of temperature, while avoiding
crystallization. The number ratio of particles of type A with respect to particles of
type B is 80 : 20. The quantity €44 = 1 sets the unit of measure of the energy, while
the other energy scales are e, = 1.5 and egg = 0.5. Lengths are measured in units
of 044 = 1. The other values of the interaction range being o, = 0.8, ogg = 0.88.

The transverse force dynamics for this model reads

17 (t) = po(1 + YA)FF + \/kpT 1o&i(t)
F=-Y Y V() 42

JFi p=A,B

with £*(¢) a Gaussian white noise with zero mean and correlations (£%(t) ® Ef(t’ ) =
10(t — t')d;j0ap. Temperature is measured in units of €/kp, and the time is measured
in units of 02 4/ poe.

4.1 On the choice of A in three dimensions

For a concrete numerical implementation, we need to specify the values of the entries
of the matrix A. For concreteness, we control the strength of the nonequilibrium drive
through the parameter v while imposing the condition that the Frobenius norm of A

is unity, namely
/Z A?j =1 (4.3)
.3
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Under this condition, the matrix A reads

0 A12 A13
A=|-Ap 0 Ay (4.4)
_A13 _AQS 0

with \/ A2, + A3, + A3, = 1. We now show that upon a suitable set of rotations of
coordinates the matrix A can be recast in a simpler form. Indeed, if R is an orthogonal
matrix representing a rotation in three dimensions, i.e. det(R) = 1 and R"R = 1, then
applying R to both sides of Eq. (4.2) yields (we drop here, without loss of generality,
the index encoding the particle type)

i = o (1+~A") F} + /20T, (4.5)
where we have defined r; = Rr;, F, = RF;, £, = R¢; and A’ = RAR”. The dynamics
in Eq. (4.5) is the same dynamics as Eq. (4.2), in a rotated reference frame. The force

F; is still a central force in the rotated reference frame. Using Einstein summation
convention, we have
Z Rab Ti,b |rl |)

87"2
—ZRab L0 O V(|ri —rj))

= Z RabRbcaré LV(|I‘; - I';|)
- ;

= ZaT:aV(‘I'; - I‘;|),
r ,

(4.6)

and the noises &} have the same statistics as the noises &;:

(&.(0,(1)) = Raaw Ry (& (1)1 (1)
= Raa’Rbb’(sij(sa’b’(;(t - t,) (47)
== 5ij5ab5(t - t/),

The matrix A’ is still an antisymmetric matrix satisfying Eq. (4.3). Without loss of
generality, we can take for A the following explicit form:

0 -1 0
A=|1 0 o0f. (4.8)
0 0 0

which is mathematically similar to A in Eq. (4.4) up to a rotation R = Rx(6)R,(¢), with

R, (), RZ(¢) rotation around the x and z axis respectively, satisfying tan(¢) = —ﬁ—ﬁ,

tan(0) = A12 \/A3; + A3;. Note that for a nonzero matrix A the system’s dynamics
is no longer isotropic. It is invariant only by rotation generated by the matrix A in
Eq. (6.2). We identify the plane left invariant by this rotations as the z-y plane.
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4.2 Calibration

We simulate the Kob-Andersen mixture under the dynamics given by Eq. (4.2), with the
matrix A given by Eq. (6.2), in a cubic box of size L = 9.40 44 with periodic boundary
conditions. Eq. (4.2) is integrated numerically using the Heun [187] algorithm: the
position of the particle at time t + At is predicted using an intermediate step r}(t),
according to the following procedure

4.9
n@+Aﬂ=MO+éTEw%M7LM+EHﬁ@waﬂ+¢ﬂAWM)( )
The error introduced by this scheme is of order At?. The entries of the three-dimensional
vector w;(t) are independent Gaussian random numbers of mean 0 and unit variance.
These numbers can be generated in a computer using random numbers uniformly dis-
tributed in the unit interval (0,1) through the Box-Muller transform [19, 6]. Note
that for the algorithm to be unbiased, the random vector w;(¢) is used both in the
intermediate and final updates.

The largest computational cost of the numerical integration comes from the evalua-
tion of the conservative force F;. We reduce this cost by employing a Verlet neighbour
list [252, 6].

We first calibrate our numerical integration scheme by looking at the structure
factor for the particle of species A, S(q), defined as the Fourier transform of the density-
density correlation of the system [124]

) (4.10)

where the brackets (. ..) denote an average over the Boltzmann distribution pg. Fig. 4.1
compares S(q) at two different temperatures, for v = 0 and v = 8, the largest value of
used for long-time numerical integration. The agreement between the curves obtained
with the equilibrium and the nonequilibrium dynamics is a demonstration of the fact
that the steady state of Eq. (4.2) is indeed the Boltzmann distribution pg. For a fixed
value of v, the agreement of the structure factor with its equilibrium counterpart is
used to determine, by trial and error, the largest value of At that can be used before
observing sensible deviations from the equilibrium case.

A direct inspection of the spectral gap of a many-body interacting system like the
Kob-Andersen model is out of reach, whether numerically or analytically. To estimate
the speedup of the sampling, we thus use the mean-squared displacement for particles

A, Ar3(t),
8r7(1) = - A [s ) ~ x40 ) (4.11)

i=1
Its temperature evolution is shown in Fig. 4.1(b) at equilibrium. As the system is
cooled down, the particles pass from a purely diffusive motion throughout the whole
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Figure 4.1: (a) Structure factor for particles of type A, at two different temperatures
for v = 0 (coloured lines) and 7 = 8 (dashed lines). (b) Mean squared displacement
for the large particles as a function of time, for v = 0.
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Figure 4.2: Mean-squared displacement of the A particles at T' = 0.8 for various values
of 7.

observation time to a two-step glassy dynamics below the onset temperature near
T ~ 1.0. Here, the mean-squared displacement grows diffusively up to a plateau,
which extends for several decades in time. This regimes corresponds to the dynamics
of particles trapped inside the cage formed by their local neighbours. At longer times,
spatial rearrangement of the particles allow for the escape from the cage: the plateau
is subsequently left to enter a long time diffusive regime, where

lim Ar?(t) = 6D(y, T)t. (4.12)

Here D(v,T) is the diffusion constant of the system, which depends on the strength of
the nonequilibrium drive and on the temperature.

In Fig. 4.2, we demonstrate that the introduction of transverse forces accelerates
the dynamics of the system. This is done by plotting the mean squared displacement
Ar?(t) at T = 0.8 for various values of 7. We clearly see that transverse forces enhance
the diffusion of the particles in the system, and that increasing the strength of the
driving increases the speedup.

In this calibration section, we have numerically demonstrated that transverse forces
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Figure 4.3: (a) Diffusion constant D(v,7) normalised by its equilibrium value at
v = 0 as a function of inverse temperature. The temperature axis uses a logscale to
emphasize the non-monotonic dependence. The right axis describes the odd-diffusivity
as a function of T for various values of 7. (b) Same as (a) using a linear scale to
concentrate on the glassy regime below 1" = 1.0. The black dashed line corresponds to
the equilibrium efficiency.

preserve the Boltzmann distribution and speed the dynamics up, enhancing the diffu-
sion of the particles. We now address how the speedup depends on temperature, and
how it behaves as we enter in the glassy regime.

4.3 The behavior of the speedup with temperature

To quantify the speedup provided by transverse forces, we extract the diffusion con-
stant, D(v,T'), from the long-time limit of the mean-squared displacements, see Fig. 4.3(a).
At fixed v, there exists a temperature near 7" a~ 100 that maximizes the increase of
the diffusion constant.

At high temperatures, interactions (including chiral ones) are smeared out by ther-
mal noise which degrades the efficiency. The drop of acceleration as the temperature is
lowered can be rationalized by the fact that the energy landscape remains unaffected
by the transverse forces: when the supercooled regime is entered more deeply, parti-
cles spin along circular trajectories within their local cages. Short time trajectories
presenting circular motion are shown in Fig. 4.4(a,b). This local motion affects only
marginally the cage-breaking process. These two opposite trends account for the ex-
istence of an acceleration maximum. The enhancement of the diffusion constant in
chiral systems was observed in systems with nonreciprocal interaction [20], or under
the influence of an external magnetic field [145]; in the dilute phase, and in [77] a non-
monotonous behavior for the diffusion constant was observed in systems of dense chiral
active Brownian particles. The difference of our work with respect to ones mentioned
above is the fact that the Boltzmann distribution is preserved in our system and that,
at the same time, we explore regimes where the dynamics is considerably slow.
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Figure 4.4: (a) Rendering of a short trajectory for a few particles without any trans-

verse force at 7' = 0.8. (b) Same with transverse forces which induce circular trajecto-
ries.

In the next Section, we quantify the swirling motion by means of the odd diffusion
constant.

4.4 0Odd diffusion

To support the picture of a swirling motion inside a local cage we measure the odd
diffusivity of the particles A. Odd diffusion is a form of transport which is absent in sys-
tem with equilibrium dynamics due to Onsager’s reciprocity relations. For system out
of equilibrium, it manifests itself in the form of a nonzero off-diagonal, anti-symmetric
part of the diffusion tensor. Physically, this detects the presence of chiral, swirling
motion, and the presence of fluxes perpendicular to concentration gradients arising in
the system. At the microscopic level, a Green-Kubo relation, derived in [125] identifies
the odd diffusion as the time integral of the anti-symmetric part of the velocity-velocity
autocorrelation tensor. Following this approach, we have

D VT 1 NA/+oo ®r (O)):D(é’T)]_—f—DL(’Y’T)A

3 , (4.13)

where D(v,T) is the longitudinal diffusion constant used to study the efficiency of the
system, and D (,T) is the odd diffusion constant. For particles of type A, it reads

1 M

D=2 /m (:(£)54(0) — ()5 (0)) (4.14)

By symmetry, D vanishes for an equilibrium dynamics, and its value usefully quantifies
the circular motion shown in Fig. 4.4(d). For example, in the limiting case of a particle
trapped in a harmonic well, we showed in Chapter 2 that D, = —uyT, with p the
mobility of the particle.

The temperature dependence of D, for our simulated system is shown in Fig. 4.3(a)
for different values of . Its absolute value increases with v. At fixed v, the odd
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Figure 4.5: Behavior of the ratio D(v,T)/T~y measured for 7" = 100 as a function of
~v. For large values of v, we see the scaling D(v,T) ~ 7.

diffusion starts from 0 at high 7" as thermal fluctuations wash out interactions, they
also suppress particles’ chiral motion, which is induced by transverse forces. The
modulus of D rises then steeply as a function of 7! from 0 to a finite value near T*.
As the system enters its slow dynamical regime, D settles to a finite value as shown
in the inset of Fig. 4.3(b). Interestingly, the observed behavior in the arrested glass
phase, where it is presumably dominated by the in-cage circular motion created by
the transverse forces, agrees with the predictions for the harmonic well. This contrasts
with the translational diffusion coefficient which changes by orders of magnitude in the
supercooled liquid, and vanishes in the glass.

4.5 Acceleration at large ~y

How does the speedup behave asymptotically, in the limit of large 7?7 Fig. 4.5 addresses
this question by showing the behavior of the ratio % as a function of v, evaluated
at T" = 100. For large values of v this quantity reaches a plateau, signaling the
scaling D(v,T) ~ -, analogous to the one found for the double-well problem studied
in Chapter 2, and by contrast to the naive scaling D(v,T) ~ v* that would have been

guessed using the analysis of the escape rate in Chapter 2.

The scaling discussed here holds upon using physical units of time. In practical
implementations, large values of v produce numerical errors that impede a satisfying
convergence to the Boltzmann distribution. Depending on the numerical integration
scheme used, an optimal value of v is expected to exist when the efficiency is measured
in units of CPU time.
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4.6 Conclusion and outlook

We found that the acceleration provided by transverse forces in a dense interacting
system strongly depends on temperature, which comes as a surprise. The acceleration
departs from a simple rescaling of the time, due to both interactions and emerging
glassiness, which also lead to non-trivial asymptotic scaling with v. In the glassy
phase, the picture unveiled by our exploration is the one of particles swirling in the
cage of their local neighbors, the driving injected by transverse forces being too much
'uninformed’ about the structure of the system to provide a significant gain.

Can we rationalize the results obtained nuemrically about the efficiency and the
transport properties of dense liquids with transverse forces? In the next two Chapters,
we will resort to approximate theories of the glass transition to answer this question.

Contributions from Chapter 4

o We numerically integrate the overdamped Langevin dynamics of the Kob-
Andersen mixture, a widely used glass-former, with transverse forces.

o We demonstrate the correct sampling of the Boltzmann distribution at
finite 7, and witness the speedup provided by transverse forces, probed by
looking at the diffusion of the particles in the liquid.

o We measure the diffusion constant D(v,T') as a function of the tempera-
ture, and we use it to study the efficiency of transverse forces, defined as
D(v,T)/D(0,T).

o We find a surprising nonmonotonous behavior for the efficiency of trans-
verse forces. Starting at high temperatures, the efficiency reaches a maxi-
mum in the liquid, and then decreases as the system enters the regime with
glassy dynamics.

o We characterize the pathways unlocked by transverse forces by measuring
the odd diffusion constant D (v, T), unveiling the swirling motion of the
particles.

« We find that the D(v,T)/T starts from 0 at high temperatures, and then
rises steeply to a constant value as the temperature is lowered. The steep
rise happens around the same temperature of maximal efficiency.

o We assess the asymptotic scaling of the efficiency in the limit of large
driving. When v — 400, D(v,T) ~ ~. This scaling is different from the
one guessed using a time rescaling argument, in the spirit of Chapter 2.1.

e Our study suggests that the dynamical pathways unlocked by transverse
forces collapse onto closed orbits as the system becomes more glassy, giving
rise to the picture of particles swirling inside the cages formed by their local
neighbors.
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In this chapter we address the efficiency of transverse forces in a mean field simple
liquid, where the disorder is not quenched, as for spin glasses, but self-induced by the
amorphous structure of the system. We develop a dynamical mean field theory for
simple liquids with transverse forces. The mean field limit is achieved by sending the
space dimensions to infinity, while properly rescaling the number density. We quantify
the acceleration in terms of the diffusion coefficient of the system, in particular in the
vicinity of the glass transition, where the dynamics gets arrested. We also unravel the
presence of odd transport coefficients (odd diffusivity, odd viscosity and odd mobility)
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and study their behavior close to dynamical arrest. Our analysis sheds light on the
nature of the dynamical pathways followed by the liquid, and how they evolve as we
approach the phase with broken ergodicity.
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In this chapter, we look at the efficiency of transverse forces in a mean field, dense
liquid approaching the glass transition. In this system the disorder is self-induced by its
own structural and dynamical properties, rather than being due to random quenched
interactions as it was the case for the p-spin studied in Chapter 3.

While the physics of dense liquids approaching the glass transition remains a puz-
zle in finite dimensional systems [235, 47], in the mean field limit a more complete
level of understanding is now available [61, 216]. For liquids, the mean field condition
can be implemented [98, 169] by sending to infinity the number of spatial dimensions
of the system, while properly rescaling the particle density so that the average num-
ber of neighbors per particle grows linearly with the dimension. In this limit, the
dynamics of the system can be analytically studied [184, 3, 4, 177], and expressions
for transport coefficients such as the diffusion constant and the viscosity can be ob-
tained. For equilibrium dynamics, below a dynamical transition temperature, 7T, the
diffusion constant vanishes, signalling a dynamical ergodicity breaking. In mean-field
this dynamical transition can be inferred from a study of the thermodynamics of the
system [190, 217, 216], as it corresponds to the temperature below which infinitely
long-lived metastable glassy states appear [197, 94|, a situation analogous to the one
observed in the p-spin in Chapter 3.

The theoretical framework developed to obtain the aforementioned results makes
liquids in high dimension a good candidate to obtain analytical insights on the perfor-
mance of transverse forces and their transport properties. We develop here a dynamical
mean field theory for liquids with transverse forces, and use the diffusion constant to
probe the speedup obtained by the nonequilibrium drive. The temperature T; at which
the diffusion constant vanishes and the dynamical glass transition occurs is unaffected
by the presence of transverse forces, which is in line with what was found for the p-spin,
and with the idea that the infinite-dimensional transition is fully encapsulated in the
equilibrium distribution preserved by the transverse forces.

On the physics side, we saw in Chapter 4 that transverse forces give rise to odd
diffusivity, but our analytical effort allows to probe also other form of odd transport
(mobility [224] and viscosity [13]). These coefficients usually quantify the departure
from equilibrium dynamics and explain how the relaxational dynamics is driven by
nonequilibrium currents, downto the dynamically arrested phase.

The spirit of the dynamical mean field theory consists in tagging a properly chosen
degree of freedom of the system, while treating the other ones as a bath in which the
tagged degree of freedom evolves. One thus obtains a generalized Langevin equation
for the tagged degree of freedom, with memory kernels that describe the effect of the
surrounding, coarse-grained bath. The infinite dimensional limit is then exploited to
express these memory kernel in a self consistent manner, typical of the mean field
approximation, as functional of the dynamics of the tagged degrees of freedom.

To obtain the aforementioned generalized Langevin equation, we resort to a projec-
tor operator formalism. This formalism appears, in a very similar flavour, in the next
chapter, when the mode-coupling theory of liquids with transverse forces is addressed.
As this formalism appears in two non-overlapping community, the one of mode-coupling
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theory and the one of dynamical field theory, We sketch it here briefly, to show the
spirit of the procedure.

5.1 Projection operator formalism

In this Section we review, following [227, 254] from a general standpoint the projection
operator formalism introduced by Mori and Zwanzig [262]. Consider a generic observ-
able O(t) for a physical system evolving under a deterministic, or stochastic dynamics,
and suppose that the evolution of O(t) is governed by a linear operator L,

0,0(t) = LO(t) (5.1)
with the initial condition O(0) = O. A formal solution of Eq. (5.1) is then
o) = e*0O (5.2)

for stochastic dynamics, £ is a time dependent quantity, and Eq. (5.2) would involve
a time ordered integral in the exponential. We will deal with the details of this for-
mulation when dealing with the dynamical mean field theory. Here, for illustration
purposes, we assume that £ is time independent.

Eq. (5.2) in the present form, is not very informative. We thus want to derive an
effective equation for the observable O(t). To do so, we introduce an operator P:

P...

(O*.. ){O*0)~ 0. (5.3)

From a mathematical standpoint, the average (...) implements a scalar product in the
Hilbert space of the observable O. From a physical standpoint, it is usually an average
over the steady state distribution, or some constrained version of the latter, as is the
case for the dynamical mean field theory. For example, if the steady state distribution
of the system of interest has the Boltzmann form pg(r"), with r" the position of the
N particles that constitute the system, a possible choice is (...) = [dr" ... ps(r").

From Eq. (5.3), we see that P? = P. P is thus an operator that projects any
quantity along the observable O. The projector operator P is accompanied by its
orthogonal counterpart, @ =1 — P.

Another useful tool is the Dyson identity
¢
e £t = ¢ QL +/ dr e LE=IpL e L7 (5.4)
0

which can be verified by taking a time derivative on both sides.
We can now take the time derivative of Eq. (5.2) and obtain
,0(t) = e “(P+ Q)LO
= ¢ “PLO+ e QLO + /0 "7 e BIPL e 9700
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Using the definition of P in Eq. (5.3) and the fact that Q e ¢! = Q e 9¢9! we can
define a frequency term w, a memory kernel K (t) and a stochastic force f(t) as

= —(0LO){0*0)™*

K(t) = (0LQ e **"QLOY(O*O) ™ (5.6)
f(t) = e 22QLO0,

&
Il

so that the effective dynamics for O(t) reads
t
9,0(t) = —wO(t) + /D drK (1)O(t — 7) + £ (). (5.7)

The memory kernel K (t) involves the time-correlation of £O projected in the space
orthogonal to O. The dynamics governing this time correlations involves only the
degrees of freedom belonging to the space orthogonal to O, due to the presence of
the operator e 249, The random force f belongs to the space orthogonal to O, since
Pf(t) =0. Eq. (5.7) is thus an effective dynamics for O, where the effect of the degrees
of freedom belonging to the space orthogonal to O have been integrated into a memory
kernel and a stochastic force.

From Eq. (5.7) we can obtain an equation for the correlation function C(t) =
(O*(0)O(t)). By observing that the contribution from the stochastic force is 0, since
f(t) belongs to the space orthogonal to O, we get

0,0(1) = —wC(t) + [ "drK(t — 7)) (5.8)

While the frequency w can be computed exactly given the microscopic details of the
dynamics, i.e. from the knowledge of £, computing the memory kernel K and obtain-
ing the full statistics of the stochastic force f(t) require resorting to approximations
schemes, that depend on the model under consideration. For example, in the case of a
massive tracer evolving in a bath of light solvent molecules (either passive [250], or ac-
tive [239]), it may happen that there exists a separation of timescales. In Appendix E,
we address this kind of situation for a passive tracer in a bath of active chiral particles.
In the case of the dynamical mean field theory, the infinite dimensional limit allows
for substantial steps forwards, that are described in this chapter. In finite dimensions,
when O encodes the density fluctuations of the system, an approximation schemes such
as the mode-coupling approximation are usually employed. A mode-coupling theory
for transverse forces is developed in the next chapter.

The above general discussion concludes our review of the projection operator formal-
ism, which is now put to work in studying the dynamics of liquids in large dimensions.

5.2 Equations of motion

Our starting point is an overdamped Langevin dynamics in the presence of transverse
forces for a system of interacting particles with positions R; in a space of dimension d:

(R; = —(1 +~vA)VU + £(t), (5.9)
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where U = 3, _;v(Ri(t) — R;(t)), with potential v being pairwise and spherically
symmetric; € is a Gaussian white noise with correlations (£(t) ® &£(t)) = 2¢T16(t —t'),
where ( is the friction coefficient. As in the equilibrium case examined in [3], we
will focus on the dynamics of the displacements u;(¢) = R;(t) — R;(0) with respect to
the initial positions at ¢ = 0. We impose that the Frobenius norm of A is ||A|[Z =
> Afj ~ d, so that + alone controls the intensity of the nonequilibrium drive. For
convenience we assume that the spatial dimension d is even, and choose the following
form of the matrix A:

/2
YA=ET (5.10)
a=1
. 0 -1 . . . . :
withT' =~ 1 o0l? 2 x 2 matrix. There is no loss of generality in choosing this form,

since any antisymmetric matrix of even dimension yA, with a spectrum {i\; }r=1. 4 /2
can be rewritten via an orthogonal transformation in a block form analogous to the
one of Eq. (5.10), with the «’s replaced by 7, in each block. As will become clear
in the course of the derivation, allowing for A\, # 1 does not alter the general results
discussed in the following sections (but it would require a minor alteration of some
explicit formulas).

Due to the structure of A it is convenient to decompose the vector u; = EBi/:QI u;

Cﬁi,a(t) = (]l + F) : Fi.a(t) + Ei,a(t)7 (5'11)

where for a given d-dimensional vector x we have introduced its components x, =
(T20-1,T2a)" = (2, 22)T a set of d/2 two-dimensional vectors containing the direc-
tions that affect each other non reciprocally via the transverse force. By construction
it follows that x = EBi/fl Xo-

We first discuss the scaling of the various parameters with spatial dimension d so
that the resulting d — oo dynamics retains interesting many-body features. First, we
recall the specifics of the large d limit of equilibrium dynamics. As in finite dimensional
models, each particle interacts with typically d neighbors. The notion of neighbor
makes sense when the range ¢ of the pair interaction potential is finite, as assumed here.
Then the typical number of neighbors per particle is pVy(¢) where Vy(¢) = %ﬁd
is the volume of the interaction sphere. As d — oo we want to maintain pV(¢) of
order d'. Then, to ensure that the energy is extensive in the number dN of degrees of

freedom, the pair potential v(r) needs to admit the following scaling behavior,

o(r) = o(h), h = d (Z _ 1) , (5.12)

where T(h) remains finite as d — oo. This implies that the forces scale as v/(r) ~
dv'(h) ~ d. On the other hand, the displacement Ar = |r{”) + u@| — 7y of a given
particle is of order d~!, as h needs to be of order unity. It follows then from the
expansion Ar ~ - u+ % that u,(f”) ~ d~'. To keep all the terms of Eq. (5.11) of the

same order in d, we need to scale the friction as ( = 6d2. Finally, we need to discuss
the main new element in Eq. (5.11), i.e. the transverse forces. With our choice (5.10)
of matrix A, in order for these forces to act in a nontrivial yet non singular way, we
need to keep ~ fixed as d — +o0.
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5.3 One-particle process

We consider N + 1 particles labeled by ¢ = 0,..., N and we now proceed to derive
in the infinite dimensional limit an exact equation for a tagged, appropriate degree
of freedom pertaining to particle 0. In an equilibrium setting, the authors of [177]
understood that the proper cavity variable could not be a full d-dimensional position
vector (because the number of degrees of freedom of the cavity cannot be extensive
in d). In our situation, however, we identify the proper degree of freedom to be the
vectors g o = (Ug2a_1,U020)" , With « fixing the pair of space directions.

With this identification, we start by writing a Liouville operator L(t) governing the
dynamics of the N + 1 particles:

T

Vi (5.13)

N d/2
=3 { (1,4+1) -V, U{t)+&a(t)+TV,,

zOul

for a given realization of the stochastic forces. Then one can write for a generic vector
x;,(t) = U[L](t,0) - x; ,, where x; , = x;,,(0) and

U[L)(2,0) = exp (T / t dTL(T)) | (5.14)

The operator 7 is the time ordering operator from left to right, so that 0U(¢,0) =
U(t,0)L(t) [141].

We associate to the Liouvillean operator an irreducible version L™:

L™ (t) = L(t) — 0L(t),
1 g (5.15)
5L(Zf) = E —(12 + F) . VO,OCU(IS) + 507a(t) + TVQ@ . P . V()@
where the projection operator P is defined by
Px(t) = < Jars oo dr"’“eﬁU;Z(t) >
fdrO Hi>0,u dri,ue €0, En (516)

= (x(®))o,

where dry = [1,.q dro,, indicates integration over all the component of particle 0 with
the exclusion of the pair of tagged directions o. The average (---)g,...ey = (...)o is an
average over realizations of the noise of all the particle and coordinates, including the
tagged one. In short, P averages over all the degrees of freedom except for the tagged
ones.

We now express the force V ,U(t) using the irreducible Liouvillean. To do this,
we exploit the identity

U((E)(50) = U(L=) (0 + [ AL (m LU ), (5.07)
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which is a generalization of the Dyson identity written in Eq. (5.4), to write

— (19 +T) - Vo Ut) = — (12 +T) - Vo, U (1)

¢ . (5.18)
- /O drU[L)(7, 0)L(IUL™](t, 7) (1 +T) - V.U,

where we defined VU (t) = U[L™](t,0) - V,U. We show in what follows that the
first and second terms on the right hand side of Eq. (5.18) are respectively a fluctuating
force and an effective friction. In order to make this identification explicit, we simplify
the term under the integral of Eq. (5.18) into

{UIL) (7, 05 LOUIL™) (8, 7) (12 + T) - Vo U} =

“ (5.19)
x {12+ 1) (VooU'l(t = 7) @ VooU') itga(r)}

where we recall that u(®) is the a-th component of the two dimensional vector u,.
Eq. (5.11) for the coordinate « of particle 0 reads

Clgo(t) = —(1y+T) - Vo U (1)
- 5/; dr(1,+ 1) - (Vo Ul(t— 1) ® VO,QUT>O Mg o(7) (5.20)
+ E0,0z(ﬂ'

It is important to realize that so far Eq. (5.20) is exact. This equation expresses the
decomposition of a force into the sum of an effective noise and of a friction term,
as customarily obtained through the projection operator formalism [261]. However,
we shall establish that in the infinite dimensional limit the memory kernel is further
simplified by substituting V,,UT(t) with V,,U(t), the force exerted by the fluid
where the coordinates « of particle 0 have been fixed. To do so we first fully write the
expression of L', with Q =1 — P:
, 1
L' (t) = : [~ +T) - VooU + €0a(t) + TV00] - QVia
d/2 4

+ Z —(1y+T) - Vo, U + &0,u(t) + TV, - Vo,

u#a

N d/2 4 - (5.21)
+> Z —(12+4T) - Vi U+ &u(t) +TVy] - Vi

1>0 u= 1

1
= ¢ (1o +T) - Voo U +&a(t) +TVoa]" - QVia

+ L0(1),
from which we see that V,U(t) = U[L°](t,0)Vo,U. By using the last line of
Egs. (5.17, 5.21) we can express the force Vg ,UT(t) in terms of a Dyson series

Voo U (t) = Vi U(t)

: 1
+ /0 drU[LO)(t,7)~ | (1o £ T) - VouU + €oa(r) + TV0u| - QVould[L%](7,0)Voal

¢

...
(5.22)
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We now argue that all the terms of this series excluding the first are sub-leading in
the infinite dimensional limit, provided that this limit is taken for a finite time ¢. For
example, the second term of the series can be rewritten as

/0 " UL, r)é l(b +T)- Voo U+ &oa(T) + TVoval - [kal(7) = (ka(7)), ]
(5.23)

where k(40)(0) = Yis0 VOVDOy (7’03 ))6ab. The fluctuations of this term are of order
d*2. Therefore for finite times the integral scales as 1d%? ~ d'/?, and is sub-leading
compared to the first term of the series which is of order d. Terms of the series of
order n all contain additional powers of the friction coefficient (, leading to the scaling
d*?="_ In conclusion, we can rewrite Eq. (5.20) as

(lga(t) = —(12+T) - Vo, U(t)
-8 /Ot dr(1,+T) - (Vo U(t = 7) @ VooU ) - ttga(7) (5.24)
+ SO,a(t)'

We have thus obtained an effective equation for the degree of freedom ug,(t), the
coordinates « of the position for particle 0. The force-force correlation can be rewritten

(VET(OVELT), = <Zv v(Foi(t Vé’,’iv(%z-)>

1,770
<Z V T'()Z V((f()xv(ﬁ)z)>
Z#O 0

§<§Zv o(Foilt V(b)v(%i)> (5.25)

pn=1i#£0 0

L ,
:dN<ZZV0“ V(o) (H) Vb (m)>

p=11i#£0
= M@ (¢),

where we have used, in order:
o the fact that force between particle 0 and particle ¢ and the force between particle
0 and particle j are uncorrelated, for 7 # j, in the large dimensional limit;

o the equivalent roles played by the d/2 blocks;

« the fact that in the large dimensional limit the average (...)o, over the dynamics
with the frozen direction a of particle 0 can be replaced by an average over the
dynamics of the full, unfrozen system, and that such an average can be carried
out for all the N particles of the system.

Moreover, we observe that in the high dimensional limit the force V,U(t) has a
zero average, and its statistics are entirely determined by its second moment. The
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dynamical equation obtained for particle 0 can be generalized to any particle in the
liquid, since they are all identical. The resulting equation reads

(il = —f /Ot dr(L+T)  M(t — 7)t (1) + Esalt)
<Ei,a(t)> =0
(Bia(t) @, 5(t")) = 8ij0as [ZTgldé(t —tY+ (124 T)-M(t—t')- (15 + FT)] )

(5.26)
The memory kernel M(t) encoding pairwise force-force correlations is self-consistently
determined by the dynamics of two interacting particles. The latter can be obtained
from the microscopic dynamics in the same way as in Eq. (5.26). However, we first
observe that the memory kernel at the initial time is completely determined by the
equilibrium properties of the system. Therefore, it has the same expression as its
equilibrium counterpart, and in particular it is diagonal:

M(0) = 155 [ drog(xo)lv'(ro) 2, (5.27)

with g(r) = e (") the radial distribution function in the infinite-dimensional limit.
The physical simplifying idea that we use to proceed is that a diagonal kernel at initial
times implies, in the large dimensional limit, a diagonal kernel at successive times.
In the following Section, we will derive the equations of motion for the two particle
process under the self consistent assumption of a diagonal kernel M = 1M (¢). In this
case the dynamics for the full displacement of particle ¢ in d dimensions reads

Cui(t) = =6 | drM(t = 7)(La+7A) () + (0
(Bi(t) ® B(t)) = 1ady; [2TCO(t — 1) + (1 + ) M(t — 1] (5.28)
M(t) = g / drog(ro) (£()0'(r(t)))y, - ov'(ro),

where the definition of the kernel M (t) comes from an extension by continuity of Eq.

(5.27).

5.4 Two-particle process

5.4.1 General formulation

We consider two particles, which we label 0 and 1, and we focus on the dynamics of
their separation r(t) = Ro(t) — Ry (). A derivation analogous to the one performed for
the one-particle process, along the lines of [177], gives:

gi' = —(1q+ yA)F (r(t)) — g/ot drM(t — 7)(14 + YA)i(T) + V2E(t)
(B(t) ® B(t')) = 14 [2TC0(t — ') + (1 + )M (t — )]

(5.29)
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Equation (5.29) can intuitively be derived from the one-particle process of Eq. (5.28),
singling the force between particles 0 and 1 out of the expression of M. This is a
legitimate operation which yields a negligible correction in the large dimensional limit.

From Eq. (5.29) using Ito calculus one can obtain equations of motion for the
dynamics of the distance r = ||r|| and the unit vector t along r:

Carp _Mf- — VARV (r
28(1) = 7 (t) — YAR(t)V' (r(1)) (5.30)
_ 2f<t) i drM(t —7) - T (t) (1a +vA) ¥(7)

with IT, (t) = 14 — £(¢t) ® £(t) the operator projecting along a direction orthogonal to
£(t). At t =0 the dynamics of  reads
. T d - 1 -~ ~ p—
gf(O) = _§~(0)2)r(0) — yAF(0)0'((0)) + V2IT L (t) - E(0). (5.31)
The left hand side of this equations scales as d®/?, while the right hand side contains
terms of order at most d. We therefore conclude that the orientation of the vector r
does not change to leading order in d with respect to its initial orientation. We can
thus assume that #(¢) = £(0) at all times. Then the evolution of #(¢) in Eq. (5.30)
becomes
Cop T(d—1)
= t —___ @@ 7
ot r(t)?

+V2I0 (1) - E(t).
The scaling for the different terms reads as above, and the new term introduced, which
is of order d*> x d~! = d, remains subleading. This proves self-consistently that, as
was the case in equilibrium, the orientation of the inter particle separation is constant
throughout the dynamics, which was not an a priori expected property due to the
presence of transverse forces. The equation for the interparticle distance reads:

i) = 0/ (r(1)) - T(f<t_) v [ arha(e = 7)r() + VEE()

(E@)Z()) =2T¢5(t — )+ (L +4*)M(t — 1) (5.33)

M () = 2 [ arogro) 0/ (r(1)) ot (r0).

Note that the two-particle process is still an out of equilibrium one, since the noise
and the friction terms do not respect the fluctuation-dissipation theorem. One expects
therefore a different value of the memory kernel M (t) compared to the v = 0 case.
The analytical determination of M (t) at all times is an open question, even in the
equilibrium case, where progress has been made either by numerical integration or by
a low density expansion [185]. We turn to the latter approach, in order to produce an
expression of M (¢) which will be useful in the following sections, where we discuss the
efficiency of the transverse forces.

VB

F(O) AR O (r(1)) ~ 51

/ " drM(t — 1) A#(7) -
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5.4.2 Low density expansion of the memory kernel

The main idea is to expand the memory kernel in the form of a perturbative series
M(t)=>" M™(¢), (5.34)
n=1

where M ™ ~ O(p™) can be self-consistently determined from the two particle process
given by Eq. (5.33), evaluated up to order O(p"~!). Therefore, the lowest order M)
is determined by the process

—D o =)
rO(t) rPO) + V2= (5.35)

<E<o> (H)2© (t/)> =2T¢S(t —t'),

Coop —
2r0(t)—

which is the same as the one obtained at equilibrium [185]. Low densities suppress the
action of transverse forces at the level of the two-body process. In particular, one can
consider the case of a linear potential v(r) = (% —1), for which M!(t) was determined
in Ref. [185]. We give here the expression of its time integral M® = [;"> dtM D (¢),
which will be useful later. It reads

—= 482+ 5)
2

BMM SR (5.36)

with qg = de% the rescaled packing fraction, and with V,; the volume of a sphere of
unit radius in d dimensions. Below, we will address the issues of the long time limit of
M and of its asymptotic behavior as v goes to infinity.

5.5 Dynamical arrest

5.5.1 Ergodicity breaking occurs at the same location as in equilib-
rium

The mean field glass transition in fluids can be found by looking at the long time
behavior of M(t). Following the existing literature [115, 216] we split the kernel M
into a decaying part and an asymptotic plateau value at ¢ becomes large: M (t) =
My(t) + M, with M¢(t — oo) = 0 and M, > 0 a constant. A glass transition occurs
when the density or the temperature of the system are such that M, > 0. In this
Section we will show that this happens at the same parameters as for equilibrium
dynamics.

The plateau value M, is given by:

t—o00

M, = lim M(t) = g / dro (V' (1)) v (o), (5.37)
8
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where (...)_ is an average over the steady state value of the dynamics for the distance
between two particles, given by Eq. (5.29). Such a steady state distribution depends
on the value of M, thus yielding a self-consistent relation that can be exploited to
determine the plateau value.

Using the aforementioned decomposition for M (t) the equation of motion for r can
be rewritten as a nonequilibrium dynamics for a particle in d dimensions inside an
effective potential w(r), under the action of a constant Gaussian drift =, (induced by
the long time dynamics of M (t) and fluctuating Gaussian noises Zy, §) with eventually
decaying correlations:

= (14+7A) - [ ~ Vu(r) - g/ot drMy(t — 1)E(7) + B, | + VTER),  (5.38)

with
w(r) = v(|r]) + iMp roro? 4 2, . (5.39)

the correlations of the constant random drive E, and the time dependent noises Z(t),
&(t) being respectively (£(t) @ €(t')) = 1,T¢o(t— ), (Bf(t) @ Bp(¢)) = 1a5 Ms(t—t),
(Bp @ 8p) = 1d%Mp'

We briefly review the equilibrium case (7 = 0) for which we have

t
gi' = —-Vuw(r) — g /0 dr My (t — 7)E(7) + E4(t) + VTE(t). (5.40)
This is an equilibrium dynamics with memory under an external potential w(r). The

equilibrium distribution is the Boltzmann one:

e Buw(r)

( ’ pa‘—‘pa )E fdre Bw(r) (541)

We note that the steady state distribution depends on the plateau value of the memory
kernel, and it is conditioned on the realizations of the field Z; and on the initial con-
dition ry. The steady state value of the force appearing in the self-consistent equation
Eq. (5.37) is

<U,(T)>eq7ro - d/2 /d'dpe MP /drpB r, | My, By, 1o)v'(|r]). (5.42)

Substitution in Eq. (5. 37) yields the desired self-consistent relation. We refer the reader
to Refs. [184, 210] for a detailed discussion of its solution. Here it is sufficient to use
the fact that Eq. (5.37) admits a nonzero value for M, below a critical temperature (or
above a critical density pg) T4, meaning that the system is no longer ergodic below T
(above pg).

After having reviewed the equilibrium limit, we now return to the v # 0 case of
interest. The steady state distribution of the process given by Eq. (5.38) is the same
as the equilibrium one. This means that the self-consistent relation given by Eq. (5.37)
yields a nonzero value of M, for the same critical parameter as in the equilibrium dy-
namics, thus proving the statement that opened this Section. This reflects the fact that
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the transverse force dynamics is constructed to preserve the Boltzmann distribution in
the steady state. Any ergodicity breaking that takes its root in the thermodynamics,
as the one observed in mean field fluids, will be observed also in the presence of trans-
verse forces at the same point as in equilibrium. However, even if the location of glass
transition point is unchanged, it is interesting to observe how the dynamics conspires
to produce this result, and how it differs from its equilibrium counterpart.

5.5.2 A sanity check

The spirit of the dynamical mean-field theory is to integrate out in an exact fashion an
extensive number of degrees of freedom. This integration step transforms the Marko-
vian dynamics into one with memory. From an analysis of the dynamics, it is thus
not easy to see that the steady-state distribution for the non-Markovian process is the
Boltzmann one. We know however that this must be the case, because the integration
can be done at the static level using replicas [216], and we know that in equilibrium,
the analysis of the dynamics [184] confirms the results of the statics. This subsection
may thus seem a somewhat superfluous sanity check, but it is in principle needed. We
want to prove directly the invariance of the steady state distribution of Eq. (5.38). We
express the memory kernel M(t) as a sum of exponentials:

1
S My () =3 exe™/, (5.43)
k

where the ¢;’s and the 7;’s are appropriately distributed [225]. Using this decomposi-
tion, we can rewrite the non-Markovian equation of motion for r as a Markovian one,
at the cost of introducing an extra set of degrees of freedom, y,, coupled to r:

S0 = ~(Lu 7A)- V) + 3 30+ 94)- (0 = e 1) -l

+VTE,

Vi = —:k [Yk - M[r(t) - ro]} + \/fnk
(mi(t) @ m; (1)) = Ladijo(t — ¥

(i(t) @ &) = 1ad(t —1').
(5.44)

We choose y,(0) to be independent random variables drawn from a Gaussian distri-
bution of variance T' for all k. Upon averaging over the Markovian evolution and the
initial condition of the y, variables, Eq. (5.44) is then identical to Eq. (5.38). The
dynamics of y, reads:

(0 =00+ [lareF Y ) ox ] G
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which, after an integration by parts, becomes
¥i(t) = y,(0)e ™ + \Jer B — 1
_ (5.46)
— \/ckﬁ/ dre r(T \/ / dre” = (T ).
0 Tk

Substitution into the equation for r yields

gi-(t) (14 +~A) Vu(r) 6/ ercke 7 (La+7A) - (r)

+ (La+7A) - v(t) + VTE(R) (5.47)

2c
v(t) EZ x5y (0 t/T’“+1/ T:/ dre e "7k 7).
k

The second term on the right hand side is £ [§ drM;(t — 7)(14 + YA) - £(7). The
contribution v(¢) is a Gaussian noise whose correlations are given by

[t—t|

O ) =1, T ee T = ;1de<|7¢ —)), (5.48)

and therefore v(t) = E¢(t). This concludes the proof of equivalence between Eq. (5.38)
and Eq. (5.44).

To obtain the steady state distribution of the joint process for r and y, we first
rewrite the equation in the following form:

2i(t) = — (14 + 7A) [Vw(r) + Vi(r, {y,})] + VTE()
(5.49)
yi(t) = —:&cw(r, {yi}) + \/f”l(t),

k

2
where w(r, {y,}) = X 3 (yk - ckﬁr) and 9y = %. This is an overdamped Langevin
dynamics under the action of an external potential w + w and transverse forces acting
on the r variables. Therefore, it admits the steady state distribution

Pes(r, {1} | M, By, 10) oc e Hotenled), (5.50)
Upon integrating out the auxiliary variables y,, we obtain

eiﬁw(r)

Pes (x| My, Bp, o) = W

pe(r|M,, B, 10). (5.51)
This result implies a self-consistent equation for M), identical to the one holding in
equilibrium, and therefore an identical glass transition temperature. This maybe does
not come as a surprise given that, at least in infinite dimensions, the glass transition
point can also be found by resorting to equilibrium statistical mechanics methods [216],
and the transverse forces are designed to preserve the equilibrium statistics and ther-
modynamics.
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5.6 Ergodic phase with strong nonequilibrium drive

The calculation of the previous Section has demonstrated that the behavior of the
plateau value of the force-force correlation for transverse forces is identical to the one
for equilibrium dynamics. However, in the presence of transverse forces the two-particle
process at any finite time is different from its equilibrium counterpart, and we therefore
expect M (t) to be affected by the nonequilibrium forces in the ergodic region. The
explicit determination of the memory kernel for arbitrary temperature and density is
out of reach, and already in equilibrium the numerical integration of the equation of
motion and the self-consistent relation is a formidable task [185]. Here, we address the
scaling of the memory kernel M (t) in the limit v — oc.

The starting point is the dynamics of the interparticle distance:

(0 =" - o)

= g / CdrM(t — T)i(r) + 2(t) (5.52)
(EMEM)) =T¢o(t —t) + ;(1 +yHM(t —t).

We recall that the memory kernel M (t) is determined from the two-body dynamics
itself, see Eq. (5.33).

We now rescale time, ¢ = ¢, and we define the new functions f(f) = f <;),

obtaining

-3 03 drM (t—1)7(1) + 2 (F) (5.53)

EOE(F)) =16 (1-7) + 50707 (1),

with M () = § [ drog (ro) (v' (T (£))),, v'(ro). If we now send v — oo and keep only the
leading terms, we obtain

(5.54)

Note that in the rescaled units this equation is no longer dependent on ~, and as a
consequence M () cannot depend on . Using this result, we can determine the scaling
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of the zero frequency mode of the memory kernel, M (0):
+oo
M(0) = / M(t)dt
0
1 oo t\
() -
v Jo ¥

1 ptoo__ 1
:f/ M () df ~ -
v Jo gl

We have thus found the large v behavior of the zero-frequency mode of the memory
kernel. Interestingly, this is the same scaling found for the barrier crossing time in
Chapter 2, and it differs from the 7? scaling that would have been naively guessed
when looking at the escape rate of the particles, as was done in Chapter 2.1.

5.7 Mean-squared displacement and diffusion constant

In this Section, we explore how the transverse forces dynamics influences the diffusivity
of the particles. We are interested in the mean-squared displacement

At) = 5 2 (Ri(h) = Ri(0)]*) = (wo(t)?) (5.56)

In the long time limit we expect diffusive behavior

lim A(t) = 2dD||(T, ’}/)t. (557)

t—o00

Our aim is to obtain an expression for D (T, 7). The starting point of our calculation
is the one-particle dynamics (we omit the particle index since they are all equivalent)

i) = - | "drM(t— ) (14 +yA) a(r) + 2(8), (5.58)

with the noise correlations (2(t) ® E(t')) = 14 [2T¢(t — t') + (1 ++*) M (t —t')]. In-
troducing the Laplace transform f(s) = ;7> dte=*! f(t), we can write the mean-squared
displacement using the Bromwich inversion integral [413]

A B 1 z4100 z+iood d ) stas't Py 5 59
t=-—5/ sds'e " qi(s) - (). (559

47'('2 —100 2—100

with z greater than the real part of all the singularities of the integrand. Applying the
Laplace transform to both sides of Eq. (5.58) and noting that AA” = 1, we get

(¢ BM(s) 1= BM(s)A E(s)

(ol (oite)” (5.0
= K(s) =)
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We also need to know the noise correlations in Laplace space, which read

2T¢ + (14 72) (M(s) + M(s"))

(E(s) ®E"(5)) = 14

s+ (5.61)
C(s,s)
=1y :
s+s
Equation (5.59) now reads
z+ioco  pz+ic0 5t+5t , -~ =T,
/Z /Z dsds Giv )C(s, s ) Tr {K(s) K7 (s )} (5.62)

Since we are interested in the large time limit, we make the change of variables w = st,

w' = s't:
zt+ioco pzt+ioco wtw’ / — — /
/ / dwdw' ——c [ YY) v | K <w> KT (Y.
47'('2 zt—ioco Jzt—ioco ww’(w+w’) t t t t

(5.63)
The diffusion constant is obtained sending ¢t — +o0:
Tr R\ 0 . R\T O C 0,0 1 zt+io00 zt+zoo w+w’
ooy - TEO KT 0)c00 (L) [ e
2d t—-+oo \ 4772 zt—ioo Jzt—ico ww’(w + w/)
(5.64)
Carrying out the computation explicitly yields
C+ (1++2)BM(0
Dy, 1) = 7 UL IOM) (5.65)

— 2 — \Z
(¢+8M(0))" + (v8M(0))
This is the central result of this Section. For v = 0 we obtain the known equilibrium
expression of the diffusion constant:
T
¢+ BM(0)

The nonequilibrium diffusion constant is always larger than the equilibrium one, D) (vy,T) >

Dy(0,T), as long as M (0) is equal to or smaller than its equilibrium counterpart. For
large nonequilibrium drives, the zero-frequency mode of the memory kernel scales as
77! (see Sec. 5.6 above), and the diffusion constant grows linearly with ~:

Dy(T. 7 — 0) ~ e(T)7, (5.67)

with ¢(T') a temperature-dependent coefficient.

Concerning the temperature behavior of D), two limits are of interest. The first
one is the infinite temperature limit. In this case M(0) = 0 and one obtains
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= ot

Dy(v,T)/Dy(0,T)

"ot

8

Figure 5.1: (a) Ratio between the longitudinal diffusion constant Dy(,~) in the pres-
ence of transverse forces and its equilibrium counterpart at v = 0 for different values ~
of the strength of the nonequilibrium drive, as a function of inverse temperature . (b)
Odd diffusivity in the presence of transverse forces. In both panels, the memory kernel
used is the one obtained via a low density expansion for the case of a linear potential,
as given in Eq. (5.36).

Since thermal fluctuations dominate over the interactions when 7" — oo, the transverse
forces fail to accelerate the dynamics, and the nonequilibrium nature of the process
is washed out by the thermal noise. The second limit of interest is for T" — Ty, the
glass transition temperature. Here M (0) diverges and the diffusion constant goes to 0,
signaling dynamical arrest.

To conclude this Section, we explicitly compare D) (v,T") and its equilibrium coun-

terpart in the low density regime for a linear potential, where M (0) takes the form

given in Eq. (5.36). The results are shown in Fig. 5.1(a). The efficiency of transverse
Dy(v,T)
Dy (7,0)

forces, defined as the ratio changes non monotonically with the temperature for

the highest values of ~.

Our investigation of the diffusion constant suggests the following picture: upon
reducing the temperature from the 7" — oo regime dominated by thermal noise, trans-
verse forces emerge from thermal fluctuations and accelerate the dynamics. However,
as memory effects become stronger and the glass transition is approached, the enhance-
ment of the diffusion is reduced. We are thus led to the question of what is the effect
of transverse forces in the low temperature regime. In the next Section we show that
they mostly give rise to odd transport coefficients rather than providing a stronger
dynamical speedup.
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5.8 Emergent odd transport

5.8.1 0Odd diffusivity

In this subsection we prove, and quantify, the presence of odd diffusion in the infinite
dimensional fluid driven by transverse forces. Odd diffusion manifests itself in the form
of a nonzero off-diagonal, anti-symmetric part of the diffusion tensor. Physically, this
detects the presence of chiral, swirling motion, and the presence of fluxes perpendicular
to concentration gradients arising in the system. At the microscopic level, a Green-
Kubo relation, derived in [125] identifies the odd diffusion as the time integral of
the anti-symmetric part of the velocity-velocity autocorrelation tensor. Following this
approach, we have

- Z/M (i;(t) © ;(0)) = D(Z’T)]l + DL(;’T)A. (5.69)

The conventional longitudinal diffusion constant D) (v, 7T’) given by Eq. (5.65) appears
in the diagonal entries of the diffusion tensor. The anti-symmetric contribution is
proportional to the odd diffusion constant D, (T, ). It is defined as:

DL——Z/ (a;(t) - Aw;(0))

= — lim (su(s) - AZ;(0)) (5.70)

1 - -
— 2glin (s(s) - AZ(0).
In the second equality we have used a representation in terms of the Laplace trans-
form of the displacement u;,, and in the third equality the fact that all particles are

equivalent. Using Eq. (5.60) and the fact that:

(B(s) ® B(0)) = 14T [+ (1 ++7)BM(s)] (5.71)
we obtain
D, = —gj Tr[K(0)A] ¢ + (14 7)8M(0)], (5.72)

with K (0) defined in Eq. (5.60). An explicit computation of the trace yields

Ty BI(0) + (1+2) (83(0))°
C (¢4 BM(0)) + (v8M(0))

thus proving the presence of a finite odd diffusivity in the system whenever v # 0.
Upon approaching the glass transition, the odd diffusivity converges to the nonzero
value 7%: even when ergodicity is broken and the system is confined in a long-lived
metastable state, a form of odd transport persists, analogous to the swirling motion of
a particle trapped in an harmonic well in the presence of transverse forces [108].

D, - (5.73)

As we shall see now, odd diffusion is not the only emergent odd transport coefficient.
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5.8.2 0dd mobility

Odd mobility [224] is a transport coefficient closely related to the odd diffusivity. In
this subsection we show that its behavior upon approaching the glass transition is
distinctly different from the odd diffusivity as we find that odd mobility vanishes in
the nonergodic phase.

Odd mobility describes the transverse motion of a tracer upon applying a constant
force. Specifically, we consider the case where a constant force F®' is applied at ¢t = 0
on particle 0, which thus assumes the role of a tracer. The system thus evolves under
the action of the operator L®™(t), defined as

d/2

1
L(t) = L(t) + ¢ > F‘;Xt -Vogs, (5.74)
B=1

with L(t) the evolution operator of the unperturbed system, displayed in Eq. (5.13).
Following a linear response formalism, we have, to first order in F™°,

a2,
U[Lext](t’ 0) ~ U[L](t,0) + i_ Z/O dru[L](t, T)F‘;Xt -V sU[L](0, ). (5.75)
B=1

To obtain the equation of motion of the perturbed tracer in the linear response, we have
to compute U[L*'](t,0)F, .. However, we observe that U[L](t,0)F, is translationally
invariant. This implies that only the first term on the right hand side of Eq. (5.75)
contributes to the evolution of Fy ,, and therefore

U[L™](t,0)F o (t) = U[L](t,0)Fg + O((F™)?). (5.76)

The equation of motion of the perturbed tracer in the infinite dimensional limit thus
becomes

un(r) =¥~ | “drM(t = 7)(La + 7A) - i(7) + E0), (5.77)

with the noise Z(¢) and the memory kernel M (t) corresponding to the one of the
unperturbed dynamics in Eq. (5.28). The mobility of the tracer is defined via the
relation
: . _ ext
Jim (g (t)) = pF=. (5.78)

Applying a Laplace transform to Eq. (5.77), taking the O-frequency limit and keeping
the leading diverging terms we obtain the following expression for p:

[+ BM(0)] 1 —BM(0)A
n = — 3 — 5 = ,u”]l + ,UJ_A. (579)
¢+ BM(0)] + (v8M(0))

1/\
¢+BM(0)
is satisfied, Tp = D. When v # 0, the Einstein relation breaks down. Note in

passing that this violation takes a compact form for the longitudinal component of

For v = 0 we fall back to the equilibrium case, p = 1 and the Einstein relation
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Figure 5.2: (a) Longitudinal mobility p for different values of the strength + of the
non equilibrium drive, as a function of the inverse temperature 3 = T-!. (b) Odd
mobility in the presence of transverse forces. In both panels, the memory kernel used
is the one obtained via a low density expansion for the case of a linear potential. Its
expression is given in Eq. (5.36).

the diffusivity tensor, namely D = [(1 + yA)u]j. The mobility is composed of a

longitudinal term, j, and of an odd component, . The ratio T%"|| =1+ 72%

is greater than one, which hints at a more efficient exploration of configurations than
in equilibrium, but this effective temperature [69] is not the one that drives dynamical
arrest.

A plot of longitudinal and transverse mobilities as a function of the inverse temper-
ature is shown in Fig. 5.2, where the low density approximation of the memory kernel
M(0) ~ MW [see Eq. (5.36)] was used. The longitudinal mobility decreases with tem-
perature from its free particle high-T" value, while the modulus of the odd mobility has
a non-monotonic behavior, with a maximum located in the same region where the odd
diffusion steeply rises, and where the efficiency of transverse forces starts decreasing,
which was depicted in Fig. 5.1. This simultaneous occurrence of a similar behavior in
all these quantities supports the physical picture of transverse forces operating at their
best in the mildly interacting regime.

We also see from Eq. (5.79) that both the longitudinal and transverse mobilities
vanish at the glass transition T,. Physically, the above result implies the absence of a
long-time systematic displacement in the non-ergodic phase both along the direction
of the external force and in the direction transverse to it.

5.8.3 0Odd viscosity

This subsection is devoted to the computation of the odd viscosity. Odd viscosity
appears as an anti-symmetric component of the viscous tensor. Upon application
of an external shear stress, a system with odd viscosity develops a flow in the plane
orthogonal to the one along which the shear stress is applied. A Green-Kubo approach,
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developed in Ref. [85], relates the odd viscosity of a nonequilibrium system to the
time integral of stress-stress correlation functions. Within this framework, using linear
response theory, the viscous tensor in the hydrodynamic limit reads

Nabed = 5 /0 T (ow(t)oli(0)). (5.80)

The average of the integrand is meant both with respect to the initial condition and

with respect to the realizations of the noise. The notation o'% refers to the Irving-

Kirkwood stress tensor for overdamped dynamics:
1 Tija()Tiip(t
o = 3 3 enl® (581
i rij(t)
and o, is the stress tensor in the presence of transverse forces

Oagbp = (]-d -+ ’}/A)ch;}C{. (582)

The odd viscosity is finally defined as

1
nL = 5 (nxyazx - T]wxa:y) ) (583)

where x = 2a — 1 and y = 2a with a = 1,...,d/2. To be explicit, we focus on the
x =0, y =1 case. The odd viscosity then becomes

N = fv / Tt (5 (00 (0)) = (T ()0™(0)) + 7 (D) (0)) + 7 (T ()0 0) ).
(5.84)

The first two terms inside the integrand vanish because they are odd upon rotation in
the zy plane. The latter terms are

(oS (1)a3(0)) + (ors (1) (0))
Pijar ()7 i3.0()7h.0(0) 74,0 (0) + Tigia ()15 () hto (O)iagg (0) o 0y e
<i¢§7ﬁl Tij(8)7h1,2(0) (rig () kl(o))>
Tijar ()0 (8)743.0 (07350 (0) + 10 ()71 (7330 (O)735 (0) v 0y v
(Z el el (0500

1 ’rz’j '1'0‘2 / /
~ o <Z — 2 (r(t))v (%‘(0))>

17 Tii ()i (0)
= 5 [ amatwn) (O 000 )
_pVi?
-2

dyn

M(t),
(5.85)

where (...)dyn is an average over the realization of the noise in the two-body dynam-
ics. In the last passage we have used the fact that the direction of the interparticle

79



CHAPTER 5

separation is constant throughout the dynamics and that to leading order in d we have
r(t) ~ ¢, with £ the characteristic interaction length of the potential. The odd viscosity
is therefore

n =2 pofzﬂ(oy (5.86)

As the glass transition is approached, the odd viscosity diverges. The physical inter-
pretation of this phenomenon is that infinitely long-lived memory develops also at the
level of stress fluctuations with respect to transverse perturbations, a consequence of
the chiral interaction produced by the nonequilibrium drive. Below T}, small external
shear stresses applied to the system generate neither longitudinal nor transverse flows,
consistently with the picture of a dynamically arrested glass, and both viscosities are
formally infinite.

5.9 Outlook

In this chapter, we have studied how transverse forces speedup the dynamics in a
mean field liquid. Consistently with what we found for the p-spin, the dynamical
ergodicity breaking temperature is not changed by transverse forces. As the transition
is approached, the efficiency of transverse forces decreases while, quite surprisingly, at
higher temperatures the behavior of the speedup is nonmonotonous. Close to the glass
transition, the study of odd transport coefficients corroborates the picture, which was
already emerging from the numerical analysis of Chapter 4, of an arrested liquid where
the particles swirl within the cages induced by the interaction with their neighbors.
Can we provide an analogous analytical characterization in finite dimensional settings?
We address this question in the next chapter, where two finite dimensional theories for
liquid with transverse forces are developed, the weak-coupling and the mode-coupling
theory.
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Contributions from Chapter 4

o We adapt the dynamical mean field theory to dense liquids with transverse
forces in the large dimensional limit.

e Our approach allows to obtain equation of motion for a tagged particle
in the fluid, and for the collision process between two particles. Both
the dynamical process involve the force-force autocorrelation function be-
tween a pair of interacting particles. This autocorrelation function is self-
consistently, implicitly determined through the two-body process.

o The central result of our approach is an expression for the longitudinal dif-
fusion constant Dy(,T’) of the system, as a function of the zero-frequency
mode of the force-force autocorrelation function.

o We find that there exists a dynamical temperature Ty(7y), such that
D(~,T < Ty(y)) = 0. In this region, ergodicity is broken. The dynamical
temperature is independent from the strength of transverse forces, and it
is the same as in equilibrium, Ty(y) = T4(0).

o The efficiency of transverse forces is given by the ratio Dy(v,T")/Dy(0,T).
We study its behavior as a function of the temperature. For T" — oo, this
ratio tends to 1. For T" — T}, the ratio tends to a constant that depends
on 7.

e Through a low density treatment of the memory kernel for a linear poten-
tial we discover that the has a nonmonotonous behavior as a function of
the temperature, reaching a maximum before going to regions of higher
densities.

o We find that in the asymptotic limit of large transverse forces, v — oo at
fixed T', the efficiency grows linearly in 7.

o We determine, in the ergodic region and close to dynamical arrest, odd
transport coefficient unlocked by transverse forces: the odd diffusivity D,
the odd mobility u,, and the odd viscosity 7,

o We characterize the behavior of the odd transport coefficient as the glass
transition is approached. As T'— Ty, D, — —vTy, py — 0, n, — +oo.

e Our study of the transport coefficients suggest that, as the glass transition
is approached, particles in the fluid get progressively slowed down by the
cage formed by their neighbors. At the glass transition, an arrested liquid
is formed, with particles swirling inside local cages.
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In this Chapter we bring the endeavour of understanding analytically how trans-
verse forces operate to the finite dimensional realm. We extend two approximations
schemes, the weak-coupling theory and the mode-coupling theory, to the dynamics
of liquids with transverse forces. The former approximation scheme is valid for case
where the interactions are weak compared to thermal fluctuations, and predicts that
the efficiency of transverse forces increases as the the temperature decreases. The sec-

84



MODE-COUPLING AND WEAK-COUPLING THEORY FOR TRANSVERSE FORCES

ond approximation schemes predicts a dynamical arrest below a dynamical transition
temperature Tyor. As for the mean field scenario, we find that Tyicr is the same as for
equilibrium dynamics. In the ergodic phase, and approaching the transition, we find
that the gain provided by transverse forces is a monotonously decreasing function of
the temperature. Our analysis allows us also to compute many other transport coeffi-
cients, with a particular emphasis on odd diffusivity, odd mobility and odd viscosity.
These findings corroborate and rationalize the behavior of dense liquids with transverse
forces observed numerically in Chapter 4. We conclude by analyzing the mode-coupling
theory for a model of lifted active Brownian particles, introduced in Chapter 1. We
find results similar to the ones obtained for transverse forces, suggesting that the trend
of the efficiency witnessed for this minimal model might hold also for other irreversible
samplers.
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When interested in the dynamics of dense liquids [26], the mode-coupling approx-
imation [116, 115] is a method of choice. It is a versatile tool designed to analyze
the dynamics of simple liquids and of other soft-matter systems in realistic space di-
mensions (d = 2 or 3). It has famously been applied to critical dynamics [153], to
glass-formers [115], to polymers [236] and colloidal assemblies [158, 220] up to hard-
condensed matter systems [238]. These systems share the common trait that they are
in thermal equilibrium. In recent years, the mode-coupling approximation has been
extended to some nonequilibrium settings, such as sheared liquids [100], granular flu-
ids [128, 165], or, even more recently, to systems of self-propelled particles [244, 176,
243, 76]. Here, our goal is to use these works as an inspiration to develop a mode-
coupling approximation for transverse forces.

Before dwelling into mode-coupling theory, however, we first explore the dynamics
of a tracer in a weak fluctuation regime. This approximation scheme, known as the
weak-coupling approximation [79, 78], is a way to implement dynamically the random-
phase approximation [124], used to describe correlation functions in dense liquids. It
has been applied to the diffusion of tracer particle in the passive, active [79] and
driven [78] case, and also in the presence of non-reciprocal interactions [20]. Here, it is
instrumental in providing a first, insightful picture of how transverse forces influence
the dynamics in the high temperature regime.

6.1 Dynamics with transverse forces

Our starting point is the following dynamics for a fluid of interacting particles with
positions r; in three dimensions

I = po (L +7A)F; + /200TE;, (6.1)
with F; = — %, V,V(|r; — r;|) a conservative force arising from a pairwise, isotropic

interaction potential, and the &;’s are independent Gaussian white noises with inde-
pendent components. The bare mobility g and the temperature 7" are related to the
diffusion constant of a free particle Dy through Einstein’s relation Dy = g7, setting the
Boltzmann constant to unity. This dynamics differs from its overdamped equilibrium
counterpart due to the presence of an antisymmetric matrix A = —A”. The resulting
additional transverse force AF;, = A,3F; 3 injects into the system a nonequilibrium
current that nevertheless preserves the Boltzmann distribution in the nonequilibrium
steady-state. Following the discussion of Sec. 4.1, we choose for A the form

—1

o o

o oo
—
R
N
SN—

We proceed by studying Eq. (6.1) using the weak-coupling approximation.
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6.2 Weak coupling approximation

We consider the problem of a tracer diffusing in a system interacting with transverse
forces in the special case in which fluctuations in the surrounding fluid can be consid-
ered as weak. Following [78], we assume that the tracer produces a small perturbation
in the density field of its environment, a procedure known as the random phase approxi-
mation, and derive an expression for the transport coefficients of the tracer, namely the
longitudinal and the odd diffusion constants. This gives a first grasp on the speedup
generated by transverse forces. In spite of throwing an interesting physical light, this
approach does not easily extend to low temperatures where the weak coupling hypoth-
esis is not fulfilled.

6.2.1 Equation of motion for a tracer

We consider a tagged particle with position ry diffusing in a fluid under the action of
transverse forces. We include the possibility for the tagged particle to be subjected to
a constant external force F™' which will be used to probe the mobility of the tagged
particle. The equation of motion for the tracer is

= 11oF™" — (1 +9A) > VoV (ro(t) — 1;(t)) + /2107 &o. (6.3)

>0

This is Eq. (6.1), with the role of particle 0 being singled out. All other particles in the
fluid also interact according to Eq. (6.1). We introduce the density field of the fluid
without the tracer, n(r,t) = ¥ ,500(r —r;(¢)) and we can then rewrite Eq. (6.3) as

to = poF™" — (1 +YA)(VV % n)(ro(t), ) + /2u0T o (t (6.4)
with the convolution between two functions denoted by *: (fx*g)(r) = [drf(r—r')g(r’).
Equation (6.4) needs to be complemented with the Dean-Kawasaki [74] equation for

n(r,t):

om(r,t) = ueTV?n(r,t) + oV - [(1 +~vA) n(r, t)(VV *n)(r,t)]

6.5
+ 1oV - [+ ~A) - n(r,t)VV(r —ro(t))] + V - /2T uon(r, t)x(r,t), (6:5)

where the Gaussian noise x(r, t) has correlations (x(r,t) ® x(r/,t')) = 16(r—r')d(t—1).
In order to solve Egs. (6.4, 6.5) we resort to the random phase approximation.

6.2.2 Random phase approximation

In the language of the collective coordinate n, the random phase approximation is a
simple linearization of the Dean-Kawasaki equation (6.5) for the local and fluctuating
density field n(r,t) = >, d(r —r;(t)) [78, 79, 143, 20]. Assuming that the homogeneous
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density of the system py = ¥ is large enough so that density fluctuations remain small,
we split n(r,t) into

n(r,t) = po (1 + \/1/)_0¢(r, t)) (6.6)

with ¢(r,t) a fluctuating field. To linear order in ¢/,/py, which we assume to be small,
Eq. (6.5) becomes

O = MOTV2¢ + 10V - (VpoV % ) (r,t) + MoV VooV (r —rxo(t) + V- /2T pox (r, t).
(6.7)

In deriving Eq. (6.7) from Eq. (6.5) we used the fact that, to linear order in ¢/,/pg, V -
yAn(r,t)(VVsn)(r,t) = 0 because A is anti-symmetric, while the nonzero contribution
from V-yA-n(r,t)VV (r—ro(t)) is of order py . The linearized equation for the density
field is therefore not directly influenced by the presence of the transverse forces. Instead
the latter manifestly appear in the equation of motion of the tracer. To proceed toward
the weak coupling approximation, we consider the case where the interaction potential
between the particle is soft, with V(r) finite as » — 0. Upon introducing the Fourier
transform of a function f by the convention f(k) = [dr e ~*Tf(r), we obtain from
Eq. (6.4):

I'(](t) = /LOFeXt — Z/LO(]. + ”}/A)/ Zk ro t)k\/_V k t + 2T,u0 0

dk
(2m)
where v appears explicitly in the right-hand side. It is formally possible to express
o(k,t) as a functional of the tracer position ry upon integrating Eq. (6.7), and then
Eq. (6.8) becomes a self-contained equation for ro. We assume that the bath and the
tracer have evolved for very long times before we start observing them so that the
initial condition for the density fluctuation ¢(k,t) can be overlooked, namely

o) = [ a [ ok2 AV (K)e 70O i\ faaTk - (K, 5) | e TR -amY B e—s)
(6.9)

the correlations of the noise in Fourier space being (x(k,t) ® x(K',t')) = 1(27)%5(¢t —
t)6(k + k). Substitution of Eq. (6.9) into Eq. (6.8) leads to

t
Fo(t) = 1F™ + g /_ dsF(ro(t) — ro(s),t — ) + )+ /200 €0 (1), (6.10)

The interaction between the tracer and the bath splits into a deterministic force
dk .
F(ro(t),t) = iuo / W(l +A) - kk2poV2 (k) e Hro)—roTRI+6p0V ) (g 17)
i

and a Gaussian colored noise E, independent of §. The memory kernel (E(r(t),t) ®
B(ro(t),t)) = G(ro(t) —ro(t'),t — t') has the following expression:

(TFLO)Q PP [5P0V(k)]2 ik-ro(t)—poTk? V(k
G(ro(t),1) = /1+ Ak k(1 —~A e tkro(t)—poTh[1+8poV (K)]t
(6.12)
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We are now in a position to define, and then to determine, the various transport
coefficients quantifying the dynamics of the tracer. Our computation rests on a path-
integral formalism, which we briefly outline in the next subsection.

6.2.3 Averaging over the tracer’s trajectories

We are interested in the computation of the diffusivity tensor, obtained from the
velocity-velocity autocorrelation function [125]

D= /0+°° dt{io(t) @ £0(0)) = lim ([ro(ts) —ro(0)] & £o(0)), (6.13)

with F' = 0, along with that of the mobility tensor p, defined by the response to an
external force as

(ro(ty) — 10(0)) = uF™t, (6.14)

as t; — oo and F*' — 0. The angular brackets denote averages over the realization
of the noise. Using a path-integral formalism, these averages over the noise realization
can be rewritten as weighted averages over the tracer’s trajectories. If f(ro(ts)) is a
generic function of the tracer position at the final time ¢¢ then within the path-integral
formalism we have

(f(ro(ty))) = / Dpo(t)Dro(t) f(xo(tf)) e ~Sre® Pl (6.15)

where the Janssen-De Dominicis functional integral [ Dp,(¢)Dry(t) is over all the tra-
jectories ro(t), py(t). The response field p,(t) is an auxiliary field encoding stochastic
fluctuations. The trajectories are weighted by a trajectory-dependent exponential fac-
tor e ~Slo®-Po®]  The corresponding action features two contributions, expressing
respectively the motion of a free tracer and its interactions with the bath:

S[ro(t), Po(t)] = Stree[ro(t), Po(£)] + Sintlro(t), Po(2)], (6.16)
with
Sfree[rO(t)apo(t)] = _i/dtpo(t) ’ [rO(t) - MOFeXt] + NOT/dtp[)(t)27 (617)

and

Sualro(t),po(1)] = i [ d f dspy(t) - F(roft) — mols) £~ 5)

t (6.18)
+ [t [ dspy(t) - Glro(t) = rols).t = ) - py(s).

To evaluate the dynamical averages in Eqs. (6.13, 6.14), we resort to a small coupling
approximation between the bath and the tracer and expand in powers of the small
coupling parameter. This is carried out explicitly in the next subsection.
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6.2.4 Weak-coupling approximation

We now assume that the coupling between the bath and the tracer is weak with respect
to the thermal forces. This is expressed by requiring that

y
h= @ < 1. (6.19)

From Egs. (6.11, 6.12) we see that both F and G are of order h?. From Eq. (6.18), this
implies that Si, is of order h? as well. To second-order in h, dynamical averages can

thus be computed by expanding the exponential e ~:
ro(t ree — ro(t Sin ree
(1t = L = TOLNSuiden o), (60)

where (.. )gee = [ Dro(t)Dpy(t) ... e ~ree refers to an average over the dynamics of
a free tracer. The action Sgee is quadratic, which ensures that linear and quadratic
functionals of the trajectories ro(t), py(t) can be computed exactly. Since we are
interested in the tracer’s displacement, we define the one-point quantity Ary(t,s) =
ro(t) —ro(s) with ¢ > s. We then have

<Ar0 (t, 8)>free = MOFeXt(t - 3),
<p0(t)>free =0,

from which we recover the result that the mobility tensor for the free tracer is ptgee =
iol. The two-point averages read

(6.21)

(Po(t) ® p0(5>>free =0
(Aro(t, 5) @ Po(5)) free = —i1X[s.)(5)
(|Aro(t,0) — uoF™t| ® |Aro(t, s') — poF™ (t' = 5')|Jee = 21T L([s, 2] N [5', 1),
(6.22)

where X[ (s) is the characteristic function of the interval [s,t) (it is 1 if s’ € [s,¢) and
0 otherwise). The quantity Lla,b] returns the length of the interval [a,b]. Note that
for F** = 0 the last equality in Eq. (6.22) yields the mean-squared displacement of a
free particle, (Arg(ts,0)?)fee = 2duoTt;.

We now evaluate (Sin)fee- This average requires the evaluation over the dynamical
action for a free particle of two contributions. The first one is

<p0(t) e ik-Aro(t,s)>free —ie —poTk?(t—s)+ik-Fe<t (t—s) <p0(t)Ar0(t, 3)>free -k =0, (6,23)

where we made use of Wick’s theorem and of the second equality of Eq. (6.22). Similarly
one can show that the other term vanishes, namely (p,(t) ® p,(s) e *410(=)) = 0. We
thus conclude that

(Sint) free = 0- (6.24)

In the next two subsections we will compute the diffusion and the mobility tensors to
leading order in h.
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6.2.5 Diffusion tensor

We specialize the calculation to the case where no external force is applied to the
tracer particle, F™*' = 0. The calculation of the diffusion tensor to second order in the
weak coupling h requires computing two free-particle dynamical averages, stemming
respectively from the drift term F of Eq. (6.11) and from the memory term G of
Eq. (6.12). They are given by (with s < t):
<ATO,a(tf7 0)’/"0’17(0)]7070@) € Z'k.Ar(t’s)>f1‘ee - _QiéacNOTe_#OTkQ[1+6POV(k)](t_s)

X kX, (0)X(0.5) (1)

= [5bd5a05(5 - 0) - 2M0T5ackdka[s,t) (0)}

X X[O,tf](t) e _MOTkZ(t—S)'

(Arg.a(ts, 0070 4(0)poc(t)poals) e ik.ArO(t78)>free

(6.25)
Using these results, one can directly compute the diffusivity matrix

D(’}/, T) ~ ,U/OT]- - t}ij)noo<ArO(tf7 0) ® r()(O)Sint)free
— 4Tl — Tim i / dt / ds{Aro(ts,0) @ 10(0) [py(#) - F(ALo(t, ), £ — 8))]Viree

ty—+o0

— lim /dt/ ds(Arg(ty,0) @ ro(0) [p(t) - G(Aro(t, s),t — 5)) - Po(5)])tree

ty—+o0
1 <~ [BpoV (k)P
=pueT|1—— [ (1+~7A)k®k
o 200 /k( ) 1+ L6p0V (k)]
[BpoV (k)J?

1 ~ ~
+ f/(1 ARk (1 A)

. [1+ 1690V (%)) [+ BpoV (k)
(6.26)
For v = 0, we obtain
B IR NP [BpoV (k)?
DEO,T) = poT |1 =5~ fkek |1+ 36p0V ()] [1+ BpoV (k)] (6.27)
B B [5P0V(k)}2 |
=l =oo /k 1+ 3800V (K)] [1+ BooV (k)]

where we used, in the second line, the fact that upon integration over all the wavevectors
k®k can be replaced, using the isotropy of the integrand in Eq. (6.27), by d~'1. We thus
recover the equilibrium result for the longitudinal diffusion constant obtained in [79,
78]. The equilibrium diffusion tensor of Eq. (6.27) is diagonal, and the interaction
of the tracer with the bath reduces its ability to diffuse. When v # 0, the diffusion
tensor acquires an antisymmetric contribution proportional to v, and the diagonal part
picks up a contribution proportional to v2. These additional terms lead respectively
to odd diffusivity and enhanced diffusion. To see this explicitly, we can write the
tensor products of Eq. (6.26) in the (zyz) basis. In this basis, the matrix A displayed
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in Eq. (6.2) reads A = e, ® e, — e, ® ;. The second tensor product inside the
brackets of Eq. (6.26) is, neglecting the term that vanishes upon integration over all
the wavevectors,

(1+7A)k@k = > klei @e; + [ey D ekl —e, ® ey/%ﬂ : (6.28)

i:$uy:z

The term proportional to 7y is antisymmetric upon integration over the wavevector k,
and it contributes to the odd diffusivity.

The third tensor in Eq. (6.26) is

(1+7A)k @ k(1 —~A) = > e; @ e; + [ex e,k —e,® e,,:lAcﬂ
=2, (6.29)
+ {ey ® ek’ —e, ® eyk‘zﬂ + 77 [ex ® e, k2 + e, ® eykgﬂ .

Upon integration over k the terms proportional to v cancel out, leaving only a contri-
bution proportional to v? to the longitudinal diffusion.

The diffusion tensor in the (xyz) basis is therefore given by
D=D,(y)[e.®e,+e,®e]+D,e.e,+D, (e, e, —e,Xe,), (6.30)

with Dy(v) given by

B B [BpoV ()]
Dy(v) = moT (1 2dpy /k [+ BpoV (®)] [1+ 180V (k)| (6.31)
Ny [5poV () ) | |
Adpo Jx [1 + BpoV (k)] [1 + %BpoV(k)}
The odd diffusion constant reads
T BV (k)]
Ditv) = "2dpy /k [1+ BpoV (k)] {1 + %6p0v(k)} | o

For systems with equilibrium dynamics (that is, when v = 0), Onsager reciprocity
relations impose this quantity to vanish. However, when departing from equilibrium,
as is the case in the presence of transverse forces, odd transport coefficients need not
vanish as they are a priori not prohibited by time-reversal invariance. In our case, a
nonzero odd diffusivity reveals the presence of a directed swirling motion for the tagged
particle. Of course, for v = 0, the odd diffusivity vanishes, as expected in equilibrium.

We see from Eq. (6.31) that the diffusivity of the tracer is enhanced by transverse
forces, as the contribution proportional to v? is positive. It is remarkable that this dif-
fusion enhancement is captured even for a system where the linearized bath relaxation
is not affected by the transverse forces. An enhancement of diffusion in odd system
was also found in the case where the oddity is induced by external magnetic fields [145,
146], and is not, as in our case, a consequence of the nonequilibrium dynamics of the
system.
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We now take advantage of these explicit expressions to discuss the temperature
dependence of the speedup. First, we observe that both terms in the integrals of
Eq. (6.31) are decreasing functions of the temperature. This implies that the quantity
Dy(0)/poT is an increasing function of the temperature. Thus the efficiency of the
transverse forces, defined as the ratio of the diffusion coefficient with and without
transverse forces, is

Dy(v) o 1
=14y, 6.33
Dy(0) Dy(0)/naT (6:33)
with I = # I [BooV (k)]° =. We conclude that the efficiency of transverse
0]

[1+8p0V ()] [14 3 BpoV (k)]
forces increases upon cooling down the system. This is consistent with the increase
of the odd diffusivity of the tracer. An analogous trend was recently found for binary
mixture with nonreciprocal interactions between particles of different species [20)].

It would be remarkable that the monotonous trend of the efficiency extends to low
temperatures or high densities. In the following sections, using the mode coupling
theory, we will show that this trend does not hold for very cool or very dense systems,
where the small coupling approximation in Eq. (6.19) breaks down. Before moving
to the mode-coupling formalism, we briefly examine the mobility of the tracer which
contains additional information, since the Einstein relation between the diffusivity and
mobility tensors does not necessarily hold.

6.2.6 Mobility tensor

The mobility tensor of the tracer can be obtained from the weak coupling expansion
of Eq. (6.14):

<AI'0 (tf, O)> = MoTFeXttf - <Ar0(tf, O)Sint>free + O(tf) (634)

The second term involves the following averages, which can be obtained using Wick’s
theorem and the dynamical averages of a free tracer displayed in Eq. (6.22):

( Aroa(ts, 0)poy() € FA0ED) 0 — 6,0,y € ~HOTH (0 mkr

. . (6.35)
<AT0,a<tf7 O)p(],b(t)po,c(s) € lk.ArO(t’s)>free - _iaabk‘cX[O,tf) € —,ung2(t—s)+z,u0k-F .

Plugging these results into Eq. (6.34) we obtain

Ar(ts,0)) ~ ueF™%; — (1 + vA)F™ o [poBV (k)]
(Ar(ts,0)) ~ poF™'t; — (1 + vA) 2dpo/k[1+6po\/(k)] [1+§6p0V(k)}tf 636)

= <1M|| + A,LLJ_) FeXttf.
When v = 0, the Einstein relation Dy(0,7") = Ty (0,T) is recovered. When ~ # 0,
the presence of a transverse component to the force on the tracer does not affect the
longitudinal mobility of the tracer, and its expression is the same as in equilibrium [78].

However, an odd mobility coefficient [224] proportional to v appears. If the tracer is
pulled by a force F** along a given direction in the (xy) plane, it will also move along
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the transverse direction parallel to AF®": this is the physical meaning of the emergent
odd mobility. As the temperature is lowered, the longitudinal mobility decreases while
the odd mobility increases.

The main take-home message of this section is the increase of the sampling efficiency
upon decreasing the temperature. In what follows we analyse what happens when the
small coupling approximation breaks down. When the strength of transverse forces
increases, we ask about the asymptotic behavior of the efficiency.

6.3 Mode-coupling theory in the presence of transverse
forces

The dynamical evolution of the system of N particles with positions r; is governed by
the operator €2,

When v = 0, €, is the usual Smoluchowski evolution operator of the equilibrium
dynamics. The evolution of the probability distribution p(r",¢) of the system reads

ip(rN 1) = Q p(xN,1). (6.38)

We can thus write the formal expression for p(r™,t) given its initial condition p(r?):

p(r™ 1) = e Hip(xV,0). (6.39)

We denote the average value of any function f(r™,;¢) by (f(r",t)), and it is fully
determined by the knowledge of p(r™,t):

= [ ar™ f(x™) dr’™
)= [ a1 e M) = |

e Hg)| pa)

(6.40)
= [@r™ e 2t )pr >—<e L)),
where we have used the adjoint operator QTy, defined as
Ol = Do) [Vi+ (1++A) BF)] - V,, (6.41)

i

and the following identity, which is a consequence of the breaking of detailed balance:

w<rN>> . (QT—vf(I'N))>- (6.42)

o —BHEN)
fdrN e —BHEN)
with #(r™) = § 3,; V(|r; —r;]). Since we are interested in the steady state dynamics
of the system, we assume that the initial condition is also sampled from the Boltzmann
distribution, i.e. p(r") = ps(r").

The steady state solution of Eq. (6.39) is the Boltzmann distribution ps(r") =
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We are interested in the fluctuating density mode n(q,t), defined as the Fourier
transform of the fluctuating density field n(r,t) = >, (r — r;(t)) — po:

n(q,t) =) e “aml) (6.43)

evaluated at the wavevector ¢, and the dynamical structure factor S(q,t):

Stat) = 1 (@ (e (@) = 5 (@ e @) (649

The initial condition S(q) is the equilibrium structure factor of the system. Another
quantity of interest is the self-part of the intermediate scattering function, Fy(q,t):
1 *
Filat) =5 > (ni(@) e *'ni0). (6.45)

with n;(q) = e %%,

In the next section, we implement the Mori-Zwanzig projection operator formalism,
described in its generalities in Section 5.1 to obtain an equation of motion for the
dynamical density correlations.

6.3.1 Projection operator formalism

We start our calculation by introducing the Laplace transform

+oo
Sa2)= [ Sat)e (6.46)
0
which, once applied to the time derivative of Eq. (6.44) yields
1/ . 1
+S(a.2) - 5(a@) = + <n <q>mz_mn<q>> . (6.47
We introduce an operator that projects along the density mode n(q):
1
P = nq><n*q, 6.48
g @) (@ (6.48)
and its orthogonal counterpart @ = Z — P. Using the resolvent identity [115]
1 1 1 1
= _— Q_ _—
Qz—Q,7 QZ—Q,WQ—FQz—Q,yQQ 7732_977, (6.49)
we obtain
1/ 1
25(q,2) = 5(a) = 7 (@) — o (P + Q)n(q)

+ s (@90 5500 (@)
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Using the projection operators, we have separated the contributions to the evolution of
the structure factor into an exponentially decaying part with frequency —N ! (n*(q)Q_-n(q))
and a memory kernel. The frequency term reads

(@) (@) = il S(e (V= JATR @) = ~Dot®.  (651)

N
This term, which encodes the diffusive decay of the structure factor in the absence of
interactions, is left unaffected by the transverse forces.

Using an integration by parts, together with the fact that the Boltzmann distribu-
tion describes the steady state of the system, the memory kernel M can be written
as

. (D05 zqrz - . ; 1
q Ve <Ze (1 7A)F,+qu)QZ_ ING)

7

(6.52)
X QZ@““J (1 —7A) - iTq)> q=Dyq- M(q,2)-q.

Due to the presence of projection operators Q, the formula for "M can be simplified,

M(q, (DOB Z e"9%i((1 — yA)F; +iTq) Q*Q Z €' (Fy(1 — vA) — iTq)
- ngny
D()ﬁ % rZ o . 1 iq-T; _
<Zeq yA)FI)Q QQ_WQQZG‘] Fi(1 ’yA)>

(6.53)

The memory kernel can be expressed in terms of the correlations between projected
force density Fourier modes,

Qj(q) = Q) Fie ™. (6.54)

Note that due to the projection operator we have ... QY F; e %) = .. QT >, V; e ~Ti)
and it is the latter form that is used in the derivation of the mode-coupling approxi-
mation, Eq. (6.65). The memory kernel M thus reads

M(q,2) = (1 -7A) K(q,2)(1 - 7A), (6.55)
with D32 .
T((q, z) = Vofo <’](q)*Q2—QQ_7QQJ(q)> (6.56)
Equation (6.50) becomes
:S(a.9) = S(0) = g - [~1+ M(a.2)]-aS(a.2), (6:57)

When v = 0, the memory kernel M is diagonal, and only the correlations among
longitudinal particle currents contribute. We thus fall back onto the equilibrium case.
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In the presence of transverse forces, correlations arising from transverse currents con-
tribute to the dynamics of the structure factor. Cross-correlations among longitudinal
and transverse currents might as well influence the dynamics. This is the new fea-
ture entering the design of our mode-coupling approximation. In the next section, we
expand on the irreducible representation of the memory kernel.

6.3.2 The irreducible memory kernel

We now introduce the irreducible memory kernel. Following Kawasaki [152] and Vogel
and Fuchs [253] we define an irreducible operator

Q" =DyQY V;Q;- (1 —~A)[-fF; + V;] Q, (6.58)
j

with Q; =1 —P; and P; = e ~"9%)( e 9™ a single-particle projection operator. The
definition of the irreducible operator comes from a formal extension of the equilibrium
case. Using the fact that particles are statistically equivalent we obtain QQ_,Q =
Q. — 60, with

2
27 Qj(a) - (1 - 4A) fita) Q. (6.59)

Using Eq. (6.59) and the resolvent identity

5, =

L 1
z— 00 .09 oz — R L T2 —-00.,09’

(6.60)

we can express the reducible memory kernel K in Eq. (6.56) as a function of an

irreducible memory kernel K(q, z), where the evolution of the system is governed by
Qirr :
—

Ko = 00 (010 0ila). (6.61)

The relationship between the reducible and the irreducible memory kernels is

K(q,2) = [1+K(q,2)(1 — yA)| ' K(q, 2). (6.62)

The introduction of the irreducible memory kernel is a necessary step in order to
avoid an unphysical negative viscosity in the system, which may appear within an
approximate evaluation of the reducible kernel [64].

Approximations are now needed to compute K(q, z). In the next section we apply
the mode-coupling approximation to the memory kernel.

6.3.3 Mode-coupling expansion of the memory matrix

To perform the mode-coupling expansion, we follow Szamel and Lowen [247]. The basic
idea behind the mode-coupling approximation is to decompose the current field into a
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sum of products of density modes:

Qo nkn@-k ., :
Qj(a) ~ 5 Ek: N2S5()5(q k) (n*(k)n*(q — k) Qj(q)) (6.63)

where the factor % comes from a Gaussian factorization of a static multi-point density
correlator. The central mode-coupling approximation is the factorization of the time-
dependent multi-point density correlator, combined to the approximation Q% ~ 1_:

(n(K)n(q—K)" e " 'n(k)n(q—k)) ~ <n*(k,)eg,¢n<k)> (n*(q—K) e 'n(q—k))
+ (n*(K) e “'n(q — k) (n*(q - K) e “'n(k))
= N2S(k,1)S(q — k. ) [ + dugi]

(6.64)

We now compute the expectation value in Eq. (6.63) with the aid of a convolution
approximation

(n(k)"n(q — k)" Qj(q)) = (n(k)"n(q - k)'j ()>—N5(q) (n(k)"n(q —k)"n(q)) (n(a)j(a))

* ¥5ta )NS( )S(a—K)S(a) <z v i o)

= —iNT [kS(q — k) + (¢ — k) S(k) — qS(k)S(q — k)]
= iNTpoS(k)S(q — k) [ke(k) + (q — k) c(q — k)],

(6.65)
where in the last step we have introduced the direct correlation function c(k), related
to S(k) via the Ornstein-Zernike relation poc(k) = 1 — % We can now inject the
expansion (6.63) into the memory kernel K of Eq. (6.61). We then use Eq. (6.64) and
Eq. (6.65). After replacing the sum over the wavevectors with an integral, >, — V [,
we obtain

D,
K(q.t) ~ 5"

/ Vieq @ ViegS(k, )S(q — k. 1), (6.66)

where the vertex
Viq = ke(k) + (g — k)e(lq — k|) (6.67)
is the mode-coupling vertex of the equilibrium dynamics.

To proceed further, we decompose the kernel K over an orthonormal basis that
depends on the wavevector q and on the matrix A. The axes of this basis are defined
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by
_ _ATAq
e = eql = m
A
e =ep = |A3| (6.68)
(1-ATA)q
€3 =

€3 = ————.
Y- ATA)

Looking at the expression for A in Eq. (6.2), we see that e; is the normalized projection
of q on the (zy) plane, e, is the normalized vector orthogonal to e; in the (xy) plane,
as selected by the matrix A, and ez is the normalized projection of q along the z-
direction. We refer to this basis as the A — q basis. The matrix K(q,t) is diagonal
in the basis defined in Eq. (6.68), within the mode-coupling approximation. To prove
this, we consider the decomposition of K(q,t) in the A — q basis, namely

K(q,t) = 23: Kij(q,t)e; ® e;. (6.69)

3,7=1

The matrix element K; reads

Kylart) = 2 [hiek) + (g~ ko)e(la — k)

[kjc(k) + (¢; — kj)c(la — k[)]S(k, 1) S(q — k, ).

(6.70)

We now consider the symmetries of the dynamics with transverse forces. The first
symmetry transformation we exploit is a reflection of direction 3 (the axis z). This
symmetry imposes

K(Rsq,t) = K(q, 1), (6.71)

with R3q = q—2e3(q-e3) the operator that reflects a vector with respect to direction 3.
By construction, we have ey = egr,q for i = 1,2, and eq3 = —er,q3. This implies that
K3i(q,t) = K3;(Rsq,t) for i = 1,2. On the other hand, a change of variable k3 — —k3
in the momentum integration of K3;(R3q,t) shows that

K3i(Rsq,t) = —Ksi(q,t), (6.72)

where we used the fact that S(Rsk,t) = S(k,t) due to the symmetries of the dynamics
with transverse forces. Combining Eqgs. (6.71, 6.72) we see that K3;(q,t) = —K3i(q, t)
for ¢ = 1,2, thus implying that K3;(q,t) =0 for i = 1,2.

The second symmetry we exploit is obtained by considering a rotation within the
(zy) plane by an angle 7/2. The resulting invariance imposes

K(Rzq,t) = K(q,1), (6.73)

with Rzq = Aq + e3qs the operator that rotates a vector by an angle 7/2 in the (zy)
plane. By construction, eq3s = er,q3, €q1 = —€r.q2 and e = eg,q. This implies
2 2 2
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Ki5(q,t) = —Kgl(qu, t). On the other hand, a change of variable k — Rzk in the
momentum integral of Ky (Rzq,t) shows that

KQl(R%(L t) = _K12(q7 t): (674)

where we used the fact that S(Rzk,t) = S(k,t) due to the symmetries of the dynamics
with transverse forces. Combining Eqs. (6.73, 6.74) we see that Ki2(q,t) = —Ki2(q, t)
for i = 1,2, thus implying that Kis(q,t) = Ks1(q,t) = 0. This concludes our proof
that the kernel K(q,t) is diagonal in the A — q basis, i.e.

K(q,?) = 23: Kii(q,t)e; ® e;. (6.75)

=1

Using this diagonal approximation, we can give an expression of T((q, z). Noting
that the matrix A reads, in the A — q basis,

A= eRe —e ® €9, (676)

we can invert the matrix in Eq. (6.62), substitute the result in Eq. (6.55) and Eq. (6.57)
to finally obtain

1 + (]. + /YZ)KQQ 1
S — S(q) = —Dqq - 1
25(q, 2) () od (1 + Kao) (11 Ka») +’72K11K22e1 ® e + 1T K33e3 ® e3

- Kii 4 Koy + (1 +7%) K11 Kg

(1 + Kll)(l + K22> + 72K11K22
(1 —+ KH)KQQ + Kll(KZZ - 1)72
(14 K11)(1 + Kao) + 72 K11 Koo

(&1 ®ex — ey ® e

e;®ey| -qS5(q, 2),
(6.77)

where we have omitted the dependence on (q, z) of the memory kernel K;;, for sim-
plicity. Note that only the first line of the term in the square bracket contributes
to the decay of S(q,z), due to the projection along the mode q. The off-diagonal,
anti-symmetric term on the second line hints at the odd transport properties of the
dynamics, which will be investigated below.

Before turning to the discussion of longitudinal and odd transport, we study the
decay of the dynamical structure factor to a (possibly nonzero) plateau. To do so, we

introduce the normalized dynamical density correlations ¢(q,t) = SS(%). Its dynamics

is readily obtained from Eq. (6.77):

D() 1—|—(1+’72)K22 1
z0(q,z)—1 = — . e;®e+————esRes |- ,Z).
99, 2) S(q)q (1+ K1) (14 Kg) + 12K Ky 0 1+ Kag > a0(4.2)
(6.78)

For v = 0, we are back to the known equilibrium situation. The isotropy of the
dynamics is restored, K;; = K33 and we consistently find:

_ Do, ¢(q, 2)
082 = 1= =T T g, 2) (6.79)
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where K is the longitudinal mode-coupling kernel

Dopo
2q?

Kj(qt) = /k[q~kc(/f) +q-(a—ke(la—k) Sk )S(a—kt).  (6.80)
For the general situation with v # 0, it is instructive to consider the case where q3 = 0
and rewrite Eq. (6.78) in the time domain:

8t¢(q> t) + D0q2¢(q> t)
+ Dog?(1+7%) Kz % 6(q, 1) = — [(Kui + Kao) + (1492 K * Kno|  9,6(q, 1),
(6.81)

where * denotes a convolution in time, f+g(t) = [¢ dtf(t—7)g(7). With this expression,
it is clear that when ~ # 0 the transverse currents affect both the relaxation rate and
the friction kernel of the system.

In order to extract a physical picture from these equations, we inject an approximate
form for the static structure factor in which the structure is sharply localized at a given
wavevector. As a result, the next subsection explores the resulting so-called schematic
approximation.

6.3.4 Schematic mode-coupling theory

The first schematic approximation we consider follows the historical one [19] where
the structure factor is strongly peaked for a wavevector of modulus ¢y, S(q) ~ 1 +
Sod(|a] — qo), which implies in turn that poc(q) = 1 if |q| = go and 0 otherwise. Within
this approximation, Ky = 0. In this case, Eq. (6.78) has the following property: if
o(k,t) is rotationally invariant at t = 0, then ¢(k, ¢) remains rotationally invariant at
all subsequent times ¢t. The memory kernel thus reads

K11(q0.t) = K33(qo, t)
_ DyS§ dk
2 2m)3

¢k, )p(a — k, 1) (6.82)

0 ki=la=kl=go
== )\eq¢2 (Q(b t)

where A\ = ﬁwqﬁ(qo, t). Upon substitution into Eq. (6.78) we obtain, denoting

ed = 1672 po

by ¢2(qo, 2) the Laplace transform of ¢*(qo, 1),

1
= —Dyg?
1 Aeq®2(q0, 2)

2¢(qo, z) — 1 ?(qo, 2). (6.83)

This equation is identical to the one obtained in the equilibrium case for v = 0.

We briefly review here how an ergodicity breaking scenario is predicted from this
equation [172]. If we denote by fy the nonergodicity parameter fo = limy_, 1 ¢(qo, 1),
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we have

: Jo
111}1’1 ¢(QO7 Z) =
: z (6.84)

,1211}(1) ¢2(QO7 Z) =

Taking the limit z — 0 on both sides of Eq. (6.83) and keeping only the diverging part
yields
Jo

1 - fo DoC]2

Equation (6.85) admits a nonzero solution if and only if

4 f2. (6.85)

)\eq

> 4. This is the ergodicity

breaking predicted by the mode-coupling theory of the colloidal glass transition in
equilibrium [247].

We now give an expression for the high-temperature relaxation time in the equi-
librium case. Let us assume that the system is ergodic, Aeq < 4Dp¢?, and that
_t
®(qo,t) = e 7, from which it follows that ¢(qo, 2 = 0) = 79 and ¢2(qp, 2z = 0) =
Equation (6.83) evaluated at z = 0 gives an expression for the relaxation time 7

?.

1
o= —— (6.86)
@3 Dy — 2

This result is physical only for A\eq < 2¢3Dy, which corresponds to the ergodic phase.
At higher values of A\, another functional form for the decay of ¢ must be assumed [19,
172].

Implementing the conventional schematic approximation does not allow us to cap-
ture any qualitative change in the evolution equation of the dynamical structure factor.
However, the fact that dynamics is accelerated is a mathematical statement, and so we
should blame the nature of the schematic approximation. There is also the possibility
that the mode-coupling approximation itself does not capture the acceleration provided
by transverse forces, but our analysis, developed in the remainder of the paper, shows
that this is not the case.

The historical schematic approximation spuriously transforms a set of anisotropic
equations for time-correlations into an isotropic one. We thus need to take a step
back and consider an alternative schematic approximation that does not overlook the
anisotropy, which we believe is an essential ingredient. This is what we implement in
the next subsection.

6.3.5 New ansatz for the ergodic phase: relaxation speedup

We now resort to an approximate form of the static structure factor that preserves the
chiral character of the dynamics, and which, as will appear, implies a faster relaxation
in the ergodic phase.

We keep the main ingredient of the schematic approximation, namely the idea
that the structure factor is sharply localized for wavevectors around a given modulus
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qo. Nevertheless, we replace the sharp delta-function with a rounded peak of nonzero
width e, which is assumed to be small with respect to qg, but nonzero. This will be
enough to produce an interesting interplay of modes in various directions. In practice,
we resort to the following approximate forms for S(k) and for the product S(k)S(q—k):

1 k—qo

S(|k[)S(a - kyvfz<k—%>n<m—kpﬂm> (6.87)

€ €

with e71n(k) a function normalized to unity with an absolute maximum at k& = 0. An
example of such n(k) could be a Gaussian function

(6.88)

but the specific shape of 7 is not relevant. Such a function will serve as an approxima-
tion of the Dirac distribution. Using the Ornstein-Zernike relation, the direct correla-
tion function is given by

()
poc(k) ~ 1+ dn(k qo) (6.89)

When computing K (q, t), we focus on a wavevector q such that |q| = ¢o and expand
around wavevectors kg such that kg = ¢y and |q — ko| = go. We then rewrite k as

k=ko+ep (6.90)

in the integrals of Eq. (6.70). Note that € has the dimension of a wavevector, and hence
p is dimensionless. The approximate values of k and |q — k| up to order €? are then

ko
kr=|ko+6p|=qo+6p

2 k 2
+€[p2_(1’20)1
oo o (6.91)
. _k 2 . —k 2 .
|q—k\mq0_|_€p(qo)+€lp2_(P(QQO))].
qo0 2(]0 a5

We now expand the direct correlation function in powers of e. We assume the function
n to be even, so that poc’(go) = 0. We thus obtain

2(p-k0)2
2q3
k 2 //
=1+ ¢ (p )71 —
250610 770

:OOC,/ (QO)

poc(k) =~ poc(qo) + €
(6.92)

where we used the notation 79 = 7(0), nj = 7”(0). Substituting Eq. (6.92) into the
expression for the memory kernel Kos(q,t), given in Eq. (6.70), we find to lowest order
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in €,

Kata,t) = 2% [ (B 1609 - clla~ D S(0)5(0a ~ K)otk Dota - ko)

2 |Aq|

Do(n)? / (AQ'k0>2 (P'ko> (p-(q—k ))

4 o\’/o 2 2 0
R € P-q9)°2p-kg—p-q

8poqimi J» \ |Ad| (-7 ° P w )" %

x ¢(ko, t)(q — ko, t). 6.93)
6.93

The integrand is nonzero as long as Aq # 0. Allowing for a small momentum shell
of thickness e was enough for anisotropy to play a role, in contrast to the standard
schematic approximation.

The previous result justifies the following approximation for the memory kernel
K(q, z), when |q| = ¢ and Aq # 0:

K(q,2) = Ap2(qo, 2)(e1 @ €1 + e3 @ e3) + voa(qo, 2)es @ e, (6.94)

with A and v two parameters that depend continuously on density and temperature.
Moreover, as a further simplification, we assume that all the modes relax as the ones
in the (xy) plane. We speculate that the anisotropy of the system would simply lead
to a renormalization of v for our theory, thus weakly affecting the results discussed in
the following.

Within the above approximation, Eq. (6.78) reads

1+ vgo(1+72)
L+ go(A+v) + @3 v (1 +72)
For v = 0, this expression must match its equilibrium counterpart. Therefore we

must have A = A¢q. In the next paragraph we investigate the glass transition and the
dynamic acceleration in the ergodic phase.

(6.95)

20— 1= —q3Dodp

Ergodicity Breaking

We substitute Eq. (6.84) into Eq. (6.95) and keep only the leading diverging terms of
order 1/2%:

AeqV (1 + 72> (1 — fo) fo = @3 Dov (1 + 72) ) (6.96)
This expression simplifies into Eq. (6.85), namely ﬁ = q;‘cgo fo, which establishes that
0

dynamic ergodicity breaking occurs at exactly the same location as in equilibrium.

Speedup of the relaxation time

Using ¢(qo, 2 = 0) = 70, ¢2(q0,0) = 3 and substituting into Eq. (6.95) with z = 0 we
obtain an equation for 7y:

A 1
2 [(1 1) (4 _ qu0> V] T, [2 A41v)—@Do| +1=0.  (6.97)
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The positive solution for any value of 7 is

4
o = .
o ) ~X = v+ 263 Do + /N2 + 12 + dvgd Do(1 + 29?) + 43 D3 — 2\(v + 272w + 2¢3 Dy)
(6.98)
This describes the relaxation time for exponential relaxation in the ergodic phase. The
relaxation is exponential as long as Aeq < 22Dy, as in equilibrium. As a consistency
check, 79(0) matches the equilibrium solution, while 79(y) < 79(0) for all values of ~.
This proves that transverse forces accelerate the relaxation of the system.

In the limit v — oo, the relaxation time reads:

1 2
To(7) = b m‘ (6.99)

In this limit, the relaxation time goes to 0 linearly in 1/+. If correct, this implies a
relaxation time that goes to zero for a large amplitude of the transverse forces. However,
in numerical applications this method would be hindered by errors in the discretized
equation of motion as increasing v would in practice demand smaller and smaller
timesteps. Note also that the y!-dependence of the acceleration at large + differs from
the naive 72 acceleration one might anticipate based on a simpler dimensional analysis
as argued in [108]. This modified scaling results from a many-body correlation effect.

We now move to lower temperatures close to the dynamical glass transition, where
the exponential form for the relaxation is no longer valid.

Early and late [-relaxations close to the transition

We now study the time-dependence of ¢ near its intermediate-time plateau within the
ergodic phase, but very close to the mode-coupling critical temperature. We study
whether the known power-law regimes in this region, as found in [19], are affected by
the transverse forces. Our starting point is Eq. (6.95), which we recall here:

6 Dod(2) _ 1+ (A+v)da(2) + (1+797) \es(2)” (6.100)

1—z2¢(2) 1+ (142 vpa(z) ' '
The system loses ergodicity for A > 4¢g2Dy. In the glass state close to the ergodicity
breaking we set A = 4¢2Dy(1 + ¢) with € < 1, and we obtain

: _ 1 1/2
Jim o(t) = o (1+€2). (6.101)
If instead we set
A=4q;Dy (1 —¢) (6.102)

we are in the ergodic phase close to the glass transition. To describe the approach of
¢ to the plateau we assume, in the limit ¢ — 0 the following scaling form, taken from
Eq. (6.101):

o(t) = ; +eV2g(7), (6.103)
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with 7 = €% a rescaled time. We begin by assuming that o > 1 and we shall later
check that this is self-consistently correct. When considering the Laplace transform, we
use a rescaled variable z = ¢*(. The Laplace transforms of ¢(t) and ¢?(¢) are therefore

6(C) = e [21@* s 81/2g<<>] |
1 (6.104)
6a(C) = £ [4( Vg0 + sg2<<>] |

We thus substitute Eq. (6.104) into Eq. (6.100) and search for the leading order in e.
To do so, we assume that we are in a regime where |¢'/2g(7)| < 1. The orders €° and
/2 are self-consistently satisfied, while at order € we obtain

1

8C9*(C) — 4g2(C) = NG (6.105)

This is the same equation as that obtained in equilibrium [19]. The exponents con-
trolling the approach to and the departure from the plateau are left unchanged by the
transverse dynamics.

For completeness, we also recall how to compute these exponents below. For the
early [-relaxation we take
9(1) = apm ™" (6.106)

for 7 < 1, which implies that
9(¢) = apC*'T(1 — a),
92(¢) = a2¢* (1 - 2a),

for ¢ > 1, with I['(z) = ;7> t*~le~!dt the gamma function. Substitution into Eq. (6.105)
yields to leading order in ¢

(6.107)

4af¢* ! [20(1 — a)? = T(1 — 2a)| = 0. (6.108)

This equation has two solutions a = —1 and a = 0.395. Among these, we retain only
the physical one with a = 0.395. This solution is consistent with the earlier assumption
that a > 1. In fact, if we want

o(t) = ; + agt™ (6.109)

to hold, then we must have v = 1/2a > 1. We also assess in which range of times this
solution is valid. Since we want |¢/2¢(7)] < 1 and 7 < 1 we must have

gia(l)/a<<7'<< 1’ (6110)
which implies
a/* <t < eV (6.111)

For the late p-relaxation we assume

g(1) = ~bot’ (6.112)
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for 7 > 1, which implies that
9(¢) = =boC "' (1 +b),

6.113
92(¢) = bp¢ 7T (1 + 2b), (0419

for ¢ < 1. Substitution in Eq. (6.105) yields to leading order in ¢
4af¢™t [20(1 4 b)* = T(1+2b)] = 0. (6.114)

This equation has the solution b = 1. We also assess in which range of times this
solution is valid. Since we want |¢/2¢(7)] < 1 and 7 > 1 we must have

1< 7 <emby (6.115)
which implies

ey < emmammpy VY, (6.116)

This approach does not allow us to compute the values of the two constants ay and
by. These will however exhibit a dependence on v, which, we expect, should result in
a marginal shortening of the time required to approach and leave the plateau in the
temperature regime close to the ergodicity breaking transition.

Divergence of the relaxation time

In this subsection we show that the exponent characterizing the divergence of the
relaxation time close to criticality is also unchanged by the transverse forces.

We start by assuming the following form for ¢(t) for ¢ > ag®:
]_ 1 a
ot) = e o), (6.117)

This expression naturally gives Eq. (6.103) whenever |¢'/2g(s*t)| < 1, which corre-
L . . S SR R
sponds to the plateau regime investigated earlier. When ¢ > ¢72a726h, '~ we have

]_ a+1/2
olt) = je e (6.118)
The Laplace transforms read
1
¢(2) =
2 2 eat1/2)’
(= + o ) (6.119)
P2(2) =
2 A(z + dboeot1/2)”

Using the scaling z = €*+1/2¢ we see that, to leading order in &, Eq. (6.119) satisfies
Eq. (6.100), which confirms that the ansatz of Eq. (6.118) is correct. Our schematic
mode-coupling theory therefore predicts that, close to the critical temperature Tyicr,
the relaxation time 7, diverges as a power law,

To ~ (T — Tyep) Y2012 (6.120)

with i + % ~ 1.7658, which is again the same exponent as in equilibrium [19].
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6.3.6 Beyond the schematic approximation

Using insights gained from the schematic approximation, we now prove some general
properties of the dynamics with transverse forces, as derived in Eq. (6.78), in particular
regarding the location of the glass transition and the acceleration of the dynamics.

Location of the glass transition

To locate the glass transition, we assume that when ergodicity breaking occurs, the
plateau is the same for all wavevectors with the same modulus:

P (q
b(q 7 — 0) ~ ; ),
K| o
Ki1(q,2 = 0) = K33(q,2 = 0) = 7Z(q)’ (6.121)
K| o(q,z—0
Kgg(q, Z — O) =~ L (qz )

Taking the limit z — 0 in Eq. (6.78), and using Eq. (6.121), the contribution from
transverse forces cancels, leading to

= Kj(q). (6.122)

This equation is the same as the one governing the equilibrium case. This establishes
that the glass transition takes place for the same value of the parameters (density,
temperature) as in equilibrium when v = 0.

Acceleration in the ergodic phase

In the ergodic phase, however, some acceleration can be achieved even if the location of
the glass transition is the same. To support this assertion, we begin by self-consistently
assuming that transverse forces accelerate the decay of the dynamical structure factor.
In practice, we start from the postulate that

¢f<q) S qbcq, f(q)7 (6123>

where ¢, = ¢(q,2 = 0) = [;7dr¢(q, 7) is the time-integrated normalized dynamical
structure factor, and ¢., is the same quantity for equilibrium dynamics, obtained from
Eq. (6.78) when v = 0. Due to the mode-coupling expression of the memory kernel,
Eq (670), it follows that KZ],f(q) = Kz] (q, Z = O) < Kij,eq,f(q) = Kij,eq(qa zZ = O) This
means that
1+ (1+9°) K, L1
(1+ K1) (1 4 Kaay) + V2 K11 Kooy — 1+ Ki1qs

where we omitted the dependence on the q argument for clarity. This inequality self-
consistently proves that the transverse force dynamics accelerates the decay rate of ¢
in the ergodic phase.

(6.124)

108



MODE-COUPLING AND WEAK-COUPLING THEORY FOR TRANSVERSE FORCES

Limiting behavior for large v

We explore the asymptotic behavior of the relaxation in the ergodic in the presence of
very strong transverse forces. In the ergodic phase, the z — 0 limit of Eq. (6.78) reads

1+ (1+H)K. 1
( ERLEY, e, ®e + ———e3®e3| - qoy.

1=-Dyq-
0 (14 Ky16)(1 4+ Kaog) + 72 K111 Koo 1+ Kss¢

(6.125)

The analysis of the exponential relaxation in the schematic approximation suggests
that, in the limit v — 0o, one should expect

lim ¢p = —, (6.126)

Y— 00

oS

where ¢; is a constant that does not depend on . Our starting point is the assumption
that a similar scaling holds for the memory kernels, namely
K
lim Kjp= —2 (6.127)

Y—00 fy

with K ;¢ a quantity independent from ~. This scaling can be explicitly checked in the
case of exponential relaxation. If we substitute the asymptotic behaviors of Eqgs. (6.126,
6.127) into Eq. (6.125), the dependence on ~ disappears. This result consistently
demonstrates that the relaxation time decreases linearly in v~! in the limit of strong
transverse forces. Note that, by contrast to the discussion in Sec. 6.3.5 which was
limited to exponential decays, this result is valid over the whole ergodic phase.

In this section, we have investigated the relaxation properties of the collective
density modes in the presence of transverse forces, demonstrating the existence of
a speedup, and establishing its asymptotic behavior for strong drift. We have also
realized that transverse forces do not affect the location of the transition to the noner-
godic regime. This, in turn, triggers a number of questions related to the microscopic
mechanisms and dynamical pathways opened by transverse forces that support these
observed collective behaviors. To answer this question, we turn to the analysis of the
motion of an individual particle. The transport coefficients of this tracer, along with
the diffusivity and mobility tensors, will help us shape a qualitative picture.

6.4 Dynamics of a tracer with transverse forces in the
mode-coupling approach

We now analyze the motion of a tracer within the mode-coupling framework. We first
introduce the general setting and the relevant dynamical quantities.

Following Ernst and Dorfman [86], we consider the motion of a tagged tracer particle
with label 0 in a liquid of N particles with transverse forces. The tracer initial position
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at time t = 0, rp, is fixed at the origin, and it influences the distribution of the
surrounding bath. The initial condition for the probability distribution of the total
system thus reads

Py (et =0) = V(o) pu(r™ ). (6.128)

Averages over the initial distribution Py;(r™*1 0) will be denoted by (...)o. Averages
over the Boltzmann distribution are denoted by (...), as usual. Starting from ¢t = 0, a
constant external force Fqy; is applied on the tracer. The evolution operator becomes
Qe defined as

Qo =, + 50
_ R a I (6.129)
=Dy YV, [Vi — (1+74) BF)] — DV P

We denote the Fourier transform of the tracer density as
no(q) = e ~"aTo, (6.130)

The large-time, long-wavelength limit of this Fourier transform can be used to obtain
relevant transport coefficients. A small q expansion of the time derivative of Eq. (6.130)
yields constitutive equations of motion for the tracer

(@molas o = —ia- (to(t))o — a- [ drlio(r) @i0(0))o - a

—q- (fo(t) ®@ro)o - 4+ O(¢°)
~—iq-pu-F*—q-D-q.

(6.131)

In the second line, we have taken a large time limit, t — oo, and used the definition
of the diffusivity tensor D, given by Eq. (6.13), and the mobility tensor w, given by
Eq. (6.14). Note that the mobility and the diffusivity are computed within a linear
response formalism, where the intensity of the external force is small, |[F™‘| — 0.
Moreover, as for the weak coupling analysis of the tracer, we are interested in the
expression of the diffusivity tensor obtained for F*' = 0, and neglect the dressing of
the diffusivity that comes from the presence of the dragging external force.

6.4.1 Equation of motion of the tracer

We introduce a projection operator tailored to the space of the tracer density fluctua-
tions

Po=>_...n5(q))(nolq)... (6.132)

q

and the associated orthogonal projector Oy = Z — Py. Note that, in contrast with
the other projection operators used in this work, Py contains a summation over all
wavevectors, since these are all included inside the d-function of the initial condition
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in Eq. (6.128). With this definition, we have
PoPnii(r N ;t=0) Z”O q)Vé(ro))

- %:”0 a)) (6.133)

= Vé(ro)pu(x™)
= Py (r™;t =0),
and thus
QoPrs1(x™,t =0) = 0. (6.134)

Our goal is to derive an equation of motion for the evolution of the average tracer
density, (no(q) e ®»=)q. In this notation, the probability distribution Py, (r¥*1,0)
stands to the right of the evolution operator e et which acts on the said distribu-
tion. The time derivative of this quantity reads, after a Fourier transformation

1 1 1
Qyet—— ) = QyextPo—g— et Qo—5—
<n0(Q) et >0 <n0(‘I) v, tPOZ O >0 + <no(Q) 7, tQOz O >0
= [(no(Q)Qw,eXWS(q»
(0@ e Qo Q0 wreri(@) ) ol 2)
olq v,ext OZ — Q%extQO 09 &y,ext b q o\q, %),

(6.135)

with ng(q, z) = <no(q)z_ﬂlW ext>0. We used the same resolvent identity as in Eq. (6.60)
(with Py and Qy instead of P and Q), namely
1 1 1 1

= + QOQV extPO
Z = Q'y,ext z — Q’y,ext QO Z = Q'y,ext QO z

, (6.136)

- Q’y,ext

together with the fact that < Qoo 0o Q > = 0. The frequency matrix reads

~,ext Qo
(no(@)2y.exng(a)) = —Dog” — iDofq - F, (6.137)
and it contains the mobility of a free tracer, Dy[.
The memory kernel reads instead

1 1
n Q ex Q Q Q ex n* = n* Q* extQ Q Qf extn
< V(W07 ) gy P °<‘”> < 0w Qg 07 g, 9 U(q)>

1
Z— QOQ—’Y7ext QO

= —iq- D3< e "% [(1—~yA) - BFy —iq+ SF™'| Q

x QyVj e —WO> (1= 7A) - iq - BF] .
(6.138)
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The first term F™* on the right hand side does not contribute, since it belongs to the
space of the tracer’s density modes. It thus vanishes when the projector Qy acts on
its right. To extract the mobility of the tracer, we are interested in terms linear in
F*. One of these terms comes from the last F** appearing on the right-hand side
of Eq. (6.138). Another term comes in principle from the expansion of the operator
) ext- However, the physical meaning of this term is a dressing of the diffusion matrix
by means of the external force, as it yields a contribution proportional to ¢?. The
tracer’s equation of motion can thus be cast in the form

2(no(g, 2))o — 1 = [~iq- p(q, z) - F* — q - [D(q, 2) + [F**[dD(q, )] - qln(q, 2),
(6.139)

where 0D(q, z) is the correction to the diffusivity tensor due to the applied external
force. We are not interested in this term, and we focus on the mobility and diffusivity
tensors, that read respectively

p(g,2) = Do [1— (1 —7A) Ko(a, 2)] , (6.140)
and
D(q,z) = Do [1 — (1 - 7A) Ko(q, 2)(1 - 7A)] . (6.141)

The tracer-memory kernel can be expressed in terms of the projected longitudinal tracer
force density Fourier modes

1

OMQOjO<Q)> ) (6-142)

Rolq,2) = Do’ <jz;<q>9

with Qujo(q) = QoFo e ™. Note that due to the projection operator we have
.. QoFg e Tty = QyTVye ~™) and it is the latter form that is used in the
definition of the irreducible evolution operator, Eq. (6.146) and the derivation of the
mode-coupling vertex, Eq. (6.149).

Equations (6.140, 6.141) express the transport coefficients of the tracer as a function
of the current-current, memory tensor T(o. As usual in a mode-coupling approach, we
first give an irreducible representation of this memory kernel and then expand it within
the mode-coupling approximation.

The reduction of K is achieved by introducing an irreducible evolution operator

QX% =Q_, + Doy Qujo(k)) - (1 —7A) - (35 (k) Qo (6.143)

and exploiting the identity

1 1 Dy3? . > <* 1
= - 1-— k))- (1 —-—~A)- k _ .
. QQQ,VQQ a QE{; vV zk: QOJO( ) ( Y ) JO( )QOZ . Q(]foyQO
(6.144)
We obtain from Eq. (6.142)
Ko(q, 2) = [1+Ko(q, 2)(1 = 7A)] " - Ko(q, 2), (6.145)
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where we have introduced the irreducible memory kernel for the tracer

Kofa2) = D0 (0000 g Q@) (6.146)

As a consequence of the linear response treatment in the definition of the Ky(q, z) the
evolution operator involves the dynamics with transverse forces in the absence of the
external perturbation. This allows us to simplify the tracer’s memory kernel, as was
done previously for the memory kernel related to the dynamics structure factor, K(q, z).

Before discussing further this point, we apply the mode-coupling approximation scheme
to Ko.

6.4.2 Mode-coupling expansion of the tracer’s memory kernel

The mode-coupling expansion can be carried out in an analogous way to what was done
in Sec. 6.3.3. The tracer’s current is expanded along the following density product:

Q) ~ 3 R a0 Q@) (6147

The Gaussian approximation now becomes

(" (& )n(q — K) e “Tn(k)no(q — k) ~ (0" (k) e 9! <k>> (nila—K) e 'nola— k)
<n*<k’> e “'ng(q —k)) (nj(q —K) e (k)
= NS( ) )Fs<q - k7 t>5k,k/ + S(k7 t)S(q - k7 t)ék’,q*k
~ NSk, t)Fo(q—k, 1)y

Y

(6.148)
In the last passage we have neglected the term of order 1 compared to the term of order
N2, In addition, we noted that since the tracer is equivalent to any other particle, we
have <n(’§(q — k') e ting(q — k)> = F,(q — k), with the self-intermediate correlation
function Fy defined in Eq. (6.45).

We now compute the average in Eq. (6.147) with the help of a convolution approx-
imation
(n(k)"ng(q — k) Qojo(a)) = (n(k) ng(a —k)jo(a)) — (n(k) ns(a — k)no(q)) (no(a)io(a))
=T (n(k)"nj(q — k) Vo e ~9™)
— TS(k) (nj(@)Vo e ~4™)
= =T (Vo [n(k)nj(q —k)] e ~9%)
+TS(k) (Vo [nj(a)] e ™)
= —iT [k +(q—k) S(k) — qS(k)]
= —iTpoS(k)c(k)k,
(6.149)
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with poc(k) =1 — % the direct correlation function. With these results, substitution
of Eq. (6.147) in the irreducible memory kernel of Eq. (6.146) yields

Ko(q, ¢) ~ Dopo /kk @ ke(k)?Fy(q — k, 1)S(k, 1), (6.150)

This is the mode-coupling expression of the tracer’s memory kernel. Using the sym-
metries of the dynamics, as done in Sec. 6.3.3, one can show that K is diagonal in the
A — q basis given by Eq. (6.68):

Ko(q,t) = Z Koi(q,t)e; ® e;. (6.151)

Now that we have a diagonal decomposition of the tracer’s memory kernel, we can
focus on physical quantities of interest for the tracer dynamics.

6.4.3 Self-intermediate scattering function

The dynamics of the self-intermediate scattering function F, can be read from the
tracer’s dynamics. It is given by

1+ (1+9*)Ko2
(1+ Ko11)(1 + Kog2) + 72 Ko 11 K022

2Fs(q) — 1 = —Doq - e ®e;

(6.152)

1
+ ——e3®e;3

-qFs(q, 2).
5 Koo afi(q, 2)

This equation of motion is formally similar to Eq. (6.78), with the collective memory
kernel being replaced by the tracer’s memory kernel. For a wavevector q lying in the
(xy) plane, we get, using an inverse Laplace transform

01 Fs+Doq* Fot+Dog? (1479%) Ko g% Fy = — [(Ko,n + Kozo) + (1 + %) Ko * KO,QQ} *O, F,
(6.153)
where the dependence on (q,t) has been omitted for clarity. This equation was an-
nounced in a recent work (Eq. (11) in [108]). The properties of this dynamics can be
analyzed in the same way illustrated for the dynamical structure factor in Sec. 6.3.5.

6.4.4 Diffusion tensor

The diffusion tensor at any finite wavevector and frequency is obtained by substituting
the mode-coupling expression for Ky, given in Eq. (6.151), into Eq. (6.141). The result
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reads, in the A — q basis introduced in Eq. (6.68)

1+ (1+~%) Ko o @ e+ 1 o @ e
(1+ Ko11)(1+ Kog2) + 72 Ko 11 K022 P T K33 s
Koq1 + Koo + (1 +9?) Ko 11 K
+ 0,11 0,22 ( Y ) . 0,114%0,22 [61 ey — ey ® 61]
(14 Koqa1)(1 + Koo2) + 72 Ko 11 K022

(14 Koq1)Koo2 + Koa1(Ko22 — 1)7?
(1+ Koa1)(1+ Ko22) + 72 Ko 11 K022

D(q7 Z) = DO

e Xeyf.
(6.154)

The expression of the diffusion tensor is one of the main results of this work. From the
large wavelength, small frequency limit of Eq. (6.154) we obtain the diffusion matrix
D. In Cartesian coordinates, it reads

D=Dj,le,®e,+e,Q¢e,]+D.e.Re.+D [e,Re, —e,Qe,. (6.155)

We now discuss the expression and the behavior of the different diffusion constants
that appear in the diffusion tensor D.

Longitudinal diffusion

The dynamics with transverse forces is anisotropic. As a consequence, there are two
types of longitudinal diffusion constants, one related to the diffusion in the (xy) plane
(within which rotational invariance is preserved), Dy, and one related to the diffusion
along the z direction, D), z. Their expressions are

1+ (1+9*)Kg,

Dy2(v) = Do % % 59 K53
I (1+ K§31)(1 + K§%) + 7 K571 K% (6.156)
1 :
Dyj(7) = Doyo- T K

where we introduced the notation K§3; = Koi(q — 0,2 — 0) to denote the long wave-
length, zero frequency of the tracer’s memory kernel. This coefficient reads explicitly

D
K, = J/ dt/ pock)2F,(—k, 1)S (K, ). (6.157)

For v = 0, the equilibrium result is duly recovered:

1
Da(l,cq = Doi (6158)
1+ K¢ .

for a = x,y,z. When v # 0 the anisotropy of the dynamics is revealed through the
different expressions of the diffusion constants.

The dynamics is indeed accelerated. If we assume that in the ergodic phase Kg3; <
K§; .., we self-consistently obtain Dy, (7) > Daa(0).

0 2 ,eq?
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In the ergodic phase in the limit of strong drive, the memory kernel scales as vy~ 1.
This implies that the efficiency of transverse forces with respect to the equilibrium
dynamics, computed as the ratio D(v) = 3 Doo(7y) over D(0), grows as

D(v)

0~ (6.159)

a=x,Y,%

We now investigate two limiting cases: in the high temperature regime, the memory
kernels vanish because the fluid enters an effectively noninteracting limit and therefore
D(v) = Dy, while at T = Tycr the memory kernels diverge as predicted by the
schematic approach of Sec. 6.3.4, implying that D(y) = 0 and dynamical arrest occurs.
We have therefore

. D(v)
lim =1 = c(y),
D(%) L, (6.160)

3 D)
With ¢(y) > 1 a constant that depends on the intensity of the driving force. These con-
ditions, together with the acceleration in the ergodic phase, demonstrate that the ratio
) oxhibits a maximum as a function of the temperature

of the diffusion constants DD—O
in the ergodic phase. This maximum is observed in numerical simulations [108].

0dd diffusivity

The odd diffusion constant is encoded in the antisymmetric part of the diffusivity
tensor:

K351 + K55 + (1+9°) K39, K59,
T+ Ko (1 + Kgoe) + VK Koo,
For an asymptotically large driving, v — oo, the odd diffusion constant grows linearly
in v, Dy (v,T) ~ ~. This suggests that strong transverse forces manifest themselves
with an increasingly swirling motion.

D (T,y) =- (6.161)

Close to ergodicity breaking where the memory kernel diverges, we obtain

lim D, =—vD. (6.162)

THTMCT

Therefore, even if the longitudinal diffusion constant associated to particle transport
goes to 0 at the critical temperature, the odd diffusion constant remains nonzero.
Together with the vanishing of the diffusion constant, this suggests a physical picture
where particles perform a swirling motion inside the permanent local cage made by
their neighbors. An analogous situation can be shown to arise in the much simpler
model of a particle in an harmonic well under the action of transverse forces [108].

6.4.5 Mobility tensor

The mobility tensor is an alternative quantity characterizing the nature of the dynamics
with a physical content distinct from that of the diffusivity tensor due to the breaking
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of the Einstein relation. The mobility tensor is obtained from Eq. (6.140), using the
mode-coupling expansion of the tracer’s memory kernel given in Eq. (6.151). The result
reads

(a,2) = Dofs Lt R e e+ ——e®e
e ’ (14 Ku1)(1+ Ka) +72K11 Ko ! LT + K33 ’ ’
v (Koi1€2 @ €1 — Kp 01 ® €) 1+ Ky

+

e X esf.
(14 Ki1)(1+ Kao) + 72 K11 Ko (14 Ki1)(1 4 Kao) + 72 K11 Koo ? ?

(6.163)

In the small frequency and large wavelength limit of these expression, we obtain the
mobility of the tracer,

M= [z [ex Xe, +e; R ey] + p.€. @ e,

+pile. ®e, —e, e, (6.164)
with the longitudinal mobilities ji| ;,u) ., and odd mobility u, given by
14+ K&
e = Doy * K’ R
M,z = Doﬁma (6.165)
Koo
Py = —VDoﬁ(l n Kgfn)oélj_ VK,

The anisotropic character of transverse forces in three dimensions manifests itself
through the fact that p. # p).. In the large v-limit, all nonzero entries of the
mobility tensor converge (in modulus) to the mobility of a free tracer, Dy5. This
is in contrast with the behavior of the diffusivity tensor, whose nonzero entries grow
linearly in . This is a consequence of the breakdown of the fluctuation-dissipation
theorem, arising from the nonequilibrium nature of the dynamics. A variant of the
fluctuation-dissipation theorem survives for the longitudinal components of the diffu-
sion and mobility tensor, as [1(1+7A)]wa = B[D]sa With a = z,y, z. This variant of the
fluctuation-dissipation theorem was also derived in the dynamical mean-field treatment
of transverse forces [109].

As the glass transition is approached, all components of the mobility tensor vanish.
Physically, this means that in the dynamically arrested glass, a weak external force
cannot set the particles in motion, neither in the longitudinal nor in the transverse
direction with respect to the external force.

The vanishing of longitudinal and odd mobilities is one of the facets of the glass
transition in the mode-coupling theory of transverse forces. Another facet is the diver-
gence of the viscosity tensor, which will be explored in the next section.
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6.5 Odd viscosity

This section is devoted to the study of the emerging odd viscosity [12, 13, 85, 127, 99].
Following [253, 85], we compute the viscosity tensor in the long wavelength and long
times limits by looking at the response of the stress to an external perturbation. To
do so, we define a microscopic stress tensor in the presence of transverse forces and
develop its linear response theory, leading to the definition of the viscosity tensor, and
in particular to the identification of its odd component.

6.5.1 Stress tensor and transverse forces

Following [253], we start by defining the microscopic stress tensor in the presence of
transverse forces from the equation

9in(q) = 2 n(q) = —Dofgaqeoar(q)- (6.166)

This identity, which only holds when inserted into the average (...), yields

QEC —7d-T:
CEDY [i(ébc + 7 A) 2 Téab] e T, (6.167)

7

For v = 0, we recover the expression of the microscopic equilibrium stress tensor,
0%l(q), given by

HCEDY [@'qaqﬁ;”b + Téab] e Tl (6.168)
For equilibrium dynamics, the viscosity is defined as the response function of Qo to
particle current fluctuations, as discussed in [130] for underdamped Langevin dynamics
and extended in [253] for the overdamped case. In the presence of transverse forces one
must substitute ¢°4 with o given by Eq. (6.167). This gives rise to coupling between
parallel and longitudinal components of the stress tensor, which eventually results in

odd viscosity.

Note that the projection of the stress tensor in the space orthogonal to the den-
sity fluctuations, Qo(q), is related with its equilibrium counterpart by the following
relation

Qoar(q) = Qogi(des — YAw), (6.169)
where the Einstein summation convention is being used. We also have

Qja(q) = —iqyQope(q), (6.170)

with Q7j,(q) the projected force density Fourier modes defined in Eq. (6.54).

In the next section, we pursue our program by developing a linear response theory
of the microscopic stress.
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6.5.2 Linear response theory
We consider the perturbation produced by a weak external velocity field made by

a single Fourier mode v(r,t) = v(t) e “*. The evolution operator associated to the
system is now £2., + €2, with

0 ==3 Vi-v(t) e i (6.171)

As a consequence of the perturbation, the probability distribution associated to the sys-
tem becomes pg(r™) 4 dp(r",t). The equation of motion for the perturbation dp(r?,¢)
reads, to linear order,

Oi0p(x™N 1) = Q,0p(x™ 1) + Q) i (x). (6.172)

The solution to this equation is given by

Ny [ Q. (t—7) N
dp(r ,t)—/ dr e T80 (1) pe(r™)

g . . (6.173)
=y /_OO dr e Dy, (1)igeo ¥ (q) ps (rN).
The average of the stress tensor in linear response reads
Ir 6 ¢ dri eq* Q_y(t—T)
(Qow(a,0)" = —1; | drigewa(r) (0 (@) © Qras(9))
- (6.174)

_ —xﬁ/ /_; drigeva(r) (oo (@) e ¥ Qow(@)) O(t — 7).

The average (...)" is an average over the dynamics described by the operator {2, + 6,

neglecting terms of order higher than linear in v(¢). We are interested in computing
the variation of the stress with respect to the small perturbation. To do this, it is
more suitable to work in Fourier space, by denoting the Fourier transform of a function
ft) as f(w) = [T f(t) e 7. Within the linear response framework, we can take
the perturbation v to be a monochromatic plane wave, i.e. v(t) = v(w) e ~@iT0+,
The symbol 0, has to be understood as a small positive infinitesimal quantity used to
ensure that the perturbation goes to 0 at ¢ = —oo. Substitution into Eq. (6.174) yields

a <Q0ab(q7w>>lr _ 6 eqx 1
aiQCUd B 14

Ocd (Q)_Z.W_%QUab(Q)>- (6.175)

This is the response of Qo,;(q) to an external velocity gradient. To obtain the viscosity,
we need to work out the response of Qo,(q) to a change in the gradients of the
particle current. However, within linear response, we can work out a relation between
the particle currents and the applied velocity field, thus making the calculation of the
viscosity tensor possible. This is done next.
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6.5.3 The viscosity tensor

Following [130, 64, 253], we introduce the average particle current J(q,t), governing
the evolution of the density mode n(q)

(Orn(q, 1)) = ipoq - I(q,1). (6.176)

The left hand side of Eq. (6.176) splits into

(Om(a, 1)) = (n(q,1)3Q1)) + (n(a, )2,)", (6.177)
which implies
Ja(q,t) = va(q, 1) — D;fqb (oa(a, )" (6.178)

Thus, the particle current corresponds to sum of the imposed solvent velocity v and of
a term that originates from the change in the stress tensor.

The viscosity tensor is defined as the response function describing the change of the
projected stress tensor due to the gradient of the average particle current [130]:

a <Qaab(qa w>>lr
aichd(q, w) .

nabcd(qa CU) = (6179)

Our aim is now to show that the viscosity tensor is related to the following corre-
lation function,

1
_ s,y Oirr
iw — QI

s

fulas) = 1 (7 @0 Q7). (6.0

which encodes the correlation between the equilibrium stress tensor and the stress
tensor in presence of transverse forces, evolving with the irreducible operator Q‘frv

defined in Eq. (6.58).

We first introduce an auxiliary correlation function C'S,,,

eqx*x 1
Clted = 5 <0a2 (WQ——— 00 QQacd(q)> : (6.181)

which is the analogue of C . but evolves with the projected evolution operator
Q0 _, Q. Using the operator identity

= Q, -
—iw— 090, —iw—Q_, + —iw — Qﬂp i — 00 (6.182)
we obtain
9(Qoa(q)" Do (n(q, )" ,
~Digw, | Oecdd ~ . Stg + ¥ Asg) e | Cp. 6.183
c%qcvd dg S(q) ar azqcfud ( fg + v fg)q egab ( )
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On the other hand, the correlators C'S., and C . are related to each other. We can
exploit the resolvent identity given by Eq. (6.60) and the fact that the operator 6€2_,
defined in Eq. (6.59) can be expressed in terms of the stress tensor through Eq. (6.170),

D 52 e e
50, = 2 000055 @) 5 — vA (o0 (6.184)
This yields
irr D 62 eqx 1 e irr
abed — CCLchd - OV qeqf<0—a2 (q) —iw — 00 Qo—e%(q»(é‘fg - WAfg)Cfgcd
po i — &1, Q (6.185)

Dof3 ;
= Cachd - 00 deqy (%egc}rgrcd'

This equation is analogous to the relation between the memory kernels K and K
given by Eq. (6.62). Contracting both sides of Eq. (6.185) with the quantity inside the
brackets in Eq. (6.183) and rearranging the terms gives

(Qoap(q))™ Do 9(Qogp(a)" Dy 9(n(q))" ~
e %) ly—, — e LT (8,5 + 1 Ags) | Oy
aiqcUd df + 00 qelyq 8chvd q quQS(Q) alqcvd ( 9f + Y gf) efab
(6.186)
On the other hand, from Eq. (6.178) we have
01q.J D 0(Qo Ir
a’Lq Uf = 5665df + OBQeQQ < alhfz(}q»
qcVd Po qcVd (6.187)

v Dy 9(n(q))"
Y o0S(q) Digeva T

Combining Eqgs. (6.186, 6.187), using the chain rule and the definition of the viscosity
tensor given by Eq. (6.179) we obtain

_ | Oigedy Do 9{n(a))"
diqeva “poS(q) igevg

8iqe Jf
aiQCUd

irr

Agf efab(q7w>~ (6188)

77abef (q7 w)

This equation relates the irreducible stress-stress correlator with the viscosity. For
v = 0, we recover the relation derived in [253],
5 eqx 1 eq

Nabed(Q, W) = V(Ucd (q)mgaab(Q»- (6.189)

When 7 # 0, and additional term stemming from the influence of the transverse forces
and proportional to the response of the density field to external currents appears.
Moreover, the stress-stress correlator C'™ depends on v both through the definition of
the stress o,, and the dynamical evolution operator Ql_rrw

In the hydrodynamic limit, when ¢ — 0 and w — 0, the second term on the right
hand side of Eq. (6.188) is subleading compared to the first one, leading to

irr

Naved(d = 0,0 — 0) = Chr (@ — 0,w — 0). (6.190)

This equation relates the hydrodynamic viscosity with the stress-stress irreducible cor-
relator. In the next two sections, we use this formula to compute, within the mode-
coupling approximation, the shear and odd viscosities.
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6.5.4 Shear viscosity

We start with the shear viscosity 7,y.,. Due to the rotational invariance of the dynamics
in the (zy) plane, we evaluate the ¢ — 0 limit with q = ge,. From Eq. (6.190) we
obtain

1

. . 6 eq*
Neyzy = 1im lim v Um(; (q)Qm

q—0w—0

Qai‘;(q)>
(6.191)

5/ Lo
o2 (@t om@).

We now replace Qo) (q) with ZQZ—; Jo(q). In this way, the stress-stress correlations is
expressed in terms of the projected force-force correlations, encoded by the memory
kernel K given by Eq. (6.61). We therefore get, using the A — q basis,

T . Lo . _ .
Noyay = (111_I>I(1) }Jlg(l) Doj [K22(qey, —iw) — vKo1(qe,, —iw)] . (6.192)
Using the expression of K given by the mode-coupling approximation, Eq.(6.70), and
the fact that within this approximation the off-diagonal terms in K are 0 in the A — q
basis, we have

Nayey = lim lim Po Ko (qe,, —iw)

q—0 w—0 qQDOﬁ

i 0 O+°° dt /k [k, (c(k) — c(lge, — k|))2S(k, )S(qe, — k,t).  (6.193)

1 o0 N
:%A+wﬁmwMM%@m2

In this expression, the dependence on 7 enters through the dynamical evolution of
S(k,t). For v = 0, rotational symmetry is restored, and we recover the equilibrium,
mode-coupling result [201]:

eq  _ 1 oo 4 L ' ’ 2
T = 55075 | akk l S(k)S(k)] o(k, 1)°. (6.194)

Since the relaxation of S(k,t) is faster in the presence of transverse forces we have
Nayay (V) < Noawy- Also, the shear viscosity diverges at the glass transition.

6.5.5 Odd viscosity

We now address the odd viscosity. We identify the following contribution as the odd

viscosity:
1

Todd = 5 (nzy:c:r: - nasmcy) . (6195)

Physically, a nonzero 7,94 means that attempts at compressing the system along the
z-direction generate shear flows in the (xy) plane. In a nonreciprocal fashion, shear
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stresses applied on the (xy) plane will generate an expansion of the liquid along the
x-direction. In equilibrium dynamics we have 1.pcq = Neare and therefore 1y,qq = 0. We
address now how this situation changes when transverse forces are present.

Performing a computation similar to the one done in Eq. (6.192) gives

.. . Po ; )
i = 5 lim lim P (K (ge,, —iw) + Ka(ge,, —
fload = 5 13 1 2 D (00 —0) + Kanlge, =) (6.196)

— v(K11(qes, —iw) + Koo (ge,, —iw))].

Within the mode-coupling approximation, the first two terms on the right hand side
of Eq. (6.196) are 0. Taking the hydrodynamic limit of the mode-coupling expression
of K;; given by Eq. (6.70), we obtain

Todd = — Y im lim -2
2 g—0w—0 qQDOﬁ

- _ZB 0+OO dt/k “Poc(k) + kykypoc (k)] + [lz?zkypocl(k:)ﬂ S(k, 1)?.

[KH(qex? _iw) + KQ?(qewa _Zw)]
(6.197)

As the glass transition is approached the odd viscosity diverges. Physically, this means
that in the glassy state no form of transport is possible, and the transverse, as well as
the longitudinal, dynamical pathways through which the liquid relaxes, are blocked.
This directly impacts all viscosity coefficients.

The above discussion on the viscosity tensor concludes our mode-coupling treatment
of the dynamics of dense liquids with transverse forces. In the following Section, we
address the mode-coupling theory for a model of lifted active particles, with the goal of
providing some insights on the generalities of the results obtained for transverse forces.

6.6 Lifted active Brownian particles (ABP)

In this Section, we develop a mode-coupling theory for a model of lifted-active Brownian
particles, constructed following the examples provided in Section 1.3.2. The lifted-ABP
dynamics of N particles in two dimensions is given by

f‘i = Uoﬁi
. 6.198
{Qi = voSF; - Al + /2D, xs, ( )

where ; = (cos6;,sin ;) is a unit vector denoting the direction of the self-propulsion
speed of particle 7. The vector @; forms an angle #; with respect to the x-axis. x; is a
Gaussian white noise, (x;(t)x;(t')) = 0;;0(t —t'). The self-propulsion orientation is sub-
jected to diffusion with a diffusion constant D, as for standard ABPs, but is in addition
subjected to a drift that depends on the interaction force F; = —%, V.,V (r; — ;)
between the particles in position space. The latter enforces the stationarity of the

e . -1
Boltzmann distribution in the steady state because the matrix A = (1) o | ensures
that the drift is always perpendicular to 1;. The drift term makes the ABP equations

of motion non-conventional, hence the ‘lifted-ABP’ name for Eq. (6.198).
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In the absence of interactions when F; = 0, Eq. (6.198) describes freely diffusing

ABPs, with diffusion constant ;8-. When interactions are added, lifted-ABPs sample
the equilibrium Boltzmann dlstmbutlon of the 1nteract1ng system at fixed temperature

T, and this can be done at various values of - ﬁ. This is to be compared with the equi-
librium dynamics where temperature simultaneously fixes the Boltzmann distribution
and the free diffusion constant Dy = o7

The evolution of the probability distribution p(r, 0V, t) of lifted-ABPs is governed
by the operator €2,,:

Q,, = ZV volt; + > Oy, [—vofF; - Aly; + D, 9y, , (6.199)

so that
Oip(x™ 0N 1) = Qo p(x™, 0N ). (6.200)

The steady state solution of Eq. (6.200) is a product of independent distributions
in the respective subspaces spanned by r"¥ and by u'V:

1 1 _
o = gy pele) = e T V0T (6.201)

with Z = (27T)N fdrNefﬁZiq’ V(ri*ri)'

The operator (2, has the following property, which is a reflection of the breaking
of detailed balance reminiscent of Eq. (6.42) for transverse forces:

Qu, f (TN, ﬁN)> (., fe, ﬁN))>. (6.202)
We are interested in the evolution of the density mode n(q):
=Y e lam) (6.203)
and of its correlation function, the dynamical structure factor S(q,t):

1 *
S(a,1) = (n*(@n(a, 1) (6.204)
The following identity holds when inserted into an average:
din(q,t) = Qf n(q,1), (6.205)

so that n(q,t) = e 2y n(q,t). This, together with Eq. (6.202) allows us to write

1

Sla.t) = 5 (n"(a) e 'n(q)). (6.206)

Another important quantity is the time derivative of the density mode at ¢t = 0:

on(q) = —iveqty(q), (6.207)
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which is the projection of the velocity 1; along the wavevector q:

a(q) =>(§- ;) e ™, (6.208)

i

We are also interested in the self-intermediate scattering function Fy(q,t). Here we
re-write the definition (6.45) by putting the time dependence entirely into n;(q,t),

N

Fy(q,t) = v Z (n;(q)ni(q,t)). (6.209)
We have 0yn;(q) = —ivoquy;(q), with
Ui(q) = G- @y e 79 (6.210)
encoding the Fourier transform of the longitudinal self-propulsion velocity with respect

to the wavevector q. The small-q expansion of the self-intermediate scattering function
yields the mean-squared displacement

At) =Y ([rit) — r:(0)) . (6.211)

=1

Using the isotropy of the dynamics given by Eq. (6.198) we can also connect F' and A:

F(q,t)=1- qu(t) + O(¢%). (6.212)

An equation for A is obtained at the end of the section.

6.6.1 Short-time dynamics

To gain insights on the dynamics we consider a short-time expansion of S(q,t):

t 2

S(q7 t) ~ S(Q) + N <n* (q)Q—von(q» + ﬁ <n*<q)Q—on—von(q)> (6 213)
= () — ivug (n* (@i (@) — Sode? (i@ (@)

The second term on the right hand side of Eq. (6.213) vanishes due to rotational
invariance. For the third term we have, using Einstein notation for the components of
the vectors q and 1,

(#5000 (0) = (S a4
2¥)

= 3" (ftaiip ) (0i0apdads €~ (6.214)
i

_N
==
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and therefore we obtain

U4 o

S(q,t) = S(q) — - U O(t?). (6.215)
This yields two results. First, we see that increasing vy produces a faster decay of
the dynamic structure factor at short times. Moreover, in contrast with equilibrium
overdamped Brownian dynamics, the decrease is quadratic in time (in line with the
ballistic nature of the dynamics at short times), instead of being linear. This suggests
that we should study the dynamics of S(q,t) to second order in time, as done in the
next section.

6.6.2 Projection operator formalism

We want to find an evolution equation for S(q,¢). The starting point is to write its
second time derivative:

1
078(a. ) = (" (@9 € T o'y n(0))

o (6.216)
0 / ~x Y
= N <u||<q)vao e “ Otn<q)> :
By taking the Laplace Transform on both sides of Eq. (6.216) we get
9 g [, 1
2°5(q,2) =2 = ——~ <U||(Q)QUOZ_QW7”L(Q)> : (6.217)

We now have to choose a projection operator P tailored to the relevant degrees of
freedom. We assume these relevant modes to be the density field and its time derivative,
which leads to the following expression for P:
1
NS(q)

(@) (" (@) + 1y (@) 0 () (6.218)

With this choice and a resolvent identity akin to Eq. (6.49) previously used for trans-
verse forces

1 1
2—Q_,, 1-00_,0

(6.219)
1 1 1
+ <1 =805 QQ_UOQQ”O> PP (1 + w55 QQ_UOQ> ,
Eq. (6.217) becomes
#8(q,2) — 25(q) = —% [<ﬁ*(q)9von(q)> N ;( ” (n*(a)R(2)n(q))
(i (@0 (@) (i (@ BE)n(@) (6.220)

+{(#(@)01, QRo(2) Q0 (0)) + <ar|<q>R<z>n<q>>] .
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An explicit computation gives:

(i (@0 nla)) = "0
(#(@0 (@) = 5 D,. (6.221)
woq /., 1
-0 (G0) ) ) = =5(a.2) - 5(0).

Putting everything together and taking an inverse Laplace transform yields

2 2
025(q 1) = — 2L _S(q,t) — D,3,5(q, 1)
25(q) (6.222)

t
_ / drM(q,t — 7)9,S(q, 7).
0
This is an evolution equation for the dynamical structure factor for the lifted-ABP

dynamics. It allows for underdamped oscillations in the presence of a memory kernel
given by

M(a,1) = — (0@, Q%200 (a)). (6.223)

With a similar approach, one can derive an equation for Fy(q,t). In practice the step
above must be repeated using the single particle projection operator

Pi = ni(a))(n] (q) + 2u):(q)) (@] (), (6.224)

instead of P and employ particle equivalence. The result is
w2’
OiF(a.t) = —UCFi(a,t) = DO F, / drM,(q,t — 7)0, Fy(q,7),  (6.225)

with the self-memory kernel defined as

Mi(q,t) = = Z <U|| Q) Q e TN dy (q)> (6.226)

All the steps performed so far are exact. To proceed, approximations are needed to
compute M and M;. In the next section, we approximate the memory kernels using
the mode-coupling scheme.

6.6.3 Mode-coupling expansion

We expand the memory kernel as a product of density mode correlations. The physical
justification for this choice is that the non-trivial part in the time evolution of i (q)
comes from the coupling with the fluid, which involves pairwise forces between particles.
We therefore write

X 1 (n()n* (4 — k) QO iy () )
Qﬂvoun(q)> =52 NZ5(R)5(1q — k) n(k)n(q—k)>, (6.227)
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with the factor % inserted to avoid double counting of the density modes products. We
now calculate the expectation value on the right hand side of Eq. (6.227) thanks to the
convolution approximation (n*(k)n*(q — k)n(q)) ~ NS(q)S(k)S(lq — k|):

<n* (k)n"(q — k) QQ_,, 1 (q)> = <n* (k)n*(q — k)Q_y, (q)> — <n* W) (q — )P dy (q)>
(|9, (0" (k)" (a - k)] iy (a))

— (" (@ = () g7 (7 (@2 )

= —iUO< > (iada) 5,555 + Qrp(gs — kp)] e "7 e 1470 “m>

iM% 51)5(1q - k)
SPLL [qs<k>5<|q— k) — (4-K)S(la—k|) — 4 (q - k>5<k>]
_ Z-N“;po [(@-K)e(k) + - (a—k)e(la—k|)],

(6.228)
where the direct correlation function poc(q) and the particle density of the system pqg
were defined below Eq. (6.149) and above Eq. (6.7), respectively.

We can now give the expression for the mode-coupling memory kernel. To this end,
we resort to the approximation

e 9-0Ql g o Yol (6.229)

and use a Gaussian factorization for computing the two-body density correlation. More-
over, due to the irreversibility of the dynamics, we have

(" (k)" (q — k) QO () = (i (@), On(k)n(q — k). (6.230)

The memory kernel reads, in the mode-coupling approximation

Migt) = B0 [ (@ el + a- (a =10~ D STk 5@~ o). (6230

A similar expression can be obtained for M,, using as a starting point the expansion

n*(k)n; (q —k)QQ_,, 1 ;
QQvoa,i(q)> = zkj < it NS)<k) ” <q)>n(k)ni(q—k)>. (6.232)
The final result reads
M)~ [ ;:)2 @ ke(k)? F(lq — k. 1)S(k, ). (6.233)

Note that the structure of the memory kernels M and M, is the same as the one ob-
tained for equilibrium dynamics, their magnitude being now determined by the mag-
nitude of the self-propulsion speed vy.

In the next sections we study the ergodicity breaking transition and the behavior of
the diffusion constant stemming from these approximate expressions for the memory
kernels.
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6.6.4 Long-time dynamics: speedup and ergodicity breaking

To study the long-time dynamics we introduce the normalized dynamical structure

function ¢(q,t) = SSS?;;). Its equation of motion reads

_we
25(q)

We first study the ergodicity breaking transition. We define the long-time limits of the
normalized structure factor and the memory kernel

tl}—&-moo ¢(q7 t) = ¢00(q)7
, (6.235)
tl}—i-moo M(q’ t) = Moo(‘l)

olq,t) = o(a,t) — D,0p(q,t) — /O t drM(q,t — 7)0,6(q, 7).  (6.234)

In the long-time limit, Eq. (6.234) becomes a self-consistent equation for the plateau
value of the correlation function:

el = B [ 1@ e 4 (a0 - K)o (R)ona - )
(6.236)

This equation is the same as the one obtained for overdamped equilibrium dynam-
ics [247]. Tt follows that ergodicity breaking is expected to occur at the same critical
density as in equilibrium.

To study the relaxation of the system in the ergodic regime, we introduce a relax-
ation time

+o0o
r= / dté(q, t). (6.237)
0
Integration of Eq. (6.234) in ¢ from 0 to 400 gives
_ 25(g) D,
I
25(q)po [Ho° dk . - 2
+2 [ an [ e @ 0eh) +a- (a - Kea — KF ok Hola k1)
(6.238)

This expression for 7 is formally identical to the equilibrium case with the bare diffusion
2
coefficient Dy now being replaced with % = Dy. While Dy is slaved to the temperature

in equilibrium, % can be independently varied in the lifted-ABP model, potentially

leading to an accelerated dynamics.

6.6.5 Diffusion constant

We obtain an equation of motion for the mean-squared displacement A(t) by sub-
stituting Eq. (6.212) in Eq. (6.225) and retaining only the leading term in the limit
q— O:

t
O2A(1) = 202 — D,d,A(t) — / drM,(q — 0,1 — 7)0, A(T). (6.239)
0
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We now assume a diffusive behavior at large times: A(t) ~ 4Dt. Substituting into
Eq. (6.239) we obtain an expression for the diffusion constant D:

2
1
D=0 — (6.240)
2D, 1 + —;BT mee
where the memory kernel is given by
o +o00 dk . 9
me = po / dt / B kelk) Ey(k, £)S(k, 1), (6.241)
0 (2m)?

The formal expression of m° is the same as in equilibrium, while the one for D is

also formally similar, with the replacement Dy by QUET' In the ergodic phase when
m

> is finite, the diffusion constant D can be enhanced with respect to equilibrium

S

by increasing % > Dy, which plays the role of the driving force. Differently from

the transverse force case, the acceleration survives the high-temperature limit, since

2
D = QD& in this limit. In the opposite limit of temperature approaching the dynamic
transition, m o, diverges and thus D exactly recovers its equilibrium expression and the
lifted-ABP dynamics is no longer felt. This suggests that lifted dynamics acceleration

plummets as the kinetic glass transition is approached.

6.7 Outlook

This Chapter concludes our investigations on transverse forces. Using analytical ap-
proximations schemes for the microscopic dynamics of finite dimensional liquids, we
rationalized the picture brought forth by the numerical analysis of Chapter 4. Our
approach goes of course much beyond this task, as allowed us to study several individ-
ual and collective transport coefficient, from the diffusivity and mobility tensors to the
viscosity. This Chapter opens at least two immediate research directions. The first one
has to do with the collective behavior of dense assemblies of chiral active particles [175,
77], for which a mode-coupling analysis will surely closely follow the footsteps devel-
oped in our work. The second one is more subtle: it is concerned with the numerical
integration of the derived mode-coupling equations. This will surely be a highly non-
trivial task due to the loss of isotropy and the appearance of multiple time integrals in
the equation of motion. However, we hope to proceed further in this direction, taking
also advantage from recently developed numerical software that handle the integration
of general mode-coupling equations [221].

The mode-coupling theory developed for lifted-ABPs in Section 6.6 suggests that
also lifting schemes might share a fate similar to the one of transverse forces in the
glassy phase of dense liquids, at least when the driving is supplemented at the level of
the translational degrees of freedom. Our investigation for transverse forces leaves us
thus with two questions: does the fate of more sophisticated lifting schemes echo the
one of transverse forces? And, if this is true for translational degrees of freedom, are
there other degrees of freedom in glassy system that can be targeted by nonequilibrium
currents, and thus speedup the dynamics in a more effective way? The next Chapter
aims at addressing these questions.
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Contributions from Chapter 6

o We build a specific weak-coupling approximation for the dynamics of a
tracer with transverse forces.

e In the weak coupling approximation, we witness the emergence of odd
mobility and diffusivity, and an enhancement of longitudinal diffusivity.
Both the odd transport properties and the longitudinal diffusion grow as
the temperature is reduced.

o We construct a mode-coupling theory tailored for transverse forces.

o We find that a dynamical ergodicity breaking transition happens, in the
presence of transverse forces, at the same values of temperature Tyicr (or
density) for equilibrium dynamics.

o In the ergodic phase, we witness a speedup of transverse forces on equi-
librium dynamics, both in the form of a reduced relaxation time for the
decay of density-density correlations and an enhancement of longitudinal
diffusion.

e From the dynamics of collective and individual density-density autocorre-
lators, we obtain expressions for collective and individual transport coeffi-
cient: mobility and diffusivity tensors, and viscosity tensors.

o The longitudinal diffusivity vanishes at the glass transition. From this fact,
we infer a decrease in the efficiency of transverse forces upon lowering the
temperature, in the vicinity of Tyicr

o The odd diffusivity saturates to a constant as the mode-coupling temper-
ature is approached.

o All the entries of the mobility tensor vanish at the glass transition.
o Both the shear and the odd viscosity diverge at the glass transition.

o We put forward a mode-coupling theory for a lifted dynamics inspired by
active Brownian particle.

o For this lifted dynamics, we find that the ergodicity breaking scenario is
left unaltered by the nonequilibrium drive, as for transverse forces.

o In the ergodic phase, the lifted dynamics is faster than its equilibrium
counterpart, similarly for what occurs with transverse forces.
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In the previous chapters, we have studied the overdamped Langevin dynamics with
transverse forces in dense liquids. This dynamics was meant to be a minimal, paradig-
matic model to study the speedup obtained in glassy systems by translational degrees
of freedom driven out of equilibrium, while preserving the Boltzmann distribution in
the steady state. In this Chapter, we study the celebrated Event Chain Monte Carlo
(ECMC) algorithm, a nonequilibrium Monte Carlo scheme that exploits the idea of
lifting to perform driven, collective translations of chains of particles, in a model of
polydisperse hard disks. Very much like what was witnessed for transverse forces, the
efficiency of ECMC compared to the standard, Metropolis algorithm decreases upon
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increasing the glassiness of the system. However, the driven and collective moves char-
acteristic of ECMC need not be confined only to particle translations, as in principle,
other degrees of freedom can experience a nonequilibrium drive. For glassy systems,
an equilibrium Monte Carlo scheme called Swap is known to achieve astronomical
speedups by allowing for the exchanges of particle radii. We propose an algorithm that
performs driven, collective swaps in continuously polydisperse systems of hard disks,
bringing the event-chain ideas to the space of particle diameters. As the glassiness of
the system increases, the efficiency of our algorithm with respect to Swap increases too.
By combining our novel algorithm with ECMC for particle translations, we achieve a
speedup of &~ 40 with respect to the state-of-the art Swap. As an application, we show
that our algorithm can be used to produce very dense jammed packings of disks.
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We depart from the paradigmatic overdamped Langevin dynamics to address the
efficiency of irreversible Monte Carlo schemes. As a matter of fact, Monte Carlo al-
gorithms, together with Molecular dynamics simulations, are the way-to-go numerical
schemes when confronted with sampling a given target distribution. For example, for
the Kob-Andersen model addressed in Chapter 4, equilibrium Monte Carlo schemes are
an order of magnitude faster than the corresponding equilibrium overdamped Langevin
dynamics [35].

Recently, an efficient Monte Carlo algorithm was developed for size polydisperse
fluids, where local Monte Carlo moves are performed in an enlarged configuration
space composed of particle positions and diameters [119, 33, 203]. The sequential swap
of particle pairs respects detailed balance and ensures that the particle size distribu-
tion is conserved [119]. The resulting swap Monte Carlo algorithm (hereafter called
‘Swap’) allows equilibration at very low temperatures, exploiting dynamic pathways
unavailable to the local dynamics [203]. Swap paved the way for numerous physical
studies [30, 210, 235] and computational developments [31, 218]. Diameter dynamics
can be implemented in molecular dynamics, both in thermal equilibrium [34] or in gra-
dient descent [150, 51]. For hard particles, this optimization strategy was exploited to
produce jammed packings with large stability and novel physical properties [51, 122,
44].

The Swap algorithm samples the Boltzmann distribution owing to reversible evo-
lution rules obeying detailed balance. We saw however in Chapter 1 that giving up
detailed-balance-while preserving the target distribution—can be rewarded with sam-
pling acceleration. Ironically, the seminal 1953 article [188] by Metropolis et al. pre-
sented an algorithm to sample the Boltzmann distribution for simple fluids whose
elementary moves did not, strictly speaking, satisfy detailed balance, since the labels
of the moving particles were updated according to a fixed order.

A successful implementation of these idea on irreversibility for particle models is
the event-chain Monte Carlo (ECMC) algorithm [23]. Following the lifting prescription
introduced in Chapter 1, ECMC operates in an enlarged configuration space where
irreversible, collective particle translations are performed. For hard disks near their
hexatic ordering transition, ECMC offers a two orders of magnitude speedup that led
to a better understanding of the phase diagram [22]. This approach was extended in
various directions [193, 194, 140, 147, 139, 192, 121, 41], but a quantitative benchmark
in dense disordered states is lacking.

Furthermore, in principle, the collective, driven moves that form the backbone of
ECMC need not to be confined to the space of particle translations. In polydisperse
particle models, another obvious degree of freedom that could be affected by these
moves is the diameter of the particles. Here we propose, implement and benchmark
irreversible Monte Carlo algorithms where collective and directed particle translations
and diameter swaps are performed while maintaining global balance.

We carefully test the respective and combined effects of these moves in a continu-
ously polydisperse models of hard disks displaying glassy dynamics in equilibrium, and
that can be compressed towards jamming [44]. We find that the directed translational
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Figure 7.1: Particle size distribution 7(co) for the system investigated in this work.

moves used in ECMC marginally affect the dynamics, with a speedup that plummets
with increasing density, echoing the fate of transverse forces unravelled by our analysis
in Chapters 4 - 6. By contrast, irreversible collective swaps (named ‘cSwap’) produce
an opposite trend offering a comfortable gain over Swap that improves as density in-
creases. Combining both types of moves in a novel algorithm (named ‘cSwapECMC”)
provides an overall computational speedup reaching about 40 over the conventional
Swap. In addition, cSwapECMC remains extremely efficient during nonequilibrium
compressions, producing jammed packings comparable to gradient descent protocols
preserving the particle size distribution.

7.1 The model

We consider a two-dimensional additive mixture of N = 1024 hard disks in a periodic
square box of linear size L. Lengths are measured in units of the average diameter &

with a fixed continuous polydispersity 7“’2_52& about 25%. The histogram of particles

diameters (o) is shown in Fig 7.1. The hard-disk interaction potential V(r;;, 0, 0;)
between two particles, labeled ¢ and j, with diameters o3, o; is

+o0 if ry; < Ui;rgj

0 otherwise

V(rij,01,05) = { , (7.1)

and the total interaction energy is H(r™, o) = 3, V(ryj, 01, 0;), where we have used
the notation r¥ = {r;,....,ry} and 0¥ = {0y, ..., 0n} to indicate a given configuration
of particle positions and diameters. The probability distribution we are interested in
sampling for this system is the Boltzmann distribution s (r", o) < e =BV EY.e™  Due
to the hard-sphere interaction potential, we have

N gN) = {O If some pair of particles overlaps (7.2)

1 .
7 Otherwise
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where Z = % Syn [dr e —BHEY.0Y) s the partition function of the system, computed
over all the possible assignments of particles positions and diameters. Note that, as
observed in [213], since a diameter permutation is equivalent to a permutation of the
position of the particles, we have that Z = [dr" e “PHEYo™) for a fixed permutation

of the diameters V.

We control the glassiness of the system by varying the packing fraction is ¢ =
Nmo?/(4L?%). We work in a density regime characterized by glassy dynamics, typically
much beyond the one explored in [23] for monodisperse systems.

We now proceed to describing the different Monte Carlo dynamics, all tailored to
sample 7, studied in this Chapter.

7.2 Monte Carlo schemes

In this Section, we illustrate the different algorithms investigated in this chapter. First,
we recall the condition that each algorithm must obey to admit the Boltzmann distri-
bution in its steady state. We denote by C denotes a state of the system, and m;(C) the
probability of the system to be in configuration C at time ¢. This distribution evolves
in discrete time according to the master equation

m1(C Z P(C"— C)m(C) (7.3)

with P(C' — C) the transition probability from state C' to state C. We look for
stationary solution ,(C) of Eq. (7.3). Since by definition, > P(C — C’) = 1 for every
C, we obtain

S P(C—C)r Z P(C 7.(C). (7.4)

C/

This stationary condition is known in the mathematics Markov chain literature as
global balance [166]. Tt can be satisfied by imposing the detailed balance condition

P(C — CY(C) = P(C' — C)r(C), (7.5)

which is a statement of reversibility of the underlying Markov Chain, equivalent to
what was given in Sec. 1.1.1 for overdamped Langevin dynamics.

To compare the efficiency of various algorithms, we need to carefully define a specific
unit of time, ¢,0ve, adapted for each case. The unit of time .. is constructed upon
the elementary transitions involved in each algorithm. Incidentally, over the time ¢,,ove
in each algorithm, one overlap detection involving a calculation of neighbor particles
distances is needed. From the point of view of CPU time, this is the most costly
operation to be performed for each algorithm. Therefore, the unit t,,. accurately
describes also CPU times, as shown later in this Chapter.
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Figure 7.2: Ilustration of the Swap Monte Carlo algorithm. During a time ty,ove, a
swap of the diameters of the highlighted particles is attempted. Adapted from [203].

7.2.1 Metropolis Monte-Carlo (MMC)

In Metropolis Monte Carlo (MMC) dynamics [166], a random particle is selected uni-
formly, and a random displacement is uniformly drawn from a square of length ¢
centered around the origin. We take § = 0.1157 [33]. The displacement is accepted if
it creates no overlaps. One such attempt defines ¢,,ove.

7.2.2 Swap Monte Carlo

In Swap, we randomly alternate translational moves (as in MMC) with particle swaps
with probability pswap = 0.2 [203], see Fig. 7.2. During tove, two particles are randomly
selected and their radii are exchanged if the swap does not create overlaps. Both the
Metropolis and Swap algorithm satisfy the detailed balance condition, which implies
that they admit the Boltzmann distribution 7y in their steady state. We now address
the irreversible Event Chain algorithm.

7.2.3 Event chain Monte Carlo (ECMC)

We recall the the so-called ‘straight’ Event Chain Monte Carlo, as described in [23,
21].

The phase space is lifted by two additional degrees of freedom, an activity label ¢
denoting the driven particle and its direction of self propulsion v, a two-dimensional
vector of unit norm. The state of the system is thus described by a configuration
C = {rV, 0" i,v}. During a time interval ¢, particle i travels along direction v
until it collides with one of its neighbors, j. The distance §¢;; traveled by ¢ during a
move is thus determined by the equation

0lij =1Tj; v — \/0% — (ri-v.)?, (7.6)
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Figure 7.3: Event-chain Monte Carlo algorithm: the lifted set of degrees of freedom,
the active label j and the speed direction v (magenta), produce a directed translational
motion of a chain of three particles.

where rj; = r; —r; is the vector joining particle ¢ to particle j, 0;; = 0”2“7]' is the effective

diameter, and v, = (v,, —v,) is the direction orthogonal to v. In practice, in the
simulations the inter-particle distance r;; is computed according to the minimum image
convention [96] to take periodic boundary conditions into account, and the particle j
is identified through an event-driven scheme, by minimizing 6¢;; among all possible
target particles k, i.e. j = argming 6;;.

After an event occurs, a lifting move is performed: the activity label changes from
¢ to 7. In the next ECMC move particle j will perform directed motion along the
direction v. The composition of several ECMC moves builds up a chain of particles
performing directed motion, see Fig 7.3. When the displacement performed by the
active particles add up to a fixed parameter ¢, which fixes the length of the chain, the
activity label and the self propulsion direction are resampled uniformly in their domain
of definition, which are respectively the set {1,2,..., N} for the activity label and the
set {e,,e,} for the self-propulsion, for the case of straight ECMC.

We now give a proof, following the original paper [23], that ECMC admits the
Boltzmann distribution in the steady state, once the lifted degrees of freedom are
integrated out. We use the following ansatz for the steady state distribution

T.(C) = 2i\fﬂB(rN,aN), (7.7)

which means that the lifted degrees of freedom are uniformly distributed in the steady
state among the N particle labels and the 2 possible self-propulsion direction, while
the positions of the particles and the diameters follow the Boltzmann weight. We need
to verify the stationary condition

S m.(C)P(C — C) = m.(C) (7.8)
g

with P(C" — C) the probability of transitioning from configuration ¢’ = {r'V, o'V, i, v/}
to configuration C = {r",o¥ i, v} by displacing a directed chain of particles of length
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¢. This probability is

1 N
P(C/ 7N z_: ’N’O.N(SI.’N’I.*N(LVI) (79)

the factor ﬁ corresponds to a uniform resampling of the active degrees of freedom,

while r*V (j, v/|i) is the configuration obtained from r"V, by displacing a collective chain
of length ¢ that starts from the particle with label j along the direction —v’ —note
the sign inversion— and terminates at particle ¢/. This configuration can be uniquely
determined upon neglecting the occurrence of simultaneous collisions between three
or more disk along a chain. The latter approximation can be rigorously justified by
treating the ECMC algorithm as a process continuous in time [198].

Substituting Eq. (7.9) in the stationary condition Eq. (7.8) and using the ansatz
for 7, given by Eq. (7.7) we obtain that the condition to be verified is

Z Z (™, o) = mp (e, o), (7.10)

i'=1v'=ey,ey

which is true, since disks with hard interactions 7 (r*", oV) = 75 (r™, o). This con-
cludes our demonstration that ECMC samples the Boltzmann distribution for hard
disks.

One can of course design an algorithm where collective translations with ECMC
alternate with Swap moves with probability ps. This produces a new algorithm, here
called SwapECMC. We now proceed to bring direct the motion in the space of particle
diameters.

7.2.4 Collective Swap (cSwap)

We now show how to perform directed, irreversible, collective moves in diameter space
to arrive at cSwap, see Fig. 7.4. We define a one-dimensional array containing the
particle labels by order of increasing diameters and the operators (£,R) acting on
the labels: L(7) returns the label of the particle immediately to the left of ¢ (with
a smaller radius); R(i) returns the label of the particle to the right (with a larger
radius). During tpove we perform the following operations. A particle i is uniformly
selected to become active and the state of the system is described by C = {r", oV i}.
We then determine the largest diameter o; € o that particle i can adopt without
generating an overlap. To preserve the particle size distribution, we now perform a
cascade of swaps: 0; < 0; (maximal authorized expansion of 7), followed by a series
of incremental deflations o <~ o), 02(j) < Or25), - - -, Ocn(j) ¢ 04, With n such that
L"(j) = R(i), thus completing the cascade. Finally, a lifting event occurs leading to
C' = {r", o'V, L(i)}, where o’V is reached after the collective swap. If i is the particle
with the smallest diameter, £(7) is the particle with the largest diameter. To warrant
ergodicity, we perform with probability 1/N a uniform resampling of the lifting label.
Finally, ECMC can be combined with cSwap, leading to a fully irreversible algorithm,
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Figure 7.4: Collective Swap algorithm: the active particle (in magenta) inflates while
other particles deflate, resulting in a directed motion in diameter space (as seen at the
bottom) and a collective swap of five particles.

‘cSwapECMC’. The invention and implementation of irreversible and collective swap
moves is our main algorithmic development. While cSwap is broadly applicable for any
particle size distribution, its efficiency should be optimal for continuous distributions,
or discrete ones with a large number of diameter families. For bidisperse models, cSwap
remains rejection-free and irreversible, but loses its collective character.

We must prove that the stationary state of the cSwap dynamics is the Boltzmann
distribution, i.e. 7, ({rN Lo, 2}) = xms(r", o), where 7y is the Boltzmann distribu-
tion for a system of polydisperse hard disks, where now the set of positions r¥ is held
fixed, and the factor & is the uniform distribution for lifting. Denoting by p(C — C')
the transition probability from C = {r™,o" i} to C' = {rV, 0N '}, we must prove
that the stationarity condition

> s (C)p(C" =€) = 754(C) (7.11)
>

is satisfied by mgs = mp/N. The left-hand side is decomposed into label resampling
and collective swaps:

, 1 1
p(C — C) = ﬁ(SO'IN,O' + <1 — N) 5C’,C*7 (712)

where C* is the configuration leading to C after a cSwap move (we show below that C*
exists and is unique). Substituting (7.12) into (7.11), using the definition of 7y and

dc =22 o, We get

wro ) () o () = (%)

Since for hard disks, 7y is uniform over allowed configurations, stationarity is proven.
Finally we construct the configuration C* = {rN LoV z*} that will reach C = {rN o, z}

We first transform o) <= or2(;) if the change does not generate any overlap. We then
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Figure 7.5: Numerical test of ergodicity for the cSwap and ECMC algorithms. (a)
Equation of state Z(¢) for the polydisperse hard disks system. (b) Rescaled radial
distribution function g(r/o—1) as a function of the distance from its first peak r /o —1.
(c) Probability distribution function of the packing fractions m(¢) explored by the
system during NPT simulations at P = 16.302.

repeat this operation for R?(i), R3(i), etc. After n iterations, either the transformation
ORn(i) < Ognt1(;) is no longer allowed, or the largest particle is reached. When n is
reached, we set * = R"(i) and transform ogn(;y < or(;). The resulting configuration
defines o*V, as directly verified by performing a cSwap move on C*.

7.3 Tests of ergodicity

The above reasoning establishes the stationarity of the Boltzmann distribution. The
general proof of ergodicity of the algorithm, as obtained for ECMC [198], is left for
future work. Here we provide a set of numerical and analytical tests to support our
claim of ergodicity.

7.3.1 Numerical test

We present numerical tests supporting the ergodicity of the cSwap and ECMC algo-
rithms. The first test is the numerical calculation of the equation of state Z(¢) of the
polydisperse system considered in the main text. The equation of state relates the re-
duced pressure Z = BTP to the packing fraction ¢. Here P is the pressure applied to the
system, p is the number density and 87! = kT It can be obtained from simulations in
the NPT ensemble, where one has access to the running averages of Z and ¢ at fixed
applied pressure P. The results are shown in Fig. 7.5(a), where they are compared

with an extension to polydisperse systems of the empirical Henderson formula [129,
234] which reads

— o)’ ’ (7.13)
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The agreement with the empirical formula and with the conventional Metropolis and
Swap algorithms is excellent, and this serves as a guide to detect deviations from one
algorithm to another. We find that all algorithms agree with each other.

We next compare the rescaled radial distribution function g(r/o) in the NPT en-
semble in Fig. 7.5(b). Its expression is given by

T, +Ax Tii
g(z) = ZCU/ §la — L | da'
i o 0ij
i% (7.14)
1
21 (xy, + Az /2)Axoj;p(N — 1)

Oij =

where 0;; = $ (0, 4 0;), p = N/L? is the number density of the system, and we collect
the rescaled interparticle distances in a histogram with bin width Ax. x, = bA, is the
coordinate of the b-th bin, with b chosen so that x;, < x < x, + Ax. Again, the curves
obtained with the different algorithms superimpose on each other.

Finally, we report in Fig. 7.5(c) the histogram of the packing fractions explored
during an NPT simulation, 7(¢), for a fixed pressure P. Again all algorithms explore
the same fluctuations, including in the tails of the distribution, showing that the same
Boltzmann distribution is indeed properly sampled in all our algorithms.

7.3.2 Analytical test

Here we prove the ergodicity of the cSwap dynamics in the case of a small polydisperse
system at low densities. The discrete-time dynamics we consider is made up only by
cSwap moves, the positions of the disks r"V being fixed at all times. The state of the
system C = {o i} is specified by assigning a diameter to each of the N particles
~the resulting permutation of diameters is denoted by o~ and by the lifting degree
of freedom 17, i.e. the label of the active particle. The system can access a subset of
N! x N configurations. The configurations in the subset satisfy the non-overlapping
hard disks condition. The probability m;(C) for the system to be in state C at time ¢
obeys the discrete time Markov dynamics

m41(C) =Y P(C' = C)m(C"), (7.15)

with P the transition matrix encoding the probability to jump from one configuration
to another during a discrete time-step. The convergence properties of the dynamics are
encoded in the spectrum of P. Proving that the cSwap dynamics is ergodic amounts to
showing that the spectrum of P has a unique, nondegenerate, eigenvalue A = 1 lying
on the unit circle, and that all the other eigenvalues have a norm strictly smaller than
1 [202].

We consider the case where N = 4 and the particles are far away from each other,
so that no overlap between them can be generated upon permutation of the radii.
To write down the transition matrix describing the cSwap dynamics, we decompose
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the configuration space into a tensor product S; ® 7, where S; is an element of the
permutation group of 4 elements, and ¢ is the lifting degree of freedom labeling the
active, expanding particle. The permutations are labeled by natural numbers in the
following way:

1=1{1,2,3,4} 2=1{2,3,4,1} 3={3,4,1,2} 4={4,1,2,3}
5=1{1,3,4,2) 6={3,4,2,1} 7={4,2,1,3} 8={21,3,4}
9=1{1,2,4,3} 10=1{2,4,3,1} 11={4,3,1,2} 12={3,1,2,4}
13=1{2,4,1,3} 14={4,1,3,2} 15={1,3,2,4} 16={3,2,4,1}
17=1{2,3,1,4} 18={3,1,4,2} 19={1,4,2,3} 20={4,2,3,1}
21={2,1,4,3} 22=1{1,4,3,2} 23={4,3,2,1} 24={3,2,1,4}

(7.16)

Here the numbers inside the brackets denote the index of the particles, ordered accord-
ing to their diameters, from the smallest to the largest. For example, {2,3,4,1} is the
configurations where particle with label 1 has the largest diameter, particle with label
4 has the second largest diameter, and so on. If the system is in a configuration where
particle 3 is the active one, we would have C = {2,3,4,1} ® 3.

With this notation, the transition matrix can be written as a 24 x 24 block matrix,
each block being made by a 4 x 4 sub-block. Transitions between blocks represent
changes in the diameter assignments for the different particles, while transitions within
a block represent change in the active degree of freedom. The transition matrix P
describing the cSwap dynamics is

r D4 B, . . Bo . . . Bs . . . . . . . .
D4 Bi . . . . . . . . . Bo . . . B3
. . Ds B; . Bs . . . . . B . . . . . . . .
B, . D4 . . . . . . . . . Bg . . . . . Bo
. . . D4 B . . Bs B .
Bs . . Dy Bi . . . . . . . . . . . . .
. . D4y Bi . . . . . Bo . . . . . Bs
. Bo . . B, . . Dy . . . . . . . . . . . . B3 .
B3 . . . . . . . D4y Bi . . . . . . . . . . . Bo
. . . . . . . Dy B; . B3 . . . Bo .
Bo . . . . . . Dy Bi . . . . . .
. B1 . . Dy . . . Ba . B3
. . . . Bo . Bs . . Dy Bi . . .
B3 . . . . . . . . . D, B .
. Bs . . . Bo . . . . . Dy, Bi
. Bo . . . . . . . . . B . Dy . . . . .
B3 . . . . . . . . . . . . . . Dy B; . . Ba
. . . . . Bs . . . . . Bs . . . . . D, Bi . . .
Bo . . . . . . . . . . . . . . . . . Dy B . B3
. . . . Bs . . . Bs . . . . . B . . Dy . .
. Bs . Ba . . . . . . . . . . D, Bi
. . . . . Bo . . . B3 . . Dy
Ba . . . Bs . . . .
L . . Bs By B

(7.1A7)

The dot symbol - denote 4 x 4 matrices whose entries are all zeros. The diagonal
block is a sum of two terms, Dy = A4 + B4. The block of type A4 encodes transitions
involving only the active degree of freedom,

A4 = s (718)

e o 2 Q
Q © 2 R
 © 2 R
 © 2 R

with o = 1/4% = 1/16. They are associated to random resampling of the activity label,
and they are used here to ensure that P is ergodic. The blocks B; encode transitions
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generated by the cSwap moves, involving an inflation of the active particle and the
cascade of swaps. They are given by:

o o o 1—% o o o o
o o o o 1—% o o o
Blf BQE
o o o o o o o o
o o o o o o o o
- z (7.19)
o o o o o o o o
_|o o o o _|o o o o
B; = 1 By = ’
o 1—1 o o o o o o
o o o o o o l—i o

with the symbol ‘o’ denoting the entries with value 0.

The matrix P is doubly stochastic, i.e. the sum of all the elements belonging to
a fixed row, or fixed column, is one. A stationary solution of the stochastic process
associated with P is given by

1 24 T
w=——,1,1,17, 7.20
o = 1o DI ] (7.20)

=1

which is the tensor product of the Boltzmann distribution for hard disks times a uniform
distribution of the active degree of freedom among the 4 particles. To show ergodicity,
we inspect the spectrum of P. Its eigenvalues A are shown in the complex plane in
Fig. 7.6. The only eigenvalue lying on the unit circle is A = 1, thus proving the
ergodicity of the cSwap Markov chain. We observe that the other eigenvalues tend to
accumulate at the vertices of an octagon inside the unit circle. This is a consequence
of the introduction of a refreshment probability for the label of the active particle.
Without such a refreshment dynamics, the Markov chain would be periodic, and there
would be 2N eigenvalues lying on the unit circle. The introduction of a refreshment
rate pushes the eigenvalues inside the unit circle, making the Markov Chain aperiodic.

7.4 Relaxation times

We run simulations in the NVT ensemble [96] comparing MMC, ECMC, Swap, SwapECMC,
cSwap and cSwapECMC for increasing packing fractions. After careful equilibration,

we measure a representative time correlation function for 2d glass-formers, namely the
time autocorrelation of the global hexatic order Cy(t) [89]. It is defined as
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Figure 7.6: Representation in the complex plane of the eigenvalues \ of the transition
matrix P given by Eq. (7.17) for the cSwap dynamics in the case of a system of N = 4
particles. The dotted line is the unit circle.

where 1(t) is the global hexatic order parameter. It is a sum of local terms ¥ (t) =
% SN ¢6.(t) where the local hexatic order parameter for particle i, ¢ ;(t) is

1 &
P6(t) = — > e (7.22)

i j=1

with the sum running over the n; neighbors of particle i, defined through a Voronoi
tessellation, constructed using the freud library [220], and 6;; is the angle between the
vector r;; = r; —r; and the vector e,.

From the time decay of Cy, we define the relaxation time 7, such that Cy(7,) = e .

For each algorithm, we collect the evolution of the correlation time 7,(¢) measured in
units of Ntyovwe in Fig. 7.7(a). The most costly part of Monte Carlo moves is the
overlap detection involving a sum over neighbors. Since one such sum is needed over
the time tpove in each algorithm, the comparison in Fig. 7.7(b) accurately describes
CPU times. Each algorithm displays hallmarks of glassy dynamics, and we follow
for about 5 decades the slowing down. The algorithms are split into two families,
depending on the presence of swap moves. In appendix I, we show that these results
are robusts upon changing the form of the continuously polydisperse distribution, and
upon changing the size of the system.

We now address the speedup provided by nonequilibrium moves in the two families
of algorithm.
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Figure 7.7: (a) Equilibrium relaxation time of six different Monte Carlo algorithms as a
function of packing fraction. MMC and the faster ECMC fall out of equilibrium much
before the four swap algorithms. The large speedup offered by Swap can be further
improved using irreversible MC moves, cSwapECMC providing a further speedup of
about 40 near ¢ = 0.88. (b) Equilibrium relaxation times of the six algorithms inves-
tigated in the main text, in units of CPU time. Here tcpy = 1 second.

7.4.1 Echoes from transverse forces

MMC and ECMC only contain translations and equilibration becomes difficult above
¢ =~ 0.79. Yet, ECMC clearly outperforms MMC throughout the entire density range,
but the edge of ECMC over MMC is lost as ¢ increases. This is demonstrated in
Fig. 7.8(a), which shows that the ratio of their relaxation times decreases from ~
22 in the fluid, down to ~ 10 near ¢ = 0.79. This suggests that the irreversibility
introduced by the directed chain moves does not help the system to discover new, faster
pathways across configuration space. This interpretation is confirmed by the snapshots
in Figs. 7.8(b, ¢) showing particle displacements with respect to the system’s center of
mass from the same initial condition, using either MMC or ECMC. Despite the very
different particle moves in both dynamics, the long time relaxation proceeds along a
similar path. This trend in the efficiency and the robustness of the long time relaxation
trajectory against the nonequilibrium drive are very much reminiscent of what we saw
in the minimal model of transverse forces.

7.4.2 Faster than the fastest

By contrast, the four algorithms employing particle swaps sample the Boltzmann distri-
bution much faster than MMC and ECMC and only become inefficient near ¢ ~ 0.88,
see Fig. 7.7. All algorithms thus display a dramatic speed up compared to MMC and
ECMC. Using Swap as a reference, we again observe that the introduction of transla-
tional chains in SwapECMC provides a modest acceleration over conventional Swap of
about 5 at ¢ = 0.77, decreasing to about 2 at the largest density (see Fig. 7.9). There-
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Figure 7.9: Acceleration provided by three novel algorithms (SwapECMC, cSwap,
cSwapECMC) with respect to conventional swap Monte Carlo. In ¢SwapECMC, the
combination of collective swaps and chain moves provides the fastest algorithm with a
speed up increasing with ¢ and reaching 40.
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fore, coupling Swap to ECMC is not very helpful. The situation is more favorable when
collective swap moves are introduced, as the speedup offered by the irreversibility in
cSwap now grows with density, as demonstrated in Fig. 7.9, to reach a factor about 10
near ¢ = 0.88 over Swap. These results suggest that it is useful to combine cSwap and
ECMC into cSwapECMC, where both translational and diameter moves are now collec-
tive and irreversible. Getting the best of both types of moves, cSwapECMC now offers
a comfortable speed up over Swap that increases from 10 to about 40 at the largest
packing fraction studied, clearly outperforming the swap Monte Carlo algorithm.

7.5 Dense jammed packings

An interesting avenue for our algorithms is the production of jammed disk packings,
which are typically produced using specific nonequilibrium compression protocols [178,
206]. Using conventional MMC for compressions, the jamming packing fraction ¢,
can be reached using NPT Monte Carlo [96]. The simplest protocol starts from an
equilibrium hard disk configuration at ¢y, before suddenly turning the pressure to
infinity [40]. At long times, the packing fraction saturates to a value ¢, which is
an increasing function of ¢y, [62]. This is confirmed in Fig. 7.10, where the range
¢y ~ 0.855 — 0.895 is covered. Very similar results are obtained using ECMC dur-
ing compressions, see Fig. 7.10. Note that the preparation of equilibrium configura-
tions for ¢, > 0.79 requires particles swaps [211], which are no longer used during
compressions. Interestingly, introducing swaps during compressions from the same
range of initial conditions leads to jamming densities that are considerably larger,
¢y ~ 0.904 — 0.906 (Fig. 7.10). At the time of writing, such large packing fractions
have only been obtained using gradient descent algorithms simultaneously optimizing
diameters and positions to more efficiently pack the particles, followed by geometric
triangulation methods [44]. That similar performances can be reached using cSwap
suggests that these nonequilibrium algorithms in fact explore pathways similar to the
ones allowed by swap moves. In addition, the very weak dependence of ¢; on ¢y, ra-
tionalizes the surprising efficiency of augmented gradient-descent algorithms. A major
advantage of cSwap is that the particle size distribution is strictly conserved, rather
than annealed, during the compression.

7.6 Outlook

Using swap and event-chain Monte Carlo as stepping stones, we demonstrate that
simple Monte Carlo algorithms with increasing efficiency can be devised, that provide
a set of improved computational tools to more efficiently equilibrate deep glassy states.
We address here some directions of further research.

On the analytical side, it would desirable to understand how cSwap operates, mim-
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Figure 7.10: Jamming packing fractions ¢; obtained after nonequilibrium compressions
using different Monte Carlo algorithms, starting from fluid configurations equilibrated
at ¢iis. The four swap algorithms reach very large ¢;, nearly independently of ¢ui¢.
The light blue band covers the range of densities obtained using augmented gradient-
descent techniques [44].

icking, in spirit, the analysis done for transverse forces in this thesis. For instance, we
would like to work out a theory of the cSwap dynamics in the high dimensional limit
introduced in Chapter 5. When proceeding in this direction, however, there are several
issue that demand to be addressed. The first one is to develop a dynamical mean field
theory for bidisperse, and polydisperse liquids, even in the absence of Swap dynamics.
As a matter of fact, while the analysis of the static for these system was done in [137,
1], the analysis of its dynamics is lacking. This analysis is developed in App. G. The
second, perhaps more critical, issue is that is not clear whether the swap dynamics
survives in limit of large space dimensions, even though approximate theories suggest
so on thermodynamics grounds [138]. This issue is addressed in Appendix H.

For what concerns finite-dimensional, practical implementations, we have just scratched
the surface: in order to become new standards, the cSwap algorithm and its deriva-
tives proposed here need to be pushed in several directions. A first encouraging result
is the successful scaling of their performances with system size, shown in App. I, in
line with results for ECMC and Swap. A less obvious direction is the application to
three dimensions, which is the subject of on-going efforts, again with encouraging pre-
liminary results. A third direction concerns the application to glass-former with soft
potentials. Swap performances do not decrease with continuous potentials [203], and
some extensions of ECMC to continuous potentials were successful [193, 204]. Future
work should develop extensions of cSwap for glass-formers with continuous potentials
to extend the range of applicability of irreversible Monte Carlo methods in the field of
supercooled liquids. All these perspectives directly follow from our work; they should
help the development of efficient, versatile and simple to implement sampling methods
for disordered systems with a complex free energy landscape.
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Contributions of Chapter 7

o We assess the efficiency of the celebrated Event-Chain Monte Carlo
(ECMC) algorithm in a polydisperse mixture of hard disks at high density.

o As the density increases we find that ECMC maintains an edge over the
equilibrium Metropolis Monte Carlo algorithm, but the efficiency decreases
as the dynamics of the system becomes more glassy.

« We design a novel algorithm, collective Swap (cSwap), that performs out
of equilibrium, collective, diameter swaps, thus bringing the event-chain
ideas in the space of particle diameters.

o We demonstrate that cSwap admits the Boltzmann distribution for hard
disks in the steady state, and we provide numerical and analytical evidences
that support its ergodicity.

o We compare the performance of cSwap against the state-of-the art, equi-
librium, swap algorithm. Remarkably, in the dense regime explored, the
efficiency of cSwap over Swap increases as the dynamics of the system slows
down, in opposition to what happens for the ECMC algorithm.

o We combine cSwap and ECMC in a novel algorithm, cSwapECMC, which
achieves, at the highest density explored, a speedup of ~ 40 over the the
state-of-the art swap algorithm.

o We apply our newly designed algorithm to produce, through fast nonequi-
librium compressions, jammed packings at very high densities.
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CONCLUSIONS

We conclude this manuscript with an overview of the contributions presented in this
thesis, and some further research directions that this work naturally leads to.

In Chapter 1 we introduced the paradigm of equilibrium sampling and the con-
cept of relaxation time by means of an overdamped Langevin dynamics. We described
two families of out of equilibrium dynamics that nevertheless sample the Boltzmann
distribution. A first one achieves this goal by means of a spatially tuned solenoidal
field, while in a second framework, known as lifting, an extended set of degrees of free-
dom, complemented with nonequilibrium evolution rules, is employed. We identified
transverse forces as a candidate to quantitatively assess the performance of irreversible
samplers, owing to the their minimal structure, and the fact that the contribution from
transverse forces can be clearly written as the perturbation of an otherwise equilibrium
process.

In Chapter 2 we built an understanding of transverse forces by studying how they
operate for a particle in an external potential. We explored the performance in the
convex harmonic well and in the non convex double well potential. In the latter, we
found that the time necessary to cross the energy barrier is reduced in the form of
prefactor in front of the Arrhenius term, and that the trajectories followed during the
barrier crossing process are altered by transverse forces. More generally, we computed
a microscopic timescale, the escape rate, which is rescaled by transverse forces, and
investigated how the fluctuation-dissipation theorem is modified, and in which situation
is preserved.

In Chapter 3 we put transverse forces at work in the p-spin spherical model, a
mean field spin glass model. We obtained equations of motion for the correlation and
response matrix, and we quantified the acceleration provided by transverse forces. Our
approach can be generalized to study nonreciprocal interactions in mean field spin
glasses, as well as in fully connected models of neural network. In the latter situation,
it is an intriguing question to ask how the behavior of the speedup is affected when
switching from a dynamics with thermal noise to one with a stochastic gradient descent
supplemented with transverse forces.

In Chapter 4 we studied, by numerical integration of the stochastic dynamics, trans-
verse forces in a dense liquid. Interestingly, the speedup granted by transverse forces is
a nonmonotonous function of the temperature, and it decreases as the glassy phase is
approached. Concomitantly to this decrease, we observed that the dynamical pathways
followed by the particles fold into closed orbits localized within their local cage, a fea-
ture quantified by measuring the odd diffusion constant. We also saw that the speedup
increases linearly with the strength of transverse forces for large enough values of the
nonequilibrium drive. When translating our findings to practical CPU time, we expect

153



CHAPTER

a trade-off between the physical acceleration provided by transverse forces, and the
decrease in precision caused by a large drift. A numerical quantification of this trade-
off would be helpful in identifying, for a given numerical scheme, the computationally
optimal drift strength.

In Chapter 5 and 6, we developed dynamical mean field and mode-coupling theo-
ries tailored for transverse forces, rationalizing the results obtained through numerical
analysis, and accessing several transport coefficients (mobility, diffusivity, viscosity)
together with their odd counterparts. To our knowledge, this is the first time these
theories are employed to compute of odd transport coefficients, and the derivation could
be extended to active systems, from nonreciprocal interacting assembly of particles to
active chiral matter, perhaps employing integration through transient methods [101,

75).

In Chapter 7, we developed a novel algorithm for continuously polydisperse systems
of hard disks, the collective Swap. It performs out of equilibrium, collective moves in the
space of particle diameters, boosting up the state-of-the-art, Swap algorithm. cSwap is
a good candidate to become the novel way-to-go algorithm for Monte Carlo sampling of
continuously polydisperse glasses. The natural venues to explore consist in extending
it to three dimensions and continuous interactions potentials. On the theoretical side a
proof of its ergodicity, as recently done for Event Chain Monte Carlo [198], is desirable.

An interesting question is the determination of the optimal irreversible drift for a
given many-body system. This task could be tackled both through analytical and ma-
chine learning approaches [151]. Both routes would proceed through the minimization
of some cost function, encoding the relaxation time of the dynamics, in the space of pos-
sible drifts. The concomitant challenge is then to identify a treatable and meaningful
cost function to optimize. It is likely that further insights into the nature of the optimal
drift could, and should be gathered from the physics of the system under consideration.
Conjectured dynamics designed within this physics-inspired framework might be lifting
schemes capable of biasing the motion of dynamical heterogeneities [28], or that mimic
externally applied shears. Whether these types of dynamics can be constructed, both
in theory and in practice, is an open question.
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APPENDIX

FACILITATED DYNAMICS

This Appendix, which benefits of contributions by Thibaut Arnoulx de Pirey, addresses
an alternative way to speedup the convergence to the target, Boltzmann distribution.
It consists in an equilibrium overdamped Langevin dynamics with a space dependent
mobility [230, 113, 46, 171]. The possible functional forms that the mobility can take
while preserving the Boltzmann distribution are infinite, but we identify a peculiar
choice, here referred to as facilitated dynamics, that allows, in principle, to overcome
energy barriers. In a parallel development [171], this dynamics has also been recently
identified for one-particle systems using a variational principle.

We propose a generalisation the facilitated dynamics to many-body systems, like
dense liquids. We show analytically that, in finite-dimensional liquids, this choice
surprisingly yields a diffusive behavior at all temperatures and densities. In the region
where numerical integration of the facilitated dynamics is feasible, we demonstrate, by
means of computer simulations, the presence of an acceleration. We then develop a
mode-coupling theory of the facilitated dynamics: using the standard mode-coupling
expansion, we show that, perhaps pathologically, no shift in the ergodicity breaking
temperature is observed. This suggests that the richness of the facilitated dynamics is
encoded in higher order density correlations.

A1l Spatially tuned mobility

To illustrate the philosophy behind the facilitated dynamics let us consider the over-
damped Brownian Dynamics of a particle in one dimension, whose position is denoted
by @, under the action of an external potential V' (z):

&(t) = —poV'(x) + /210 TE(2) (A1)

where fp is the mobility, 7" is the temperature and £(t) is a white noise with zero
average and correlation (£(¢)€(t')) = d(t — t'). As explained in Chapter 1, this is an
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o —BV (@)
fdy e —BV(y)

ary distribution. How can we accelerate the relaxation of the system to equilibrium

equilibrium dynamics with the Boltzmann distribution pg = as its station-

by tuning the mobility of the particle? If the mobility is constant, then we cannot do
much, because any value of 1y can be absorbed by a time rescaling t' = pot. The speed
up produced by increasing the mobility is equivalent to a change of the units of time.

To obtain an actual speed up one needs to choose a space dependent mobility,
which cannot be reabsorbed into a rescaling of time. At the same time we want the
new dynamics to sample the Boltzmann distribution o< e #V(®) in its steady state. We
therefore propose the following dynamics:

#(t) = —p(@)V'(2) + Tw'(x) + 2u(2) TE(t) (A2)
where Ito discretization is used. Eq. (A.2) describes the motion of a particle with a
space dependent mobility under multiplicative noise. We show the Eq. (A.2) is indeed
an equilibrium dynamics sampling the Boltzmann distribution in its equilibrium, steady
state.

The Fokker-Planck equation associated to Eq. (A.2) is

Dupla,t) = 0, [u(@)V'(2) — Ty (x) + TOops()] pla, 1)

= 0, [u(x)V'(z) + Tp(x)0,] p(a, 1),
and one can verify by direct substitution that pg(x) is the steady state of Eq. (A.3).

(A.3)

Next, we verify that Eq. (A.2) is an equilibrium dynamics, in a similar way as was
done in Chapter 1 for overdamped Langevin dynamics with constant mobility. The
Omnsager-Machlup action associated to Eq. (A.2) is [71, 73]

stteon = [ dTm () + (e (r)V (@) .

+ [ dr S WV () + Tul ()]

and one can verify, by looking at the ratio between a trajectory z(7) and its corre-
sponding time reversal one, x(t — 7), that detailed balance is obeyed.

A2 Facilitated dynamics

We now need to choose an explicit expression for the mobility p(z) to produce a speed
up in the equilibration. For the target systems we have in mind the low temperature
dynamics is hindered by large energy barriers, that the particle can overcome only
through thermally activated jumps. We mentioned in Chapter 1 that the time 7 re-
quired to jump through a barrier of height AV scales in an Arrhenius way as 7 oc e®2V.
We therefore choose a form of the mobility that can compensate the Arrhenius contri-
bution to the scaling:

w(z) = pg e V@, (A.5)
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with po setting the time scale of the system. Substitution of Eq. (A.5) in Eq. (A.2)
yields
& =\/2Tpo e 2V@e(1). (A.6)

This is what we call facilitated dynamics. It is a diffusion dynamics with a non-uniform
diffusion coefficient: a particle diffuses faster in region of high energy and more slowly
in regions of low potential energy.

The time 7 needed for barrier crossing with the facilitated dynamics is
T ox e “AV@m) (A.7)

with V(z,,) the value of the potential at x,,, where the bottom of the energy well
is located. Note that the dependence on the barrier height has disappeared, which
suggests that a physical phenomenon usually slowed down by a rugged energy landscape
could, with the facilitated dynamics, avoid being sluggish.

We show how to obtain Eq. (A.7), explicitly computing the barrier crossing time
7 for a particle in one dimension evolving in a potential landscape V(x) as in Fig-
ure 1.1(a). The barrier crossing problem [229] can be tackled by computing the first
passage time 7(x) across xs, the point of local maximum of the potential V' (z), for a
particle starting at x. For the facilitated dynamics, 7(x) satisfies the adjoint equation

ol e FV@ 2 () = —1 (A.8)
complemented with the boundary conditions 7(zy) = 0, 0,7(x,,) = 0. The solution
to Eq. (A.8) is

1 /SCM , x’ _
T(x) = — dx/ dy e VW), A9
(z) T s L dy (A.9)

In the low temperature limit, a saddle point approximation yields

1 2
= R— — —BV(zm) Al
T =7(Tm) o\ VieT (xpr — Tm) € (A.10)

The barrier crossing time depends neither on the barrier height, nor on the potential
curvature at the top of the barrier, as is the case for the Kramers’ time for usual
overdamped Langevin dynamics, displayed in Eq. (1.23).

We demonstrate numerically that the facilitated dynamics samples the Boltzmann
distribution in Fig. A.1(a), where we compare the expected Boltzmann distribution
ps with the numerical integration of Eq. (A.6), using Euler-Maruyama scheme for the
periodic potential

V(z) = ; (14 cos2nx) (A.11)

in the interval [0,1) with periodic boundary conditions. The agreement between the
predicted distribution and the results from numerical integration confirms that the
facilitated dynamics follows the Boltzmann distribution in its equilibrium state. We
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Figure A.1: (a) Comparisons between the histogram of position sampled through
numerical integration of the facilitated dynamics for V(x) given by Eq (A.11) against
the Boltzmann distribution at 7" = 1.0. (b) Histograms of the position sampled by
the facilitated dynamics and the usual overdamped Langevin dynamics for the same
potential, at a lower temperature 7' = 0.1. Both dynamics are integrated with the
same time step At =1 x 1075 for 2 x 107 steps.

then show in Figure A.1(b) that the facilitated dynamics overcomes energy barriers that
otherwise keep the usual overdamped Langevin dynamics confined in the observation
time window.

A2.1 Pathological cases

In this section we address the analytical computation of the relaxation time for the
facilitated dynamics, following the procedure described in Sectionl.2, in the case of two
convex potentials, for which a pathological behavior is observed. The first case consists
of a triangular potential, where we show that the facilitated dynamics is not confined
and the relaxation time is infinite. In the second case, we focus on a convex potential on
a finite interval. In this case, the relaxation time of the facilitated dynamics is smaller
than its equilibrium counterpart. These behaviors hint at the singular nature of the
facilitated dynamics. On the other hand, in the numerical and analytical analysis of
model glass formers, periodic boundary conditions are usually applied, leaving room
for possible applications that we pursue in the following Sections.

Triangular well

We consider a triangular well potential
V(z) = |z|. (A.12)

We first review what happens for the usual overdamped Langevin dynamics given by
Eq. (A.1). The eigenvalue problem, corresponding to the projection along the real
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space of Eq. (1.20), reads

1

(792 = ba) + 1) wle) = Z-ota) (A13)

Which corresponds to the problem of determining the energy spectrum of a quantum
particle in an attractive Dirac delta d(z) potential. The problem admits a unique
bound state as a ground state and has a continuum of delocalized solutions, separated
from the ground-state by a gap A\ = ﬁ. The relaxation time is thus

Tr = 4T g (A.14)
For the facilitated dynamics, the eigenvalue problem reads instead
1oTO*R(z) + X e PRIR(z) =0 (A.15)

with R(x) = w(x)e% the right eigenfunction of the Fokker-Planck operator associated
to the facilitated dynamics. The solution to Eq. (A.15) is a linear combination of the
Bessel functions of the first and second kind, Jy and Yj [2]

(T uct e %)+ b, Yo (T /st e & if 2> 0
¢(a:)={a+0( to_e2) +hYolTyoug e %) ifa (A.16)

a_Jo(TAug ' e =F) +b_Yo(Ty/Augt e =) ifz <0

With the constants as,by determined by the continuity of ¢(z), ¢'(x) in 0 and by the
normalization of ¥ (x) = qb(x)e’%zl. Since such a solution exists for any value A > 0,
the energy gap between the ground state and the first excited state is 0. This means
that

T = +00 (A.17)

And there is no convergence to Boltzmann equilibrium at any finite time. Physically,
this means that the facilitated dynamics cannot be confined by the triangular potential,
and it escapes toward infinity.

Logarithmic potential

We consider a logarithmic potential [229]
V(x) = —2T log cos ? (A.18)
a

with —a < x < a. For the usual overdamped Langevin dynamics, this problem can be
mapped to a quantum problem inside an infinite potential well of width 2a [229], and

the relaxation time is
4a?
TR= 5.
3w T
For the facilitated dynamics, we want to solve the eigenvalue equation for the right

(A.19)

eigenvector R(x),
1TV @ R(z) = —AR(z) (A.20)
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We complement this equation with a reflecting boundary condition
J(£a,t) = 0,1(x)|+a =0 (A.21)

which ensures that the particle remains confined between —a and a during the diffusion
process.

The problem is easier to solve if we look at the left eigenfunction L(x), defined as
L(z) = VO R(x). (A.22)

The eigenvalue equation and the boundary conditions read:

O?L(x) + 2= cos? T2 [, =0
wL(x) + o7 cos” 51 L(x) (A.23)
81L(x)\ia =0
Introducing a new variable v = 77 and using the trigonometric identity cos?u =
(1 — cos 2u) we obtain
O2L(u) + (b — 2qcos2u)L(u) =0 (A.24)
O L(u)|ez =0

a?\
m2poT
and odd Mathieu functions C(b,q,u), S(b,q,u). The spectral gap is determined by

imposing the boundary condition in Eq. (A.23) which reads

with ¢ = b = 2q. This is a Mathieu equation [2], its solution are the even

™

for even solutions, and -
§'(20,0,+5) =0 (A.26)

for odd solutions. Here the prime denotes a derivative with respect to u. A graph
of these curves as a function of ¢ is shown in Fig. A.2. We can see that the curves
intersect the x axis for the second time at ¢ ~ %, implying that the first excited energy
level is

7T2[1,0T
A~ A.27
3a2 ( )
and thus implies that the relaxation time is
3a?
~~ A28
Tr 7T2MOT ( )

which is greater than the relaxation time for standard overdamped Langevin dynamics
given by Eq. (A.19). In such a convex potential, the facilitated dynamics perform worse
than its standard counterpart.

While the two preceding examples serve as caveats concerning the peculiar nature
of the facilitated dynamics, the ability of the dynamics to cross the barrier, corrobo-
rated by numerical simulations, motivates us to look for an extension of the facilitated
dynamics to dense liquids.
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0.2

Figure A.2: Derivative of the Mathieu function C"(2q,q,%7%) (blue), S'(2q,q,%+7)
(orange) as a function of ¢. The point where the curves pass through zero determines
q, and therefore \.

A3 Facilitated dynamics in dense liquids

We propose an extension of the facilitated dynamics to a d dimensional liquid of N
particles interacting through a central potential 3>, ; V/(r; —r;), r; being the position
of particle 7. In our proposal, the mobility now is not only space dependent, but also
particle dependent, to be in tune with the particle environment. Eq. (A.2), generalizes
to

B = —p(r;) > VV(r; —1;) + TV p(r;) + /2T i (r)&i(t) (A.29)

J#

With &;(t) a white Gaussian noise with zero mean and correlations (§;(t) ® &;(t')) =
16,;0(t — t'). Eq. (A.29) is the dynamics for a dense liquid with a space depen-
dent mobility. Following the route provided by the one-dimensional case it can be
shown that Eq. (A.29) is time reversible and samples the Boltzmann distribution
Pp X e B2 V) 4 the steady state.

In our choice for a generalization of the facilitated dynamics one considers the
potential energy locally felt by each particle through the interaction with the others.
The many-body version of the facilitated dynamics is obtained by choosing for the local
particle mobility p;(r;) the form

pi(r;) = poe” 2y Vi70s), (A.30)

Note that p;(r;) actually depends also on the positions of the particles that interact
with r;, and we are thus using a lightened notation. With this choice for the mobility,
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we obtain the facilitated dynamics for dense liquids:

P = /2u0T e P 2= VT g (1) (A.31)

Now that we have explicit equations of motions for the facilitated dynamics in
the many-body case, it would be interesting to compare its behavior to the one of
overdamped Brownian Dynamics in models where a slow down is detected. Due to the
exponential form of the mobility, a dynamical mean field theory in the limit d — +o0
seems unfeasible. Thus, two natural routes remain: direct numerical integration of
Eq. (A.31) and the development of a mode coupling theory, as was done in this thesis
for transverse forces. Before doing that, however, we turn to an intriguing result:
the diffusion constant in the interacting particle system given by Eq. (A.31) can be
determined exactly.

A3.1 Diffusion constant

We consider a system of N interacting particles in d dimensions at fixed volume V/
and temperature T. The particles motion is described by the facilitated dynamics,
Eq. (A.31). We focus on a fixed particle ¢ and we consider its mean squared displace-

2
ment {ri(t) - ri(O)] > (we will see that the result does not dependent on the choice
of the particle):

< () 1,00 > = [ar [ o ) -2

_ <2 1T /t ar /t At e 3 D VEE)=pri() | 5300 V)= (")
0 0

< Et)- £i<t”>>

- <2N0Td /t dt' e P2i V(ri(t’)—rﬂ'(t’))>
0
(A.32)

where (...) denote an average of the dynamics over the realizations of the noise &;(¢)
for j = 1,..., N, and we have made use of the fact that the noise is Gaussian. Note
that no force-force correlations implying memory effects appear, in opposition to the
usual overdamped Langevin dynamics.

Assuming that the system is ergodic we can replace the time integral of the average
over the noise with the equilibrium average in the canonical ensemble

2 o 2upTdt ri—r;)  — .
<[ri(t) - ri(())} > = Z(Tﬂg/ N)N! /dl‘l...dI'N e P L VTR o =B V(mkr)
(A.33)
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where Z(T,V,N) = [ dry...drye 2 VO g the partition function. We now
observe that the factor in the Boltzmann weight involving particle ¢ simplifies with the
mobility, so that the integral over dr; is unconstrained through all the volume V. This

means that:
2 2upTdt _—
<{ri<t) B ri(oﬂ > B Z(TMS/NN' /dr1 dry e B2 Vi DB L Vee—r0)
. QIUOTdt 52 V(rg—r;)
= Za vy J G dey e TP
QMOTdt —B V(rg—r;)
~ Z(T,V,N) N'V/HJ ety @ 7 Dtz VR
Z(T,V,N (N —1)!
= 2ugTdtV
Ho Z(T,V, N)N!
(A.34)
We now introduce the free energy, F(T,V,N) = —%log Z(T,V,N), the density
po = % and the fugacity z = ePterem  with the chemical potential jigpem = % to

simplify the previous expression
? V  _B(F(TV.N-1)-F(T,V,N)) V' B
{ri(t) — ri(())] = ,uOTdtNe v ) 2;L0Tdtﬁe chem (A .35)

so that we can finally write

<{ri(t) - ri(O)]2> = 2,u(207;dzt = 2dDt (A.36)

Eq. (A.36) is a remarkable result. Not only we obtained an explicit expression
for the diffusion constant, whose analytical computation is often unfeasible for system
undergoing standard overdamped Langevin dynamics, but we can also see from its
expression that no sign of freezing of the long time diffusion appears at any temperature
and dimensions. The dependence from these two parameters appears in fact in D only
in a controllable way, through the fugacity and a term linear in 7T'. s

The result of this section is an encouraging signal for non trivial behavior of sys-
tems undergoing facilitated dynamics, for which we thus proceed with a numerical
exploration of a liquid of interacting particles.

A3.2 Numerical exploration

We simulate a system of N = 128 particles interacting through the pairwise harmonic

potential
r

2
Vi) =< (1 _ ) 8(r — o) (A.37)
2 o

where r is the interparticle distance, o is the particle diameter and € is the strength of

interaction of the potential. We measure temperature in units of €/kg, length in units
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Figure A.3: Comparison between the usual overdamped Langevin dynamics and the
facilitated (here denoted 'modified’) dynamics for harmonic sphere at 7" = 0.1 Left:
plots of energy as a function of time. At long times, the average value of the energy and
its fluctuations are the same for standard and facilitated dynamics. Center: evolution of
the energy at initial times, from which we see that the facilitated dynamics has a faster
convergence. Right: mean squared displacement. The mean squared displacement
achieved through the facilitated dynamics is an order of magnitude higher than its
standard counterpart.

of o and time in units of 6/ pgpe. Periodic boundary conditions are applied, and the size
L of the simulation box is determined by the packing fraction ¢ = 7o3/6L3 = 1. We
simulate both standard overdamped Langevin dynamics and the facilitated dynamics,
Eq. (A.31) using the Euler-Maruyama scheme. The time step is At = 0.0001.

We simulate the dynamics at the temperature 7' = 0.1, and we compute the po-
tential energy per particle and the average mean squared displacement of the particle
in the system as a function of time. We start both the dynamics from the same initial
conditions and we simulate 25 independent runs for each temperature, over which we
do an average. Results are shown in Fig. A.3. While at the high temperature the two
dynamics show a similar convergence rate toward equilibrium, as the temperature is
lowered the facilitated dynamics exhibits a faster relaxation, with a higher diffusion
constant.

The gain in the relaxation times showed by the Facilitated dynamics translates
in a gain in computational time only at high temperature: the exponential term in
Eq. (A.31) grows as the temperature is lowered, posing a problem for the numerical
convergence of the Facilitated Dynamics. This can be qualitatively seen through a
back of the envelope computation: if we assume that the energy per particle has a
Gaussian distribution with variance ¢%, the mobility ;1 has a log-normal distribution,
with a variance e 52"%/, which diverges as T'— 0, assuming o2 ~ T.

The back-of-the envelope calculation above suggests that the facilitated dynamics
is hardly applicable in practice to low temperature or high density scenarios. On the
other hand, the calculation of the diffusion constant makes the facilitated dynamics an
appealing theoretical tool to probe the influence of activated events in the theory of the
glass transitions, and the interplay between the Boltzmann energy landscape and the
dynamics of the system itself. For this reason, we push forward our analytical study
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of the facilitated dynamics. In the next Section, we address the mode-coupling theory
of the facilitated dynamics.

A4 Mode Coupling Theory

This section is devoted to the development of a mode-coupling theory of the facilitated
dynamics. We first take a more general angle, and work with the dynamics with space
dependent mobility given by Eq. (A.29).

A4.1 Arbitrary mobility

We perform a computation similar in spirit to the one done in Chapter 6 for the mode
coupling theory of transverse forces. The evolution operator associated to Eq. (A.29)
is
Q=> Vi (—uF; = T(Vipi) + TVip;)
‘ (A.38)
=Y Vi (—piFi + Tp; V)

with F; = —37,; V.V (r; —r;). The operator € governs the equation of motion for the
probability distribution of the particle positions, p(r?),

Op(r™ 1) = Qp(x™ 1) (A.39)

The equilibrium solution is pg(r™) oc e ~° 2oigy V) g Qps(rY) = 0. We introduce
the density mode
n(q) =Y e "M (A.40)

and the dynamical structure factor

Sla,t) = 0" (@)e™n(@) (A1)

The average (...) denotes an average over the Boltzmann distribution. The operators

act on everything on their right (pp included), unless they are enclosed in parenthesis.
We introduce the Laplace transform f(z) = [, dte * f(t) and an operator P that
projects along the space of density modes

1

P = n(q»m(n*((ﬂ- (A.42)

The projection operator P is accompanied by the operator Q = 1 — P, which project
along the space orthogonal to n(q). Using the projection-operator formalism adopted in
Chapter 6 we obtain an equation for the Laplace transform of the dynamical structure
factor,

2S(q.2) — S(q) = —w(q)S(q. 2) + M(q,2)S(q. 2) (A.43)
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where we have introduced the decay rate w(q) and the memory kernel M (q,2).

“(0) = ~ 7577 (0" (@)

The kernel M can be expressed in term of its irreducible component. In contrast with

(A.44)

the transverse forces case, we do not expect terms orthogonal to q to be relevant in the
dynamics. We therefore follow the prescription of Kawasaki [152], and we introduce
an irreducible operator
1
Qe = 900 — QOn(q)) ————— (n"(q)NQ. A.45
()>N5(q)w(q)< C) (A.45)

Using the resolvent identity

B (1 o
z— QN9 z— Q00
we can write M (g, z) in term of an irreducible memory kernel M(q, z)
M(q, 2)

Q9n<q>>m<n*<qm@)z_l% (A.46)

M(q, A.47
R Y ORI AT
with 1 1
M, “(q)2 Q . A4
n(0:2) = gy (@00 —g-Q0n(@) (A.48)
The equation for S(q, z), Eq. (A.43) becomes
S(q
S(g,2) = 9__ (A49)
21 T M)
or passing to the representation in time,
0S4, ) = 0 - [ drola) Mt -1)0,8@r).  (A50)

From a formal point of view, this is the standard equation for the evolution of a
correlation function obtained through the Mori-Zwanzig projection operator formalism.
We now compute the rate w(q):

(0) = ~ 75727 (0" (@()

(A.51)
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where we have introduced the Fourier transform of the mobility field
1 —iq-T;
pla) = Y e () (A52)

Note that (0) is the Fourier transform of the mobility field evaluated at ¢ = 0. The
poTq?
5(q)

We proceed by performing a mode coupling expansion of the memory kernel.

standard result w(q) = is recovered when f;(r;) = po, since in that case p(0) = 1.

A4.2 Mode coupling expansion

To compute M (q,t) in Eq.(A.48), we must resort to approximation schemes. At the
moment, it is unclear how the mode-coupling expansion should be implemented in the
presence of a spatially dependent mobility field, that can in principle generate higher-
order dynamical correlations among the particles. Here we take the most pedestrian
approach, and adopt the usual mode-coupling expansion in terms of products of density
modes:

1

Q0n(q) =~ 2

1
2 N7S(k)S ()

ki,ko

(n” (k1 )n" (ko) QOn(q))n (ks )n(ks) (A.53)

The average on the right hand side is composed by two term:
(n* (k)" (ko) QQn(q)) = (n” (ki)n" (ko) Qn(q)) — (n"(k)n" (ko) POn(q)).  (A.54)
Let us compute the first one
(n”(ky)n"(k2)Qn(q)) = > (n"(ki)n" (k) Vi - (=i + T V)n(q))
. > (Vi (k)n" (k) - (—piFs + T V)n(a)
- Tiiq- (730 (O k) e~

= —T'Niy 114 (a0 ki(n"(ke)(a — k1)) + q - ko(n* (ki) (g — ko))
(A.55)

The 0k, 4k, q comes from the translational invariance of the system. The second term
of Eq. (A.54) is, using a convolution approximation,

(n* (k) (ko) P () = (n(ks)"n (ko) *n(@)eo(q)
~ Ny 0SS (k) S(q)(q) (A.56)
— NT50, 1005 (k) S (k) (1(0))

Summing the two contributions, Eq. (A.54) can be rewritten as

(n*(ky)n” (ko) QOn(q)) = NTpoS (k1) S (k2)(1(0))) 0k +ks.q

N - (A.57)
X [q-kiCuq(ke) +q- kol q(ks)]
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where we have introduced a ’direct correlation function’-like quantity ¢, q(k) dressed
by the dynamics that we denote by

(n(k)"p(k))
(1(0))S(q —k)S(k)

For p1 = po, €,4(k) reduces to the usual direct correlation function c|q —k|. The next
approximation concerns the evolution of the density correlations

(n(ka)"n(ks) e “n(k)n (k1)) ~ (n(ks)"n(ks) e n(ke)n (ki)

PoCuqk) =1 — (A.58)

) (A.59)
~ N7S(ky, 1) S (Ko, ¢) [0k, ks Oka ks T Oky kaOkz k]
Putting everything together, we can rewrite the memory kernel as
1 1
M0~ 338T0),, 2, SIS ) ST} SCRD)
x (n”(ki)n" (k) QQn(q))(n(q) Q2Qn(ks)n(ky))
X (n (kS)* (ka) e n (ki )n(ks))
2]\/‘3 kzk: kl QS /{22) ’< *(kl)n*(kQ)QQn(q)>|2S(k17 t>S(k27 t)
T2, ’ (A.60)
= et SOl kifiala k) +a- (k)
x S(ky,t)S(q —ky, 1)
= TR [l kitula )+ a- (0~ ka0
x S(ky,t)S(q —ky, 1)
Or using the definition of the frequency w(q)
B _ Tpolu(0)) [ dk -
M) = [ sl ka0 e @ Raa K

x S(k,t)S(q—k,t)

Together with Eq (A.58) is the expression for the irreducible memory kernel in the
mode coupling approximations of a dynamics with a spatially dependent mobility. For
i (r;) = po, the usual expression is recovered.

We can now specialize to the case of facilitated dynamics

A4.3 Mode coupling theory for facilitated dynamics

We take for p;(r;) the expression given by Eq. (A.30), the choice leading to the facil-
itated dynamics. In this case, a calculation similar to the one done for the diffusion
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constant in Section A3.1 shows that

3
(1(0)) = po o
w(q) = ¢*poT—
" ¢ (A.62)
(n(q) * p(a)) = (u(0)) = o

PoCuqlk) =1 — = poCuq(q — k).
0 l“l( ) S(|q—k|)5(k:) 0 l“l( )
The resulting equation of motion for the dynamics structure factor S(g,t) is
0S(at) =~ — [ drale) Ml t =705, (A63)
where Mgy is the mode-coupling memory kernel for the facilitated dynamics,

w(g) " Mu(q,t —7) = (k)e(q — k) — (k) — c(q — k)’

(A.64)
x S(k, t)S(q - k, £)

Eq. (A.63) and Eq. (A.64) constitute a first attempt at building a mode-coupling the-
ory for the facilitated dynamics. It is however very likely that the nature of the facili-
tated dynamics cannot be captured by the most common mode-coupling approximation
scheme. This is also suggested when trying to locate the glass transition through a
schematic approximation, as done in Chapter 6.3.4.

A4.4 Ergodicity breaking within the schematic approximation

We introduce a nonergodicty parameter ¢, = lim; % It can be determined
using the long time limit of Eq (A.63):
Poo _
- = w(q)?*Mu(q,t — o0). (A.65)

As a first approach, we compute the long time limit of the memory kernel within the
schematic approximation, as done in Sec. 6.3.4. We obtain

& dk
p: @Dz

1 schematic 2
M ~ TS,
wla) e [K|=40,Ja—k|=qo (277)?

_\/§ T52¢3
= TopaioT 5o 2t

(A.66)

where as customary in the schematic approxnnatlon, qo is the wavevector correspond-
ing to the first peak of the structure factor, and Sj is the amplitude of the peak.
Substitution of this expression in Eq. (A.65) yields

Do
- 92500 OT
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: _ /3 mTSE
with A\eq = 6% o 0

overdamped Langevin dynamics, as reproduced in Chapter 6.3.4, and the thus a glass

go. This equation is the same as the one found for the usual

transition at the same location as for usual overdamped Langevin dynamics is expected
take place. this is in contrast with our finding for the diffusion constant.

Further efforts to understand the facilitated dynamics and its possible applications
could proceed along two directions: the first one consist in employing more sophisti-
cated numerical schemes for the integration of the equations of motion, in the spirit
of [46, 171]. Although a lower temperature below which numerical integration becomes
unfeasible is probably always present, the hope is to push this boundary to temper-
atures low enough to be able to measure the diffusion coefficient for the facilitated
dynamics in a glassy phase and compare it with the prediction obtained here. On the
analytical side, there is certainly more to be explored by means of mode-coupling the-
ory. One could for example study what happens when only terms involving pairwise
interactions are kept in the expression of y;(r;), i.e. by writing

1i(r;) = P2 Vi) _ N )

= ol (1 + f(ri;)) = 1+ Zf(ru) (A.68)

with f(r;;) a 'negative temperature Mayer functions’ This procedure would lead to
consider only contribution from terms with a pairwise nature, and in this case the
standard mode-coupling expansion schemes could prove more fruitful and faithful. An-
other possibility could be to resort to generalized mode coupling theory, an extension
of mode-coupling designed to take into account higher order density correlations [142].
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BREAKING DETAILED BALANCE ACCEL-
ERATES RELAXATION: A PROOF FOR DIS-
CRETE STATES SYSTEMS

In this Section we show that breaking detailed balance in a Markov chain while pre-
serving the stationary distribution reduces the time to reach the stationary state. We
follow the proof of Ichiki and Ohzeki [136] for discrete-state Markov processes in con-
tinuous time. Let P;(t) be the probability that the system is in state ¢ at time ¢. The
probability P;(t) evolves in time according to the master equation

0
dt

= Zwiij(t) - ;wﬁﬂ(t} (B.1)

where w;; is the transition rate from state j to state 2. We assume the resulting Markov
chain to be irreducible. For the system to admit a given steady state distribution ;,
the transition rates must satisfy

N N
Z Wi Ty = Z TiWji (B-2)
i=1 J=1
This condition of stationarity of m;, known in the Markov chain literature as global
balance, can be satisfied by imposing the sufficient condition
Wi Ty = WjiT (B?))

for all configurations i, j. Eq. (B.3) is the detailed balance condition for discrete Markov
chains. It is a sufficient, but not necessary, condition for Eq. (B.2) to be true.

The master equation Eq. (B.1) can be rewritten in a rotated basis:

dR;(t)
dt

= g: Wi R;(1) (B.4)

J=1
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with R;(t) = Bi(t)//m, Wi; = Z-_l wwﬂjl/Q and Wi; = — >3, wj. The matrix W is

symmetric only when the detailed balance condition Eq. (B.3) holds, but in general,
the symmetric part of W is negative semi-definite, and the Perron-Frobenius theorem
ensures that W has a non-degenerate eigenvector, |/m;, with eigenvalue Ao = 0, which is
also the largest eigenvalue in its spectrum. We see therefore that exponential relaxation
to the steady state is ensured, with a relaxation rate given by (minus) the largest non
zero eigenvalue of the spectrum.

Eq. (B.4) is the starting point of the proof by Ichiki and Ohzeki concerning the
relaxation times of an irreversible Markov chain, which we hereafter reproduce. The
outcome of the proof is the possibility to accelerate the relaxation dynamics by break-

ing detailed balance. We start from Eq. (B.4), and we note that W can always be

S = W+W

decomposed as the sum of a symmetric part and in an antisymmetric part

_ W—wT,
A= 5 "

W=S+A. (B.5)

The matrix S is associated to a reversible Markov process with equilibrium distribu-

tion m;, as we now demonstrate. We express the dynamical process dR’(t =32 i R(t)
back to its original basis P;(t) = /m; Ri(t),

d N N
—Pi(t) =D 0uPi(t) = Y0 Fi(t) (B.6)
j=1 j=1
where the matrix o;; is related to the stochastic process w;; for the original, possibly
nonreversible process of Eq. (B.1) by:
1

Uij:*

U
5 [wz‘j + T%’i] ; (B.7)

J

To show that Eq. (B.6) is a reversible Markov process in continuous time, we need to
show that

(i) 30,z 0ji = —0u = Y ;4 wy; for any fixed i, i.e. the sum of the escape rates from
state ¢ is the same as the one of the original process.

(ili) Detailed balance with respect to the stationary distribution 7, is obeyed: o;;7; =

0jiT;

Property (i) is obvious from Eq. (B.6) and the fact that w;; > 0. Property (ii) can be
proven using the stationary condition Do WigTj = 3o Wi Ty

Z%’: Zwﬂ *Z Z%z Z“WTZ > Wi (B.8)

J#i 2 57 257 m 2 57 Ti i J#i
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Property (iii) is verified with an explicit computation

1 ;i 1 ;
04T = 5 lwij -+ Twﬁ] Ty = 7Ti§ |:Wj¢ + ]wij} = T;0 j;- (B9)
J

7

The above reasoning proves that o;; describes an equilibrium Markov process in con-
tinuous time with equilibrium distribution m;. The matrix A can thus be seen as a
nonequilibrium perturbation of an otherwise equilibrium process.

We are going to prove that, for any fixed S
Re AV -\ <0 (B.10)

where A1V and A} are the first eigenvalues below zero of the matrices W and S, re-
spectively. Relation (B.10) implies that the relaxation times of a dynamics that breaks
detailed balance are shorter than their equilibrium counterparts.

To prove the statement, we introduce the characteristic polynomials py (A) and
ps(A). For a square N-dimensional matrix M and a complex number A the character-
istic polynomial pys()) is defined as

pu(A) = det(A1y — M) (B.11)

where 1y is the N-dimensional identity matrix. The spectrum of M is determined by
solving the equation py;(A) = 0. The proof of relation (B.10) is done by establishing
two inequalities regarding the characteristic polynomials py (A) and pg(\):

)|z o) (5.12)
PW()\)’ ps(A) s s
> . )
’ 2 B VA A <ReA <N (B.13)

A graphical representation of these two properties is given in Fig. B.1. The two
propositions combined together give relation (B.10).

Instrumental to the proof will be the Ostrowsky-Taussky inequality [131], which

states that, if M is a matrix such that M’;MT is positive definite, then

M + M’
et M| > det (2) . (B.14)

Proof of Eq. (B.14). Let us define an Hermitian matrix Sy = %(M + M) and a skew-

Hermitian matrix Ay = %(M — MT), so that M = Sy + Ay The Ostrowski-Taussky

inequality is equivalent to

| det(1 + Sy Am)| > 1. (B.15)

To proceed further, note that the spectrum of Sy Ay is complex. Let ¢ be an eigen-
value of Slf,llAM with associated eigenvector uy, SK,IlAMuk = trug. Multiplying both
side of this equation by SM2, and introducing the vector uj, = Sll\fuk, we obtain

Syt AnSy 2, = tyul,. (B.16)
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Note that to write this equation, we used the fact that the matrix Sy is positive
definite. We have thus shown that uj, is an eigenvector of the matrix SK,Il/ 2AMSK41/ 2
with eigenvalue t;. Since SK/Il/ QAMS;,II/ ? is Skew-Hermitian, ¢, is imaginary. This means
that

[det (1 + Sy A )| = e[l 4+t > 1, (B.17)

which proves Eq. (B.15), and thus the Ostrowsky-Taussky inequality in Eq. (B.14).
We now have all the tools needed to derive properties (B.12) and (B.13).

Proof of property (B.12). We apply Ostrowski-Taussky inequality Eq. (B.14) to
the matrix M = A1y — W, with A real and positive:

det (A\Ly) — W > det (A\Ly — S) (B.18)

Note that M+TMT = A1y — S, which is positive definite for A > 0. We can therefore
write

pw(A) = ps(A), YA >0 (B.19)

Since we know that pw (\) = ps(A) = 0 and that the characteristic polynomial is a
smooth function of A, this statement implies property (B.12).

Proof of property (B.13). We start by looking at py (\):

2 2
=det(A\ly — S+ A) (B.20)
= det(\ly — Ag+A)

= Mdet(AMy_; — Ag+A)

pw(N) = det (/\1N W (A1 —W)Jr B (AMy _W)T>

Ag is the diagonal matrix associated to S, and M denotes the N — 1-dimensional
matrix obtained by removing from the N-dimensional matrix M its first row and its

det(AE, -W) 4
det(AE, —S)

15 w5 i
I~ /\ e A=A =0
P - % =
/« V/r \\\/*/Lp:\‘ / Re A
! \'-II N / “n
S \
A

1 (4

’
s
\_v

Figure B.1: Graphical interpretation of the proof of Ichiki and Ohzeki, taken from [130].
The plot show characteristic polynomials of W (dashed line) and S (solid line). Eq. (B.12)
enforce the dashed to be above the solid line for Re A = 07, while Eq. (B.13) guarantees the
solid line to be above the dashed one until the horizontal axis is hit again.
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first column. The last passage is justified by the fact that (Aly — Ag + A);; = A —
A5 = X. We now apply the Ostrowski-Taussky inequality Eq. (B.14) to the matrix
M= >\1N—1 —AS—FAZ

[detAly 1 — Ag + A| > det (Re Ay_y — A) (B.21)

Note that MJFTMT = Re M y_; — ) is positive definite for AY < Re A < A, thus defining
the interval where the equality holds. Using the relation (B.20) on both sides of the
inequality we obtain the result

pw()\)’ ps(N) s S
> t. .
’ 2> BNy s AF < Red < A (B.22)

which is property (B.13), and the proof is concluded. We have thus showed that
breaking detailed balance in discrete Markov processes accelerates relaxation towards
the stationary distribution.
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APPENDIX

THE CONDUCTANCE BOUNDS THE MIX-
ING TIME

In this Appendix we consider a Markov Chain in discrete space and time. Follow-
ing [173], we introduce the mixing time t,,,,, a complementary quantity to the relaxation
time that tracks the convergence of a probability distribution to its target stationary
measure, considering a worst-case scenario for the initial condition. The mixing time
is bounded from above and below by the conductance ®*, which is, in a nutshell, the
smallest transition probability for a Markov Chain, when a conditioning on the starting
set is taken into account. The bound on the mixing time is
/!

> (Ii 5 log 7Tin (C.1)
where 7, = min;eq 7., (7), with ) the set of possible configurations of states ¢ and 7,
the stationary state of the Markov chain. While the constants C' and C” depend on
whether the Markov chain is reversible or not, the dependence on the conductance is

S tmix S

the same for all Markov chains. Since, as we will show, the conductance is the same
for a reversible Markov chain with equilibrium distribution 7, and a lifted Markov
chain with the same steady state distribution, it gives information on the maximal

efficiency achievable using lifting schemes. If a reversible Markov chain has a mixing
ret
achieve a square-root reduction of the mixing time of the system [63].

time closer to the upper bound ~ there is then hope for an effective lifting to

C1 Definition of the mixing time

We denote by P(i,j) the transition probability from state i to state j of the Markov
chain under consideration. The master equation in discrete time for the time dependent
probability (i) is

(i) = Z () P (3, 7) (C.2)

=0
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The steady state distribution 7, satisfies the stationary condition
jeQ
Given an initial condition 7, the distribution at time ¢ can be constructed by iteratively

applying Eq. (C.2):

ZWO = mo P (i) (C4)

JEQ

with P'(j,4) the j,i entry of the matrix P*.

To define the mixing time, we first introduce the distance from stationarity d(t) as

(C.5)

d(t) = sup||uP' — 7
o

where p is a probability distribution defined on €2, and ||-||rv denotes the total variation
distance
P’ — .,

TVZ*Z‘ZM Pt@] T (9)] (C.6)

]GQ i

The distance from stationarity is a measure of how close a Markov chain that has
evolved up to time ¢ is to the stationary distribution 7.

The mixing time is defined by fixing a conventional cutoff of 1/4 for the distance

from stationarity
1

d(tus) = 7. (C.7)

After defining the mixing time, we turn to the definition of the conductance.

C2 The conductance

To define the conductance, we first introduce the ergodic flow ®(.S) from a given set

SCQ

ZzES Z]ESC SS( )P(Z ])
T (S) ’

where S is the set complementary to S in Q. In other words, the ergodic flow ®(.5) is

¢* =

(C.8)

the conditional probability of observing a transition that exits through the boundaries
of S, given that within S the system is in its steady state. The conductance ®* is then
defined as the smallest possible ergodic flow,

o = S|7rsf.(nsl)n§1/2 d(9). (C.9)

The condition 7(S) < 1/2 is introduced because, using the fact that in the steady state

Yies 2jese Tos(1)P(i,7) = Yicse X jes ()P (4, j), it can be showed that ¢(S5¢) < ¢(95)
provided that w(S) > 1/2.
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A simple example of computation of the conductance is given by a random walker
on a lattice of size L. At every discrete time, the random walker can move to the left
site or to the right site with probability 1/2. The minimum ergodic flow is achieved
choosing for S a block of length L/2, which gives a conductance ®* = % The bounds
for the mixing time in Eq. (C.1) then reads O(L) < t,.,. < O(L*log L).

We proceed by defining lifted Markov chains and their relation with conductance
and reduction of the mixing time.

C2.1 Lifted Markov chains, and their conductance

In the Markov chain literature [63], a lifting of the configuration space € is a larger
configuration space Q and a surjective function f : Q) — Q that collapses a state o € O
onto a state ¢ € 2. Note that multiple states of the lifted space can be mapped to the
same configuration of the original space. For a fixed configuration ¢ € €2, we denote by
F71(i) €  the set of configurations a € € such that f(«) = i. The lifted configuration
space is accompanied by a lifted steady state distribution 7, and a lifted transition
probability matrix p(a, f). In order to define a lifting of the Markov chain P(3, j),
they must obey two properties. The first one is that upon integrating out the variables

of the extended phase space, the distribution 7,, must collapse onto ., namely

ss)

Z Tros() = w4 (1) (C.10)
acf~1(9)
the second property relates, in a non unique manner, the probability flows of the lifted
Markov chain the ones of its collapsed counterpart:

Y. > Fula)Pla,f) = m(i)P(i, ). (C.11)
acf~1(i) Bef ()

In particular, Eq. (C.11) implies that lifted Markov chains do not open new transition
channels in the collapsed configurations space, but can accelerate the existing one,
hopefully by transforming diffusive transition processes into ballistic ones. In this
thesis, we were interested mainly in liftings of the form Q) = QxV with V a new
set of extra degrees of freedom (the self-propulsions in the active particle analogy in
Chapter 1, or the activity label and self-propulsion direction for the Event Chain Monte
Carlo algorithm in Chapter 7).

The conductance ®* of a lifted Markov chain cannot be larger then the one of its
original counterpart. This is because using Eq. (C.10) and Eq. (C.11) we have

Dacf1(S) 2Bef-1(S)e P(a, B)7a(a)
T (f7H(S))

for every S belonging to the original configuration space 2. In particular this implies

= 0(S) (C.12)

that ®* < ®*. The lower bound presented in Eq. (C.1) for the mixing time remains
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valid also for the lifted Markov chain, and there is room for improvement in the case
where the ..., is closer to the upper bound in the original chain and closer to the lower
bound in the lifted Markov chain.

C3 Proof of the lower bound for ¢

C3.1 Preliminary lemmas

Before proceeding with the proof of the lower bound, we discuss two useful results. The
first one is a possible rewriting of the total variation distance between two probability

distributions p and v on (2

I = vloy = Z; [u(@) — v (3)], (C.13)
w(i)2v(i)

which can be shown in the following way

1= vy = 5 Sluti) — v)

! > (i) — v + 5 > ()~ )]
! > (i) — (i) + & > ()~ )]
e | o ZOE0) | | (C.14)
LI CORVIOIEE I SRORYI0)
n(D) 2w (i) n@®2v(@)
= X ) - )+ Xl (i)
p(i)>v(i) e
= T )~ o))

w()=v (i)

where we made use of the fact that Y ,cq pu(i) = Xeqv(i) = 1.

The second useful lemma is the fact that the total variation distance, defined in
Eq. (C.5) is a decreasing function of time, d(t + 1) < d(t). For two arbitrary distribu-
tions on 2, ;4 and v, we have

P = vPllry <l = vlrv (C.15)
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since, using the triangle equality, we have

1P~ vPlley = 5 SIS u(G)PGL ) — V()P )

<5 Y0 € Qlnls) - vi)IPGL) (C16)
= 5 It = v(0) = I~

Through Eq. (C.15), we have

d(t + 1) = sup||uP™" — m||rv
m

= sup||pP — 7w Py
m

(C.17)
< sup||pP" — 7P|y
n

= sup||uP" — 7. ||rv = d(t),
I

which concludes our preliminary demonstration. Note that in particular, Eq. (C.15)
implies that

[P+t =Py < [nP = vP' iy < < 0P = vy, (C.18)

This inequality will be useful later.

C3.2 Proof of Eq. (C.1)

Following [173], we start by observing that

v > [|uP" = 7 rv = ds(t) (C.19)

d(t) = supl|uP' — 7.,
“w

where for a fixed subsets of configuration S C Q we have defined ug as mg/m..(S), with
0ifi ¢ S
(i) = 400 E (C.20)
m.(i)ifie S

Since d(t) > dg(t) and d(t + 1) < d(t), ds(t + 1) < ds(t), we have t,;, > tg, with
ds(ts) = 1/4. Therefore, we can find a lower bound by estimating tg and maximing
this time over all the set S such that 7(S) < 1/2, to make a connection with the
conductance.

Using the triangle inequality for ||-||rv, we have

v + s Pt — psllrv > [lps — 7oy (C.21)

s Pt =,
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Taking t = tg, the inequality becomes, by definition of tg

1
1 + ”MSPtS — psllrv > |lpes — 7lrv (C.22)

The term on the right hand side can be estimated as follows

1 .
s = wllvv = 5 > _lis = mae(0)]

€02
—= #S%érm [7(3) — ps(7)] (C.23)
= > 7(i)=1-n(S) 2;
1€S¢

The second term on the left hand side of Eq. (C.22) is bounded by the ergodic flow
of S,
s P — psllrv < ts®(9). (C.24)

Physically, this means that the conductance imposes an upper limit to the rate at
which pgP! drifts away from its initial condition as the Markov chain evolves in time.
To see this consider

ts—1
lus P — pslley = 11> psP™ — pgPr|lry
r=0
ts—1 C.25
< > lwsP ™ = psP ||y (C.25)
r=0

< tsllusP — psllrv
where in the last passage we made use of Eq. (C.18).

tslusP —pslrv =ts > psP(i) — ps(i) (C.26)

i€Q
rgP(i)>pg ()

From the definition of pg in Eq. (C.20), we see that the inequality pusP(i) > ps(i) is
true if and only if 7 ¢ S. The equation above reduces to

tsllusP — psllrv =ts Y psP(i) — ps(i)

iese
=ts > > ps(i)P(j.1) — ps(i)
i€S5¢ jes (0‘27)
_ tSZiESC Yjes 1s(7)P(j,9)
7TSS(S)
— 10(S).

When passing from the second to the third line, we have used the definition of ug,
and the fact that ug(i) = 0 if i € S°. We have thus proved Eq. (C.24). The triangle
inequality in Eq. (C.22) thus becomes

tg > (C.28)

13(5)
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A minimization over S yields the desired result

b > tg > L ! (C.29)
mix = Sup = Sup TN & T .
S|mes(S)<1/2 5 Sime(s)<1/2 4@(S) 4P~

and we have completed the proof. The constant C' in Eq. (C.1) is thus C' = 1/4.
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APPENDIX

p-SPIN WITH ICHIKI-OHZEKI DYNAMICS

D1 Dynamical equations for the p-spin evolving under the
IO dynamics

We consider two copies of the spherical p-spin model evolving according to the Ichiki-
Ohzeki (I0) dynamics, for which the equations of motion read

atai(l) P +7 @ H(l)(t)az(l) + ’W(Z)(t)az‘(z) + v 2T§'(1) (D-l)
Jo; Jo;
oA oA

00y = ——5 =1 — 1P 0o =y ()ol" + V2T (D.2)
Odo do

2
where ;%) (t) are elastic constants that enforce the spherical constraints > <(ai(a)) (t)> =

N fora=1,2, fi(a) are independent Gaussian white noises <f£a) (t)fj(b) (t’)> = 04500 (t —
') and the total Hamiltonian of the system ¢ reads

H [{Ul}z(i)l ..... N7a:172} = Z ‘]ilmip Z o-i(f) o 'O-Z(:) (D3)

i1 <. <iip a=1,2

Note that the couplings .J;, . ;, have the same realization for both systems, and they are

independently distributed according to a Gaussian distribution of mean 0 and variance

p!
2Np—1*

We suppose that the systems start from an initial equilibrium condition at a tem-
perature T = B!, which is kept constant throughout the dynamical evolution. Our
goal is to derive effective dynamical equations of motion for the spins in the two system
by averaging over the disorder. To achieve this, we use standard path integral tech-
niques as carried out in [67] and further detailed in [14] or [56]. The starting point is
the partition function for the dynamics of the composite system in Eq. (D.1) at tem-
perature 1. The initial condition for the two subsystems is given by two independent
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realization of the Boltzmann distribution at temperature T. We have therefore

1=7= /Daozleﬁ’%["él)"’ém}

eq

R Nt Ry Y 4
X /DO’DO’ exp [— Z/o d’/'Oi(l) <8fai(1) + RO 1@ + M(l)m(l) - ’W(Z)Oz@)
i=1 0; do;

0 0 2 2
+ 617 (&@‘” o tIm 1o + Vo’ )> T (5") -1 (57)

(D.4)
with Z., the static partition function of the system, Z., = [ Doge P71o0l - We are
using a vector notation for the spin variables, o (t) = (0(1)(75), o (t))T, the auxiliary
field & (t) = (6(1)(75),6(2)(25))T and the initial condition o(t) = (0(1)(0),0(2)(0))T As
noted in [132], since we are using thermalized initial conditions, we must resort to the
replica trick in order to average Z over the disorder:

= lim 7! (D.5)

and follow the dynamics of each replica. However, since the initial condition belongs
to the replica symmetric phase, the dynamics of the different replicas are decoupled
and it suffices to follow the behavior of any single one among them. By using notation
of the form (a(“) : O'(b)) t,t) =N, Ui(a) (t)afb) (t"), with a and b indices identifying the
two systems, we can write in the thermodynamic limit

N

_ 2
Z = /DO'(O)DO'D& exp{ Z [/ dTA(l) +uWo ( ) 7/1@)01(2)) -T (62-(1))

+6 (8 @ 4 @53 4 VM(I)U,EI)) -T (62-(2))2

1 1
+ AN /dt/dt’]l(t7t') + W/dtlg(t)}
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With

L) = p (60 60) (60 D)™ 4 pp — 1) (16" ) (0@ 60 (610 )"
—lp (60 60) (0. U(z))p* +p(p — ( 0. 5@ (510 50 (50 _U@))H'
+p (-5(1) (3(2)) . 0(2))1”*1 +p(p—1) (6(1) . 0(2)) (0(1) ~6(2)) ey _0(2))1’*2
v lp (60 52) (s 0(1))”‘1 +p(p—1) (6001 (60 5) (40 0(1))1"2'
-7 :p (6060 (6@ - cM)" 4 p(p — 1) (60 - V) (0@ - 5D (o a<1>)“:
+ 72--1? (6—(1) - &“)) (0(2) : 0(2))%1 +p(p—1) (61 0®) (0(2) : 6(1)> (0(2) : 0(2))p'2-
— {p (g,m . a<2>) (U@) . U<2>)p‘1 p(p—1) (&“) . U(z)) (U@) . &<2>) (U(m . g<2))p—2]
2 p( M. 5@) (5@ U(l))”‘l +p(p—1) (60 - 0M) (6@ 62) (o 0(1))?‘2'
+ (14 2,7y —y)

(D.7)
and

;[Q(t, 0)=p (&(1) ) J(()1)> (0(1) , U(()l))p—l o (&(1) _ O_(()l)) (0(2) . 0(()1)>p—1

(60 0) (o0 o) = 3p (60 o) (40 o) (D)

We now exploit the thermodynamic limit N — oo through a saddle point evaluation
of the path integral. In order to do so, we introduce a set of dynamical overlaps in the
partition function:

Z = [ DQM o120 (NQI (1, 1) = 59 - 60) 6 (NQY (1, 1) = o - o)
x 6 (NQY(t,1) = 6 - o) 5 (NQY (1, 1) — o' - 6®))
X 0 (NQéab) (t) — 6@ . a(()b)) X 0 (NQéab)(t) — o -aéb)) x (r.h.s. Eq. (D.6))

— [DP [ DQMmszexp |iN [t (P 1)Q1 ~ Pt )5 - 5)]
X exp -iN/dtdt' (Pz(ab)Q(Qab) — Pg(ab)a(a) . a(b)ﬂ

X exp |iN / dtdt’ (P8, 1) Q" — PLV6t® . a(b)>]

X exp —iN / dtdt’ (Pz;(ab) z(Lab) — Piab)o(a) -6(6))}

x exp [iN / dt (PLPQY™ — Pis() . aé”))]

X (r.h.s of Eq. (D.6))

X exp iN/dt (Péab)Qéab) P(ab) (@) O'(()b))
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The dynamical overlaps have a natural interpretation if one introduces the correlation
and the response matrices C(¢,t') and R(¢,t):

We therefore see that in the thermodynamic limit the following self consistent relations
hold:

SOt = Cult,t)
Q:(aab) (t, t’) = Rab(tla t)

(1) = Ra(t.1) (D.12)
Q) = Cult0)

) = Ra(t,0)

Note that Q" (t,t") = QY (#,t). Moreover, we claim that, as in the standard
case [241], §“"’ = 0. The saddle point equations are obtained by differentiating the
argument of the exponentials in Eq. (D.6) with respect to the set of dynamical overlaps
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Q'"" and they read:
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Note that P, = 1Ps = 0 because )1 = 0 and because of causality, which implies that
{ab) (t, ¢ )fob) (t,t') = 0. Substitution of the saddle point expressions of Eq. (D.13) in
Eq. (D.9), together with Eq. (D.12) yields the effective dynamical equations for the

. . . T .
spins of the system. Using a vector notation, o (t) = [a(l) 0(2)} , we obtain

¢ 1
Oo(t) = — (12 + VA)'N(t)'U(t)+/O dTMRg(t, 7-)-0'(7)4—? (12 +~vA)-Co(p, t)-o(0)+E(?)
(D.14)
where fiq4(t) = 6451?(t), and the correlations of the noise Z(t) are

(EH)EW)) = 2T8(t — t')15 + D(¢, ) (D.15)

while the expression for the memory kernel Mg (t,t'), the noise correlations D(¢,t’)
and the coupling with the initial conditions Cy(¢,0) are the following:

-1

CPI2 (R11 + vR12) — vCE % (Ra1 +vRa2)  CPy % (Ri2 — vR11) — vCE; % (Raz2 — vRa21)
CET? (Ra1 +vRa2) + vCF ? (R11 + vR12)  CEy? (Ra2z — vR21) +7CPy % (Ri2 — vR11) (D16)
D(t,t') = (12 +7A) - Co(p,t) - (1o + 7A”) (D.17)
Colp. .00y = 5C5(,0) (D.18)

From Eq. (D.14) by using the definition (D.10) and the equalities
5o @(t)

Rup(t, ) = D.19
(€9 (o) = 2TR(t,t) + [ dr [Dt7)-RT(,7)] (D.20)

we obtain

OR(t, 1) = — (1o +~vA) - u(t) - R(¢, 1) + t,t dTMRg(t,7) - R(7,t') + 0(t — )15
(D.21)

OC(t, 1) = — (1a +vA) - u(t) - C(t, ") + /Ot drMg(t,7) - C(7, 1) + 2TRT (¥, 1)
(D.22)

tl

1
+ ; drD(t,7)-R™(t',7) + T (1o +~A) - Co(p, t) - C(0,¢)

2
By imposing the spherical constraint 37 <(ai(a)) (t)> = N for a = 1,2 one can find a
self-consistent expression for the restoring forces p(t). If we denote the diagonal part of
a matrix by Diag(A) ., = 04 Aqs the spherical constraint condition reads Diag(C(¢,t)) =

1. By differentiating with respect to t we get

lim Diag (9;C(t,t') + 9y C(t,1)) = lim Diag (9,C(t, ') + 0y CT(¢,1)) =0  (D.23)
t'—t t'—t
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which leads to

t t
u(t) = Diag|T1, + [ drM(t,7)- CT(t,7) + [ drD(t,7) R¥(t,7)
0 0

(D.24)

+ ; (12 +~A) - Co(p,t) - C (2, 0)]

Since the dynamics of the system starts within the steady state, we assume that time
translation invariance holds: C(t,t') = C(t —t') and R(t,t') = R(t —t') The equations
of motion for the response and correlation matrices therefore read, when taking ¢ =0

OR(E) = — (1o +7A) - u(t) - R(E) + ; ArMg (t — 7) - R(7) + 5(D)1 (D.25)
OC(t) = — (1 +1A) - 1) - C1) + [ drMa(t —7)- O(r) + & (1 +94) - Cufp.
(D.26)
1u(#) = Diag | T1, + /Ot ArM(t —7) - CT(t — 7) + /Ot drD(t — 7) - R¥(t — 7)
+ (12 4 74) - Cofp 1) - CT(1)

(D.27)

For numerical purposes it is more convenient to work with the integrated response
matrix F(¢,¢') [155], defined by

t
Fu(t.t) = — /t dr Roy(t,7) (D.28)

since it has a smoother relaxation than R(¢,¢"). The equations of motion in the time
translation invariant regime are

OF() = 15 — (1 + 7A) - p(t) - F(£) + /tf drMg(t — 7) - F(7) (D.29)

0:C(t) = — (12 +~A) - pu(t) - C(t) + /Ot drMg(t — 1) - C(7) + 7{ (12 +~vA) - Co(p, 1)
(D.30)

u(t) = Diag | T1, + /f drMg(t — 7) - CT(t — 7) + /Ot drD(t —7) - 0. FT(t — 7)
+ (12 74) - Colp.1)- (1)
(D.31)
and the memory kernel Mg(t) that reads
MF(t — 7') = —]M X
2

CPI2 (8- F11 + 7407 F12) — 7C8 2 (8- Fa1 + 40, Faz)  OP; 2 (8, Fia — v Fi1) — vOFy % (97 Fag — 70+ Fa1)

CPT2 (9r oy + v07 Faz) + 7OV 2 (8, F1y + v9r F12)  CEY 2 (97 Faz — 407 Fa1) + vCPy 2 (97 F1z — 707 F11)

(D.32)
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the companion initial conditions are C(0) = 15, F(0) = 0. Together with Eq. (D.14),
these equations correspond to Eqgs. (3.5, 3.6, 3.7, 3.8) presented in the main text.

In the following section we provide the reader with some details on the algorithm
implemented to integrate the dynamical equations.

D2 Numerical Integration of the dynamical equations

We present here the integration scheme adopted to numerically solve the dynamical
equations of motion, Egs. (D.29, D.30, D.31). The basic idea for the algorithm was
first given in [102] in the context of the mode coupling equations. It was then applied
to the aging of the p—spin model in [155] and generalised in [27] for the case of non
stationary systems. A pedagogical description of the algorithm can be found in [92].

To integrate Egs. (D.29, D.30, D.31), we take a grid of M points with a discretisation
step At, so that any function f(¢) can be discretised as fr = f(tx) with t, = kAt
Suppose that we know the first n value of the correlation and the integrated response
along the discretized line and that we want to know their value at the step n 4+ 1. By
resorting to finite difference approximations, we can obtain a set of non-linear equation

for the variable V; = [Ci Fz} of the form
Vi1 =NL(Vy, Vi, ...V, V) (D.33)

where NL is a generic nonlinear operator. This set of equation can be solved iteratively
starting from the initial condition V,; = V,,. Once convergence is achieved, one can
move to the next point along the discretised line. This is the propagation step.

Once all the values of C and F have been obtained along the grid, one performs

a decimation and a rescaling to compress the information obtained and reach longer

times. Half of the points are discarded by performing the substitution Vy;, — V;

for e = 0,...,M — 1 and the time step is rescaled by a factor two, At — 2At¢. The
M

propagation step is then repeated starting from the point n+ 1 = <-. Large times can

be quickly achieved by iterating these two steps.

The finite difference approximations that we adopt are the following. For the left
hand side of Egs. (D.29, D.30) the time derivative of a function at step k + 1, 0; fr41
can be approximated as

Ouficrs = 37 (Bfiss — 4+ fi1) + O(AP) (D.31)

while the integrals on the right hand side have the general form
tn
Iyor = / T ArA(t — 7)o, B(t — T)C(7) (D.35)
0

T = | AR Al — DBt — 1)C(7) (D.36)
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and they can be approximated as

"1
Lyt =) 7 (A + An) (Buoj = Bua) (G5 + Cia) + O(AF) (D.37)
=0
"1
g =3 7 (Ansij + Any) (Baoj = Busi ) (Crpaj + Cuy) + O(AF) - (D.38)
j=0
(D.39)

For the results presented in the main text we have adopted a grid of M = 1024 points
and an initial timestep of At = 1071,

D3 aFDT for the IO dynamics of the p—spin

We make the following ansatz concerning the form of the violation of the FDT for the
Twisted Dynamics of the p—spin:
=[C@) = C(0)] = F(¢) - (12 +7A) (D.40)

that is, an analogous form of the FDT relation holds if one looks at the proper combi-
nation of response functions. We call this the aFDT relation. In this section we will
show that this relation is indeed satisfied by Eqgs. (D.29, D.30, D.31). The strategy
of the proof is the following: starting from Egs. (D.30, D.31) and the aFDT we will
obtain Eq. (D.29). To do so, we first rewrite Eq. (D.40) in a differential form:

;@C(t) =0, F(t) - (12 +~A) (D.41)
using Eq. (D.41) we can rewrite the memory kernel M in a simpler form:
Mip(t — 7) = 1{ (1 +7A) - 8.Cy(t — 7) (D.42)
We now proceed to compute the left hand side of Eq. (D.41) using Eq. (D.26):

;&C(t) _ —; (1o +7A) - u(t) - C(8) + ;/Ot drMg(t — 7) - C(7)

1
t (1o +7A) - Co(2)

(1o 47A)- (;12 LR - (1 +7A)) + ;/Ot drMg(t — 7) - C(7)

+ o (1 +79A) - Colt)
(D.43)

t t
pu(t) = Diag | T'1, + /0 drMg(t —7) - CT(t — 7) + /0 drD(t — 7) - ,FT(t — 7)

1

+ 7 (L +7A) - Co(p — 1,1) - CT(1)

(D.44)
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to evaluate the time integral, we can use Eq. (D.42), integration by parts, the aFDT
relation and the boundary condition C(0) = 15, F(0) = 0 to obtain

;/0 drMg(t — 1) - C(r) = — (plz — Co(t)) + /0 drMp(t —7) - F(1) - (15 +7A)

72 \2
(D.45)
t 1 t
/ ArD(t = 1) - O, F(t = 1) = - (12 +7A) - / drCy - 8,CT(7) (D.46)
0 0
t 1 1
/ drMg(t — 1) - CT(t —7) = — {pb _Cy(t) - CT(t) — f/ drCy(t — 7) - .G (7)
0 T 12 T Jo
(D.47)
So that p reads after simplifying and taking the diagonal part:
_ s =
p(t) = (T+ 1) 1o = e (D.48)
putting everything back in Eq. (D.43) and simplifying we get that
1

with 0,F(t) given by Eq. (D.29), and the proof is completed.
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APPENDIX

CHIRAL ACTIVE BATHS AND SYMMETRIC
TRACERS

Over the course of my thesis, due to the expertise developed in the area of nonreciprocal
forces and projection operator methods, I have been involved in a research project in
chiral active matter. This Appendix presents the topic in a form close to the eventual
submission. This work was done in collaboration with Cory Hargus, Julien Tailleur,
and Frédéric van Wijland.

Chiral active matter [175] refers to systems of particles that harness energy from
the environment and convert it in a form of biased self-propulsion, that breaks the
inversion symmetry of the system. It has received much interest in recent years, as a
framework to describe a variety of systems in biology and synthetic soft matter, from
sperm cells [228] to asymmetrically shaped self phoretic colloids [260].

Here we ask ourselves how a bath of chiral active matter affects the dynamics of an
embedded passive tracer. This applies to its transport properties and possible ratchet
effects. In the microscopic world, where fluctuations play an important role, the min-
imal theoretical ingredients necessary to build a ratchet are well-known: irreversible
dynamics coupled to a spatially asymmetric shape or potential can generate directed
motion, from which work can be extracted [88, 183]. In the last two decades, micro-
scopic ratchets have been devised using nonequilibrium baths [52, 53, 114] and probes
of various shapes. Even more recently, active baths have been used to construct micro-
scopic engines [167, 259]. One spectacular realization is that of a gear with asymmetric
(chiral) teeth, which rotates when placed in a bacterial bath [80, 9].

Conversely, even a symmetric object may become a rotational ratchet when placed
in a chiral active bath, composed of self-driven particles with a propensity to turn
in a particular direction [174]. In this case, the bath itself contains both ingredients,
breaking time-reversal and mirror symmetries. Indeed, the breaking of time-reversal
and mirror symmetries in the microscopic dynamics permits exotic transport properties
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otherwise prohibited by Onsager’s reciprocal relations, such as odd transport phenom-
ena [13, 123, 126, 223], which have been previously seen in this thesis as a byproduct
of transverse forces. In the presence of multiple tracers interacting with such a kind of
bath, exotic forms of clustering formation and rotation [120] have been observed.

E1 Model

We consider an extended rigid tracer of arbitrary shape and typical size ¢ evolving under
Hamiltonian dynamics and interacting with a chiral active bath in two dimensions. The
tracer has mass m and moment of inertia /. Its state is characterized by its position
R, momentum P, orientation © and angular momentum L. The equations of motion
of the tracer read

1 .
1p o215,
m I (E.1)

P=Fpn L =Tpam

R:

where Fy.n and I'ha, are the total force and torque on the object due to pairwise
interactions between elementary constituents of the tracer with the bath particles.
The bath is composed chiral active Brownian particles (cABPs) [179], whose equations
of motion are

Crz - Ftracer,i + fOui + QCDt'rha

0; = wo + \/ﬁ&

where Fi,; ; accounts for pairwise interactions between bath particles, the force on bath

(E.2)

particle ¢ due to the tracer is Fiacer i, and where fj is the active propulsion force oriented
along the director u;. Pairwise interactions are assumed to be reciprocal, i.e. satisfying

> i Firaceri = —Fpatn. The active bath described by Eq. (E.2) displays two microscopic

_ fo

active timescales: the persistence length /£, := Df—og and the gyroradius ¢, : SoE

E2 Main results

We first present qualitative results coming from Molecular Dynamics simulations of
Eq. (E.1) and Eq. (E.2) obtained by C. Hargus. Fig. E.1 illustrates three differently
shaped objects which, when placed in a bath of chiral active Brownian particles, exhibit
qualitative differences in their motion. Namely, an isotropic disk inherits from the bath
particles an emergent chiral random motion (Fig. E.1(a)), imbuing the object with odd
diffusivity [120], as previously noted in [174]. This is quantified by plotting the antisym-
metric component of the velocity autocorrelations as a function of time (Fig. E.1(d)).
When isotropy is broken, but invariance by central symmetry is preserved, for example
in an elongated rod-like object, the object will generically experience a torque from the
chiral active particles causing it to rotate systematically in one direction (Fig. E.1(b))
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=~ (b)| |(d) ~

=l O o | =

\;j’\,' ' <3 (f)
t t t

Figure E.1: Odd dynamics and ratchet currents of differently-shaped passive objects
in a bath of cABPs. (a) A passive disc (blue) inherits chiral random motion of the
opposite sign of the bath particles (yellow) through collisions. (b) This results in
odd diffusion, manifesting in antisymmetric velocity correlations (solid line) which are
odd under time-reversal (dashed line). (¢) An immobilized rod breaks the isotropy of
the bath, resulting in asymmetric accumulation of cABPs driving a net torque (I');.
(d) For a mobile rod, this torque is balanced in steady state by the angular friction,
resulting in a constant angular velocity. Translational and rotational dynamics are
decoupled due to central symmetry. (e) A passive wedge further breaks this central
symmetry, behaving as both a rotational and translational ratchet. (f) Translation-
rotation coupling and ratchet currents are visible in the time correlation of €2 and vj.
The bottom row shows simulation results for ¢, = 10 and ¢, = 10. . This figure was
realised by Cory Hargus.
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as its nonzero angular velocity shows (Fig. E.1(e)). When the rod is deformed into a
wedge, thus suppressing any rotational invariance and breaking one of its symmetry
axes, the object effectively becomes an actively-driven chiral particle itself (Fig. E.1(c)),
and the combination of actively-driven translations and rotations leads to ballistic-like
motion on the timescale of active particle reorientation, and enhanced odd diffusion on
long timescales (Fig. E.1(f)). We complement these numerical results with an analyti-
cal approach in which we coarsen out the bath degrees of freedom. This simplification
comes at the cost of an adiabatic approximation.

In the spirit of Van Kampen [250], we shall assume that the bath degrees of free-
dom evolve over much shorter time scales than those of the tracer. In this adiabatic
approximation, the structure of the bath is completely determined by the instanta-
neous configuration of the tracer. The implementation of the adiabatic approximation
is described in deeper detail in the next sections, the outcome of which is the following
Langevin equation for the tracer

-0l STl e
¢ 3

Upon adiabatic elimination of the active bath degrees of freedom, three effects are
produced on the tracer: a constant drift, an instantaneous friction ¢ and a Markovian
noise £&. The translational and rotational degrees of freedom of the tracer, which are
now coupled one with each other, are thus directly affected.

These equations feature a collection of nine friction coefficients ¢ and of three white
Gaussian noises £ whose correlations are characterized by nine diffusion constants A,

(£() @ &(t)) = 2Aé(t — 1) (E.4)

Depending on the shape of the tracer, the friction and noise may depend on the in-
stantaneous tracer orientation © except, due to the bath isotropy implied by Eq. (E.2),
(rr, and A, while translation invariance prohibits dependence on R and P.

The outcome of our theoretical procedure is to provide expressions for ¢ and A
in terms of steady-state averages over the bath degrees of freedom at fixed tracer
coordinates, as written out in Eqgs. (E.5) and (E.6). The friction matrix ¢ reads

o [(6F(r)® Valogm(®)s (6F()0hlog pn(0)
¢~ l D(r) V5 Log py(0))s <ar<7>aelogpb<o>>bl (E-5)

with 0F = F — (F);,, 0T’ = T' — (T");, the fluctuation of the active bath forces acting on
the tracer. The matrix A encodes the noise correlations, and it is given by

4 (7) @ F(0))s (OF(7)oL'(0))
. / [ 0T (7)5F"(0)), <5r(7)6r(o)>bl' (E.6)
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Equation (E.3) is the most general description of the tracer dynamics within the adi-
abatic approximation. As highlighted in Figure E.1, in addition to being subjected to
a translational drift, the tracer generically feels a constant torque as well. Due to the
chirality of the bath itself, the object need not be chiral to experience a net torque.
We now specialize Eq. (E.3) to the various shapes of Fig. E.1.

E2.1 Swirling disk

We start with a circular tracer, which has only translational degrees of freedom. Due
to rotational symmetry, we have (F), = 0, and Eq.(E.3) reduces to

P = _;CPP P +&p(1). (E.7)

When wy = 0 the bath is made by achiral ABPs, which, together with the isotropy of
the system imposes ¢ = (|1, A = |1 and we recover the result of [240]. However, when
wo # 0, the friction and noise matrices are no longer constrained to be diagonal. The
isotropy of the system therefore imposes {pp = (1 + (1A, A= N1 + A A, with A =

0 —1
L 0 ] . The physical consequence of such a structure of the friction and noise matrices

is the emergence of odd diffusion for the passive disk. Such an effect is quantified by
a finite odd diffusivity [126] Dy = 555 ;" dr(P(7) - AP(0)) = [;"(v,(t)v,(0)), as
shown in Fig. E.1(d). The dynamical evolution of Eq. (E.7) is irreversible because upon
time-reversal wy remains unchanged (unlike the magnetic field in the Lorentz force for
a charged particle [205]) but observables that are even in wy will be consistent with
Boltzmann statistics. We can therefore introduce an effective temperature Tog = A /(|
such that (P?) = 2mT.g. This leads to the following expression for the odd diffusion
constant
CL

G +¢t

Interestingly, one can show that in this adiabatic context, the odd mobility of the

D, =Ty (E.8)

tracer, defined as pu; = lim;,__ % when a constant force f = fe, is applied on the
tracer obeys the effective Einstein relation p; = T4 D, .

E2.2 Spinning rod

To pinpoint the effects of the chiral bath upon the orientational degree of freedom,
we consider the case of an anisotropic, achiral tracer, such as a rod. Due to the
anisotropy of the tracer and the chirality of the bath, we expect the average torque
(I')y to be nonzero. This is because two particles hitting either side of the rod at
the same location will experience asymmetric fates as the particles will slide along
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the obstacle according to their chirality. This creates a heterogeneous density profile
and a net torque. This was indeed observed in [55] for a chiral active particle in an
anisotropic confining potential. Due to the twofold rotational symmetry of the rod,
Egs. (E.5) and (E.6) show that the off-diagonal elements of A and ¢ coupling rotation
and translational degrees of freedom must vanish. Thus the translation motion of the
rod is odd-diffusive, just as in the previous case of the disk, while rotation is now
present and described by

L= ()~ L), (E.9)

In the steady state, we thus expect the tracer to spin with a constant average angular
velocity €2 given by

(I')y

B gLL7

Q (E.10)

as shown in Fig. E.1(e) or in [174]. The range of validity of the adiabatic limit, and
of the accompanying effective Green-Kubo relations, is much more subtle than for the
disk. In the presence of a constant drift, another time scale Q! controls the motion
of the tracer. For the adiabatic regime to hold, we must a posteriori verify that this
emergent time scale is larger than D' and wy*. This is a consequence of the transport
coefficients coupling rotation and translation vanishing due to central symmetry of the
rod: (I'(¢)Fi(0))y, = (I'(0)Fi(t))-w, = 0. This decoupling is warranted for the rod
— which can be rotated into itself by a rotation of 7 — as for any object exhibiting
central symmetry.

E2.3 Steering wedge

Finally we consider the case of a wedge, which exhibits no central symmetry. All the
entries in A and ¢ have to be considered, because rotational and translational dynam-
ics are now coupled. However, due to the mirror symmetry of the wedge, ¢ exhibits
only five independent elements. The wedge behaves as both a rotational and trans-
lational ratchet. The translational drift is a function of the wedge orientation only,
(F)p = (F),(©). The tracer itself can be pictured as an effective chiral active Brownian
particle, where its self-propulsion velocity is determined by its instantaneous spinning
orientation. While, in the adiabatic approximation, generalized frictions and diffusiv-
ities sometimes appear to be connected by an effective temperature, in general their
relationship may be more complex, and this calls for further numerical simulations.

In the next Section, we derive, within the adiabatic approximation, Eq. (E.3).
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E3 Effective Langevin equation for the tracer

E3.1 Setting up the stage

In this Section, we derive the effective underdamped Langevin equation of motion for
the tracer in the adiabatic limit, Eq. (E.3) of the main text. We consider a rigid tracer
of arbitrary shape, with mass m and momentum of inertia I, interacting with a bath
of chiral active particles. Our starting point are the equation of motion of the tracer
and the active bath, which are Egs. (E.1) and (E.2) of the main text.

The probability density for the full system p(R,P, O, L,r"¥, u®) evolves according
to the Fokker-Planck equation

atp = (ET + Ebath) P (E'll)

where L1 and Lp are respectively the evolution operator acting on the tracer and the
bath degrees of freedom:
P L
Lr=——-Vp—F - Vp— 759 — Dhatn0r

m (E.12)

1
LB = Z Evrl : [_Ftracer,i - fOui + Dtvl‘i] + aei[_wo + DT807]

To implement the adiabatic approximation, we introduce a dimensionless parameter

€
h = mio_QTR,bath) (E-13)

where ¢ and € are the strength and length scale of the interaction potential between
the bath particles and the tracer, and

52
D) bath

Thobath = (E.14)
is the typical relaxation time of the bath, with Dy s, the longitudinal diffusion constant
of the cABPs given that the tracer is fixed at a given position and orientation. The
adiabatic limit is obtained when the mass of the tracer is large enough, so that h < 1.
We then introduce a rescaled time t*h = t, a rescaled mass m*h~2? = m, a rescaled
momentum P*h~! = P, a rescaled angular momentum L*h~! = L, and a rescaled
moment of inertia I* = h™2]. Using these rescaled variables, Eq. (E.11) becomes

1
Opep = (c; + hgbath> p (E.15)

with L, = —% VR —F -Vp. — %8@ — I'patnOr+. To lighten up the notation, we drop
the * symbol in what follows.
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E3.2 Projection operator formalism

In this Section we implement the projection operator formalism, to integrate out the
degrees of freedom of the active chiral bath. The idea is to introduce an operator P
that project in the space orthogonal to the evolution of the chiral bath, i.e. such that

Pﬁbath = ‘CbathP =0. (E.16)

We also require the idempotent property PP = P, which defines a projection operator.
Our choice for P is

P ... = puan({rY 0V} R, P, O, L) /dr’Nde’N . (E.17)

where po.,({t", 0"V} R, P, 0, L) is the steady state distribution of the active chiral
bath, when the degrees of freedom of the tracer are held fixed. It satisfies the partial
differential equation

Ebathpbath =0. (E.18)

The idea behind this choice of P is that at a given time in the evolution of the tracer,
the bath relaxes instantaneously to its steady state distribution, and the tracer degrees
of freedom are effectively frozen. The space over which P projects is thus tailored to
capture this kind of dynamics with widely separated timescales.

The action of P on p induces the definition of a tracer density distribution, p+(R, P, 0, L, ):

Pp(R,P,L,0,rV,6V 1) = pbath({rN,HNHR,P,@,L)/dr'NdG’Np(R,P,rN,HN,t)

= poan({tV, 0V} R, P, 0, L)p:(R, P, O, L, 1).
(E.19)

Our goal is to obtain an equation of motion for the tracer density distribution, pr.
We introduce a projection operator Q@ = 1 — P orthogonal to P and, Using Eq. (E.11)
and Eq. (E.16) we get

8Pp = PL:Pp + PL:Op

1 (E.20)
815 Qp = QL:TP,O + QﬁT Qp + EQEbath QP-
We have thus formally decoupled the evolution of p into two parts, one belonging to
the space projected over by P, and the other belonging to the orthogonal space. To
proceed further, we will exploit the separation between the timescale for the evolution
of the tracer and the one for the evolution of the bath, implemented via the small
parameter h.
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E3.3 Adiabatic approximation
We solve the equation for Qp in Eq. (E.20) by expanding in powers of h:

Qp = qo + hqr + O(R?). (E.21)
The equation for gy reads, from Eq. (E.20),

Qﬁbathqo = Ebathqo =0 (E°22)

This equation is solved for gy = pyan O qo = 0. The former can be excluded because by
definition Pgy = 0, while Ppy. = poan- We thus conclude that ¢o = 0.

To first order in A, Eq. (E.20) becomes
Q'Cbathql + QETPP =0, (E23)
which admits the formal solution
+o0 r
g =Q (/ dse baths> QL Pp, (E.24)
0
as can indeed be verified:

—+00 r
QLyunts = QLo Q ( /0 dse ) QL. Pp
—+o00
— oL, ( / dseﬁbath5> QL. Pp
0

; (E.25)
+o00
— " Lbaths
=0Q </0 dsdse > QL Pp
=—QL.Pp.

We thus have, for Qp,

“+o0o

Op = ho ( / dseﬁbw) QL. Pp + Oh?). (E.26)
0

Substituting the above expression in the first line of Eq. (E.20) and neglecting higher
orders in h we obtain

“+00 1
0P = puanDipe ~ PLyPp + PLQ ( / dsehﬁbaw) QL. Pp. (E.27)
0

This is the formal evolution equation for p; in the adiabatic limit. We now proceed to
the computation of its different terms.
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E3.4 Explicit computation

The first term in Eq. (E.27) reads:

1 1
PLPp=—P (F Vet P Vet Lo+ FﬁL) PP

1
= —Ppoan |F - Vp + EP - ((VRr10g poan) + V&)
(E.28)
1
+ 10 + fL [(Do 10g pran) + 0ol | pr
1 1
— [<F>B Vet PVt (D), 0+ 5 L6 pr
where
(. )= /drNdeN (T, 0N }R, P, O, L) (E.29)

is an average over the steady state distribution of the active bath when the tracer
degrees of freedom are held fixed. To keep the notation light, we omitted the arguments
of the function, but it should be remembered that p and (...), depends only on the
tracer degrees of freedom. When passing from the second to the third line of Eq. (E.28),
we used the fact that

([Vrlog pan]), = VR (1), =0 (E.30)

and that the same is true for (Jg log pyam),. Due to the anisotropy of the tracer and

.
the chirality of the bath, we admit that a net nonzero average force and torque can be
exerted on the tracer, (Fy,u), 7# 0, (I'pam), # 0.

We compute separately different components of the second term in the r.h.s. of
Eq. (E.27). The first one is

1
QETPp = _pbath [(Fbath - <Fbath>b) ' VP _I_ EP ' (VR log pbath)

1
+ (o — <Fbath>b) oL, + ?L (0o log pbath)] Pr
(E.31)

1
= —Prath |:5Fbath -Vp + %P : (VR log pbath)

1
+ 01, 0L + f (a@ log pbath) Pr

where we defined the fluctuations of the force and the torque exerted from the bath to
the tra‘cer? 5Fbath = Fbath - <Fbath>b7 6Fbath = Fbath - <Fbath>b'
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Using Eq. (E.31) we can compute
400 1 +o0 1
PL.O ( / dsehﬁbath5> QL. Pp=PLy ( / dsehﬁbaths) QL. Pp
0 0

+oo
= s [ A¥a0VL, ( / dseiﬁbath8> OL.Pp
0
1 1 +00 1
= s [ dr¥ag¥ [F Vet PVt Lo+ F@L] ( /0 dsehﬁbw) Do

1 1
X |:6Fbath -Vp + %P : (VR 1Og pbath> + 00,0 + Y <a® 10g pbath>] Pr

“+o00

1 | 1
- / drVdgN [F Vet PVt Lo+ raL] P ( /0 dsehﬂbath5>

1 1
X |:6Fbath -Vp + EP : (VR lOg pbath) + 00,01 + F (3@ 10g pbath>] Pr

1 1 +o0 1
= pbath< |:F . VP + 7P . VR + FaL —|— IL86:| (/ dsehﬁbaths>
m 0

X

1 1
OF o - Vp + %P : (VR 1Og pbath> + 0. 0r + Y (a@ 10g pbath)] > Pr
b

(E.32)

Let us look at some terms to have an idea of how the calculation proceeds. We get
diffusion terms of the form

+o0 1 o0 1At
/ dS <(F . VP) eﬁﬁbaths (5Fbath . VP)>b = VP . / dS <(€h‘cbathsF) ® 6Fb> . VP
0 0 b

— Ve /0+°° ds (F, (s) ® 6F, (0)), - Vp

= Vp . )\pp(@) . VP
(E.33)

with £] . the operator adjoint to L,..,, and friction terms of the form

+o0 1 +oo 1
/ ds <(F ) VP) enfraunsp [VR log pbath]> =Vp- / ds <5Fb(5) ® [VR log pbath]>b -—P
0 b 0 m

le . CPP(@) P
m
(E.34)

where the force-force correlation matrix App(©) and the momentum friction matrix
Cpp(O) are the ones appearing in Eq. (3) of the main text. Note that friction and
diffusion terms coupling the orientational and translational degrees of freedom are also
admitted. Terms involving Vg, Jg on the left side of the average in Eq. (E.32) vanish.
For example

L [+ ip 1 L
. /O ds <8@eh P [V log pbat},]> = P 0o ([Valogpal), = 0. (E35)

b m
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Plugging Eq. (E.31) - (E.32) into Eq. (E.27) we finally obtain

Oip+(R, P, O, L) = {_ [m_lpl _ [VR] _ [<F>1 | [Vp]

I7'L| | de (Doan)n] | 01
- (E.36)
w1 ]+ [or] v [5 }pT<R,P7@,L>

Where the friction and noise matrices ¢(0), A(©) are given by Eq. (E.5) and Eq. (E.6).
Eq. (E.36) describes the effective evolution of the probability distribution of the tracer
once the bath degrees of freedom have been integrated out within an adiabatic approx-
imation. The stochastic process associated to this equation is given by Eq. (E.3). This
concludes our derivation for the dynamics of a passive tracer in an active chiral bath.

Extensions of the results presented here shall focus on numerical and analytical
investigations of what happens beyond the adiabatic regime, when the timescale of
motion of the tracer is comparable to the one of the bath [111]. Out of the adiabatic
regime, the bath time correlation function could develop power law decays and lead
to superdiffusion, as observed in [118]. How this form of superdiffusion couples to odd
transport is an open question. Further development could also proceed toward under-
standing how chiral active bath mediate the interactions between multiple tracers, as
done in [117] for the achiral case. In the latter case, we expect nonreciprocal interac-
tions, akin to transverse forces, to arise from the chiral active bath. From there, there
would be hope to understand in a bottom-top approach the cluster dynamics observed
in assemblies of passive colloids immersed in chiral baths [179].
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'THE IRREDUCIBLE MEMORY KERNEL

In this appendix we justify the choice for the irreducible memory kernel made in
Eq. (6.58). We first review how the irreducible memory kernel is introduced in the
equilibrium case, when v = 0. Following Kawasaki [152], the starting point is the
observation that the evolution operator Q2 = Dy Y, V,; [F; + V;] can be mapped to a

Hermitian operator H = e Qe 2. Tt can be written in a manifestly Hermitian

form as

H=-Y Ul U, (F.1)

with U; = /Dy [—Vi + gF,} Going back to the non-Hermitian representation we see
that
—BH H — H
Q:—Ze%UTeﬁT-e%UieﬁTE—ZO*-Oi, (F.2)

with

07 =Dy (F.3)
0, = \/50 =V + BFy].

At this point, one can insert any generic projection operator P; and its orthogonal
counterpart Q; = Z — P;. For consistency with the notation of the main text, we also
enclose 2 between the orthogonal projector Q@ = Z — P, defined from Eq. (6.48):

Q0Q - —Q(Zofpi-oi—EOfQi-oi> Q

)

(F.4)
= 50 + Q"
What remains to do is to properly choose the projection operator P, in such a way

M(q,z)
1+cM(q,z)

that a renormalization of the memory kernel occurs: M(q, z) = , with ¢ some

g-dependent constant. Following Cichocki and Hess [64] we take
Pi=...e "am)(etarTi (F.5)
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leading to the following expression for Jf2

_ Dyp?
N

50 ... Of(q)) - (F(q)Q... (F.6)

Note that this is different from the choice of Kawasaki, which is instead

Kawasaki __ —iq-r;
P! —...0; e Ty~

D0q2< e 90X (F.7)

which leads to, using the fact that particles are equivalent,

) 1
sQiawasaki —  On(q)) —————(n*(q)Q. ..
(n*(q)f2n(q))
Do (F.8)
=y - h@ifi@e...
We see that in equilibrium, the operator 6Q2¥*Vasaki contains only contributions from

the longitudinal currents.

We now turn to the general situation with v # 0. In this case one can see that an
analogous decomposition for {2, can be made, with an extra term to take into account
the presence of transverse forces:

Q_,=-0"-(1-~A)-0. (F.9)
Using the projection operator P; defined in Eq. (F.5) we obtain

Q" =00°Q;-(1-~A) 0
= DyQY_ V;Q; (1—~A)[-fF; + V,] Q, (F.10)
J

which is Eq. (6.58) shown in the main text.
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APPENDIX

(FLASSY BIDISPERSE FLUIDS IN LARGE
DIMENSIONS

This Appendix addresses the development of a dynamical mean field theory for bidis-
perse fluids in the large dimensional limit. The motivation behind this work is twofold.
First we desire to set a stepping stone toward the development of a dynamical mean field
theory for the Swap algorithm, discussed in Chapter 7, which by construction, requires
at least two different species of particles. The dynamics of bidisperse mixture in large
dimensions without particle diameters swaps thus constitutes the benchmark against
which the swap dynamics needs to be compared. At the moment, bidisperse mixtures
in the large dimensional limit have been studied from a thermodynamics viewpoint
through an ansatz in the static calculation [137, 1], and the situation is analogous for
the Swap dynamics [138]. Second, the study of the dynamics of polydisperse mixture
is interesting per se, as it would bring an interesting, mean field companion to recent
finite-dimensional studies on polydisperse systems that resort to the mode-coupling
approximation schemes [170].

We consider a binary mixture of N4 large particles of type A and Np small par-
ticles of type B evolving under an equilibrium overdamped Langevin dynamics in d
dimensions,

CRY(t) = B + \/2¢T€! (1), (G.1)

where 7 is the particle label and p denotes its species, p = A, B. The noise & (t) is
Gaussian with correlations <£f (t) @ &t )> = 16(t — t')0,,0;;. The particles interact
through a pairwise potential, F}' = —37,_4 p >, Fi7'(t), with Fj’ = = Vv, (R} (t) —

R7(t)]), where v, (r) = U(EHLV), and £, = Z“;E“, is the effective interaction diameter of

the two species.

Each species has a packing fraction ¢, = ,0#‘/&6;‘5/2‘1, with p, = % the number
density of the species. To control the concentration fraction of small particles we intro-

duce the parameter x = wﬁm . Following [137], in order to have a well defined packing
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fraction ratio for the two species, we choose the following scaling for the diameter ratio

of particles of species A and B:

la 4]
0= =1+ - . (G.2)

with § a parameter controlling the size ratio, which remains of ordere O(1) in d.

We now address the dynamics of this bidisperse mixture.

G1 One-particle process

The starting point is the one-particle process for particles of species u = A, B. As for
the monodisperse case [177] we write RY () = RY(0) + uf(¢). The one-particle process
can then be derived following the same procedure described in Chapter 5, disregarding
the presence of transverse forces, which thus reduces to the equilibrium derivation for
monodisperse system. The main difference is that the memory kernel involved in the
generalized Langevin equation now contains contributions from force-force correlations
between particles of the same species and particles of different species. Within a given
species, all particles are equivalent, and we can thus drop the index i. The one-particle
process for the displacement u,, of particle of species ¢ —note that we moved the species
index downward- is therefore

Ci(t) = -5 /0 "M, (= )it (7) + E,(0)
<Eu(t) ® Eu(t/» = 15;w [2TC5(t - t,) + Mu(t - t,)] :

(G.3)

The colored Gaussian noise 2,,(¢) has zero mean. Note that the noise affecting particles
of one species is independent from the noise affecting a particle of another species, as
the force affecting two different particles are statistically independent. The memory
kernel M, (t) contains the force-force correlation among a particle of species p and all
the other species

leM > (Fer(t) - FL(0 >+Z<FW L F(0)) (G.4)

1]

Mu(t) =

with 7 denoting the species complementary to species u, e.g. A = B. In the spirit of the
dynamical mean field theory, the memory kernel M, are self-consistently determined
from the knowledge of three independent two-body processes, involving the distance
r,,(t) = R,(0) — R,(0) + u,(t) — u,(t) between two interacting particles belonging
respectively to species p and v. The two-body process is considered in the next Section.
Here we address the form taken by M, in the large dimensional limit. To this purpose,
we introduce the rescaled particle overlap h,, (t)

ot = (01 ). s

puv
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and a rescaled interaction potential T(h)
v(h) = v(r). (G.6)

In the large dimensional limit, the two memory kernels M,4(t) and Mpg(t) become

Malt) = A2, <t>=§[<1—x> [ g e T (o) (3 (1))

[SIIS9)

+xe

—00

/+oo dhg e "G (he) (U/(h(t)»:f]

) A (G.7)
Mis(t) = S My (1) = £ [ / _dhg e "I () (0 (1))
F=w) et [y o 0w (hy) <v’<h<t>>>:3f] -

where ¢, = 24dip,, is a rescaled packing fraction, and (. . )Zg denotes an average over the
dynamics of the displacement between two interacting particle belonging respectively
to the species p and v, given that the initial interparticle distance is hy.

To give an idea of the computation, we illustrate how one can pass from Eq. (G.4)
to Eq. (G.7), focusing on the correlator for the forces that particles B exert on a
particle of species A. Owing to the large dimensional limit, the initial interparticle
separation is entirely encoded in the radial distribution function g,,(r) = e —Bop (1)
or in its expression in terms of hy,, G(hu) = gu(r). We thus have, using the limit
d — 400,

e X () Fag(0) = 22 [ axdygan(x - y) W (x(t) — ()2 hplx - 3)

i€A,jeB

= %B/drogAB(ro)U,AB(rO) <U;13(r(t))>f:)3

Sa (¥ 4
= 250 [ drord g (o) (o) (ym(e(1))"

s (5 2) [T Mgt )2

= ot (1+ 7)1 aho 0 g0 ) (000

:j?q@Bei [ g e Poghg)e o) (7 (07

>, s [t ho—B5(ho)— AB
= Egp;p e 2 / dho e (hO) < (h(t))>ho ’

—0o0

(G.8)

with Sy = dV} the surface of a unit sphere in d dimensions. The final line of Eq. (G.8)
is precisely the term appearing the second line of Eq. (G.7). The other terms can be
computed in a similar manner.
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We not turn to the determination of the two-body processes necessary to close the
dynamical mean field equations.

G2 Two-body process

The two-body processes involving the same species can be determined by directly taking
the time derivative of r,,, while sorting out from the memory kernel the two-body force
between the two particles:

C. _
§ruu —Vuuu(ru) — / AT M, (t — 7)8,,(7) + Euu(t)

(G.9)
(Enlt) © Z (1)) = 8,1 [TCO(E— 1) + S Mt — 1 >}

The determination of the equation of motion for the distance r 45 between particles of
different species proceeds in a slightly different manner. We first consider the equations
of motion for the single particle displacement uy, ug separately, while keeping outside
of the memory kernel the interaction between the two specific particles A and B:

City = —Vo(rag) — / drM(t — )it + Ea(t)

(G.10)
Citp = Vo(rap) — f /0 drMp(t — )ig + Ep(t)
We introduce the Laplace transform (s) = ;"> e ~*'u(s)dt and write
EA(S) [31:114 —uy(0)] = —Yﬁ(s) J:éA(S) (@11)
Kg(s)[sug —up(0)] = Vo(s) + Ep(s)
with
K, (s) =2T¢+ M,(s)
K, (s) + K,(s) (G.12)

(Buls) ©Bu(s)) = 18,

We can multiply the first and the second line of Eq. (G.11) by Kpz(s) and KA(S)
respectively, subtracting the second from the first, and dividing both terms by K (s)+
Kg(s). We finally obtain

%AB(S) [SFAB(S) — I'AB(O)] = —V?7<S) + éAB(S) (G13)
with Z45(s) a Gaussian colored noise with zero mean, and

- Ka9)Ks(s)

= %ﬁ(zS) + EB,(VS) (G‘14)
<iAB(8> ® éAB(S/)> _ 1KAB(82 i 543(8 )
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the two-body process between species A and B is therefore an equilibrium process
with a memory kernel given by the geometric mean of the kernels governing the single-
particle dynamics of each species. We have thus self-consistently closed the dynamical
mean field equation. In the next Section, we study the long time limit of the memory
kernels.

G3 Long time plateau of the memory kernel

The memory kernel K (s), can be separated into two contribution:

. T T MAB,oo

£I_I>I(1)KABJ(S) :il—I%KAB’f(S)_FT' (G15)
K aB.f(s = 0) < 400 is a regular term in the zero frequency limit, while the second
term diverges when Myp o is different from 0. An analogous decomposition can be
done for the memory kernels M, and Mp:

. M,
MA(8—>0) EMH’f(S%O)—F Z’OO. (G16)

The plateau value M p o is related to M, . This can be explicitly seen by computing
its singular part

(T + Mag(s) +22=) (TC+ M g(5) + *4=)

S

KAB(S) =

2TC + Ma (s) + Mp (s) + “A=tbe (G.17)
= KAB,f(S) + 5 (]\Z/:O_]i\_/[;:m)
from which we read YT
MaB oo = MAioo—k ]\B/il:m‘ (G.18)

The plateau value of the memory kernel for the inter-species process is related, through
a geometric mean by the ones of the processes between particles of the same species.

We thus see that there can be three distinct dynamical regimes:

o My o = 0and Mp o = 0, which implies M 4p . = 0, corresponding to the ergodic
phase.

e M, # 0 and My = 0, which implies Msp o = 0. This correspond to a single
glass phase found in [137], where only the particles of one species are arrested.

e Myo # 0 and Mp # 0, which implies Mapo # 0. In this double-glass
phase [137], particles of both species are arrested.
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The temperature below which M, ., # 0 is determined using the same approach de-
scribed in Chapter 5.5.1. The self-consistent equations read

A

MA’MZS;)[“”)/; dho ¢ "0 (ho) (@' ()

+o0 _
txes / dhg e "o=FP0OY () <v’(h)>;;‘f]

—00

A

MB,oo = 2 |:£l? /+ dhg e ho—pv(ho)7 (h0)< (h>>fOB

2 —o0
“+oo
+(l—a)e *%/ dhg e "o~ (hg) (v (h)>fOB].
@IUL))ZS = W/du,uoo € M“Oo /dhpB h ‘Mu ooauu ooahl))U/(h)
,uoo
A 1 - — AR - _
<U/(h)>h0B = W/d:AB,oo e MAB*“ /dhps(h, (M aB oo 248,00, ho)T ()

(G.19)

with pg(h, |Meo, Zeo, ho) the steady state distribution for the two-body gap h, given
a fixed plateau value of the memory kernel M, long time noise realisation =, and
initial condition hg:

e —Bw(hMoo,Zoo,ho)

pB(h7 ’Mooa EOoa hO)

f AR e —Bw(W|Mo,Eco,ho)

1
EM (h hO) _‘—‘ooh

(G.20)
U}(h|MOO, Eoou ho) =

Eq. (G.19) allows, in principle to determine the location of the dynamical glass
transition in bidisperse fluids in large dimensions. In the next section, we make a
connection with the static result presented in [137] by means of a Gaussian ansatz.

G4 Connection with Tkeda et al. [137]

The equations for the memory kernels My o, Mp o can be turned into equations for
the plateau value of the mean squared displacement of particles of species p, A, =
lim; — oo (w’(t)), performing a calculation analogous to the one of Section 5.7:

I

1
Au= aog
B Moo (G.21)
. AA —+ AB
Aap = —

In the ergodic phase particles diffuse at long times and A, + oco. When dynamical
arrest occurs for particles of species p, then we have A, has a finite value, which has
the physical meaning of the size of the cage in which particles are trapped.
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The equations for the plateaus then read, once they are expressed in terms of A,

1 P +o00 L a
KA = 90[(1 - J}) /_Oo dh e lOgQAA(h)EQAAUL)

5 +o0 b a
+Te?z / dh e loquAB(h)aTqAAB(h)
- AB (G.22)
1 oo d
— =0 dh el h)=—~—qag(h
A, 90[90/00 e "logqa,l( )aABQAB( )
s [To0 0
F(=a)ed [T dhe M0gaa, (h) 5 —aau(h)
—c0 OAAp
with
ga(h) dz —Bu(h+A/242)  —3x (G.23)

= V2T A ¢

In the case of a hard sphere potential, when w(h) = +oo if h < 0 and 0 otherwise,

ga(h) reduces to N
1 h+ A2

and we the equations of Tkedaet al. [137]. The iterative solution of Eq. (G.22) shows
that, for opportunely chosen values of the size ratio difference § and the relative con-
centration x one can obtain, by varying ¢ a transition from a liquid phase to a single
glass phase, where only particle of type A are arrested, to a double glass phase where
both particle of type A and B are frozen. In Fig. G.1, we show the resulting dynamical
phase diagram reproducing the results in [137].

G5 Generalization to multi-component mixtures

We present an immediate generalization of Eq. (G.22) for the case of polydisperse
mixture with a discrete number m of families p = A, B,C,.... Each family has a
typical interaction diameter ¢, which scales in the large dimensional limit as

Oy

g#
=14+ £ 2
o + 1 (G.25)

with ¢y = min, ¢, the minimal diameter among the different species, which implies

that 9, > 0. We introduce then m volume fractions z, = ZW%’ , which satisfy the

v

condition Y-, z, = 1. Eq. (G.22) then generalizes to

1 Su—6u

=5 2 ee h i
A, = SOZV:SCV e /_Oo dh e "logqa,(h) aAWqAW(h). (G.26)

with A, = %. Based on the double glass transition observed in the bidisperse
case, it is then reasonable to expect multiple glass transitions o arise in the presence of
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Figure G.1: Dynamical phase diagram of the bidisperse fluid for = 3.0. ¢}
4.8067 is the critical packing fraction for the glass transition of monodisperse hard
spheres. Violet points: fully ergodic phase (A, = +oo for u = A, B); Green points:
single glass phase (A4 < 400, A = o0) with particles of type A dynamical arrested,;
yellow points: double glass phase (A4 < +00, A = c0) with both particles of type A
and B dynamically frozen. This is image reproduces results reported in [137]

many families of particles, if their distribution is carefully chosen. We solved Eq. (G.26)
in the case of m = 3, choosing the following hierarchical distribution for the volume

fractions
e P
AT v ta?
$p =12Pa (G27)
$c = TPB

with particles of type C' the one with the smallest diameter. The results are shown
in Fig G.2. By varying ¢ and the control parameter x, multiple glass transitions are
observed, as we pass from an ergodic liquid to a single, double and triple glass where
particle undergo dynamical arrest consecutively upon varying the total density, starting
from the largest ones.

In this Appendix, we have presented some ongoing work on the dynamics of bidis-
perse, and polydisperse liquids in the large dimensional limit. Natural directions of
development of this work are a more complete investigation of which discrete distribu-
tions of the polydispersity give rise to multiple glass transitions and which distributions
do not. Further insights into the dynamics of the particles in the ergodic case could
be obtained by means of numerical integration [185], and shed light on the nature, in
mean field, of the different relaxation channels exploited by particles of different sizes.
For continuously polydisperse mixture it has been shown in a recent work [1], by means
of static calculations, that both in the case of exponential and nearly monodisperse dis-
tributions there exists a regime where only particles above a threshold size vitrify, with
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Figure G.2: Dynamical phase diagram of a ternary mixture in infinite dimensions for
5,4 = 6.0, 53 = 3.0 and (50 = 0.

a critical behavior of the cage size for particle with a size close to the threshold. How
does the dynamics of the particles look like in this regime is an intriguing question,
that could be addressed through the approach illustrated here.
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APPENDIX

DOES SWAP IN LARGE DIMENSIONS WORK?

This Appendix contains some theoretical considerations on the behavior of the Swap
algorithm in the high dimensional limit. The Swap algorithm, and its collective ver-
sion presented in Chapter 7, achieve in continuously polydisperse supercooled liquids a
speedup of many orders of magnitude with respect to the ordinary Metropolis dynam-
ics. Beyond its practical applications, the acceleration provided by Swap has sprouted
many theoretical reflections [258, 29] concerning the interplay between static and dy-
namic properties of supercooled liquids. Our understanding of how the swap algorithm
bypass the sluggishness of supercooled liquids is incomplete. A static ansatz in the high
dimensional limit, based on the replica method [138], a mode-coupling approach [245,
246] and extrapolation to the large dimensional limit of numerical simulations [31] sug-
gest that the Swap algorithm shifts the dynamical ergodicity breaking temperature.
During my thesis, I attempted to build a dynamical mean field theory of the Swap
dynamics for liquids in large dimensions. However, while doing so, it became appar-
ent that the Swap dynamics in the large dimensional limit either reduces to normal
dynamics, or samples a different glassy state from the one obtained without particle
swaps.

H1 Swap dynamics with continuous diameter distribution

We consider a continuously polydisperse liquid of interacting particles in d dimensions,
and compare two types of equilibrium dynamics. The first one is the usual overdamped
Langevin dynamics

OH,(xV
= —> oo(|r; —1j|,0:,0;) + Jﬁﬁi(t)

J#i
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where &;(t) is a Gaussian white noise with correlations (&;(t) ® &;(t')) = 0;;10(t — t/),
¢ the friction coefficient, o; is the diameter of particle i, and v(r, o, 0’) is an isotropic
pairwise interaction potential that depends on the diameters o,0’ of the interacting
particles, as well as on their distance r. The Hamiltonian H,(r™) = Y, ;v(rij, 04, 0;)
is the energy of the system given a configurations of diameters o, which are quenched
variables in the usual dynamics.

The second dynamics is a continuous version of the Swap dynamics, whose formu-
lation in the underdamped case was proposed in [34]. Now the diameters are annealed
variables, allowed to evolve under the action of an external potential Y, w(o;). The

Hamiltonian of the system H(r™,o") is
HxN, o) =Y v(ry, 04,0) —|—Z = H,(r") + > w(o;) (H.2)
1<j 7

and the corresponding Swap overdamped Langevin dynamics is

by ==Y Oho(lrs — 1,03, 05) + /2(TE&i(t)

JFi

—Zaaivﬂri _rj|70i70j) —Qaiw(ai) + 2T<qu<t)
J#i

(H.3)

with the Gaussian white noise x(¢) has zero mean and correlations (x;(t)x;(t')) =
9;70(t —t'). The ratio (/(,, sets the relative timescale of motion of the diameters with
respect to the translational degrees of freedom.

H1.1 Determination of w: annealed and quenched averages

The external potential w(o) is determined by matching the value of equilibrium ob-
servables in the two systems, as we now show. Let O(r", ") be a generic observable

that depends both on the position and diameters of the liquid. Using the dynamics
(x, o)

with quenched diameters given by Eq. (H.1), the equilibrium value of O(r is

given by the quenched average (...),, where the realization of the diameter is fixed.
0N, oV) / Y e HNOEN gN), (H.4)
where the partition function Z, is
Zy = /drN e ~FHo(M), (H.5)

On the other hand, the annealed average (...), obtained by letting the particles’ posi-
tions and diameters evolve through Eq. (H.3) is

oY, 0M) = / drVdoN e “PHEN MO N o) (HL6)
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with the new annealed partition function Z,
7= / drVdoN ¢ ~FHEY.Y), (H.7)

We now impose the quenched average, after averaging over all the realizations of the
diameter distribution 7(c?V), to match the annealed average:

:/da (o /dN =BH (M) (N | 5N 1)

Using the definition of quenched and annealed average, Eq. (H.8) leads to the condition
Zy ,
(o) = — © =B w(e) (H.9)

Eq. (H.9) establishes a relation between the potential w and the diameter distribution
7. The partition function Z, involves many-body interactions between the diameters,
while the exponential on the right hand side of Eq. (H.9) factorizes into a product
of single body terms. This means, interestingly, that for Eq. (H.9) to be valid the
distribution (o) must involve high order correlations among the diameter of the
particles. Conversely if this were not the case, we would need to replace the one-body
potential -, w(o;) with a many-body one, which would lead to interactions among the

particle diameters.

H1.2 Infinite-dimensional limit

We now explore how to take the infinite dimensional limit of Eq. (H.3). Following
the criterion suggested by Ikeda et al. [137, 1], and adopted in App. G for bidisperse
mixtures, we introduce rescaled particle diameters s; = d (”—; — 1), with og a reference

diameter, and a rescaled interparticle distance h;; = d (r” — 1). We also introduce
rescaled potentials T(h, s,s") = v(r,o0,0’) and w(s) = w(c). The first line of Eq. (H.3)
becomes

Crz = —dz f'ijﬁhijﬁ(hij, Si, Sj) + \/ 2T<€Z(t) (H]_O)

J#i
with T;; = % Here the different terms have the same scaling in d, as already
observed in Chapter 5: looking at component aw =1, ..., d of Eq. (H.10), we have
C fi,a = —d Z ﬁij,a @/(hi]‘, Si, Sj) + \/ 2TC€a,z<t) (Hll)
~— oy ——~
O(d=1) N O(d—1/2)

O(dl/z)

contribution from fluctuating terms

The dynamical evolution unfolds over a time of order O(1) in d if we work with the
rescaled friction coefficient f =d 2.
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For the dynamics of the diameters, we have

d d
CswdilO'[){éi = - Z 851,@(}%, Si, Sj) — 7@%81) + zTészz(t)a <H12)
o0 j#i 0
~~
O(dl/z)

or, after book-keeping the orders of d
(.O(d™1) = O(d*?) + O(d) + O(/¢)- (H.13)

We have then two possibilities in choosing the scaling of (., both leading to pathological
dynamics. The first one is (,,, = dzfsw, which represents an attempt at constraining the
dynamics of the diameters to unfold on the same timescale of the translational degrees
of freedom. However, in this case the first term on the right hand side of Eq. (H.12)
dominates, and we expect the diameter to instantaneously freeze around the minimum
of the potential >>,_;(h, s, s'). The second choice is ¢, = d* 2( ., which makes the
ratio < ~ O(d~Y/2), implying that the diameters are frozen in the times over which the
dynanﬁvcs of the translational degrees of freedom unfolds, and the annealed dynamics
Eq. (H.3) never takes place.

In the next section, we show that a similar freezing scenario is to be expected for the
case of a bidisperse mixture where the swap dynamics is implemented through jump
processes, without introducing correlation between the diameters, neither at the level
of the diameter distribution nor of the potential w.

H2 Swap rates in large dimensions

In this Section, we consider a binary mixture in large dimension. We consider N
particles in a volume V. Each particle ¢ has a label pu; identifying its species, p; =
fa, bp, and its corresponding diameter o,,. The position of the particles R; evolve
according to the usual overdamped Langevin dynamics

(R, = — ZU<Rija 05,05) + \/ 2T°C&;(t) (H.14)
J#i
with v(R;j, 0;,0;) an interaction potential as described below Eq. (H.1). On top of the
evolution of translational degrees of freedom, a particle ¢ is allowed to change from
species p; = A (B) to species i, = B (A) with rate w;. These rates are tuned so that
the equilibrium distribution of the dynamics is the Boltzmann distribution

P X exp —BZ V(Rij, Oy 0;) + Aptenen(Na — Np) (H.15)
i<j

The chemical potential difference Ay, is determined by fixing the average particle

number concentration <%> =ny = 1 —npg, and it mimics the effects of a diameter
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reservoir in contact with the system. An example of rates that satisfy the detailed
balance condition and that lead to the Boltzmann distribution given by Eq. (H.15) are

7% [Zj#i U(Rijvgﬁivoﬁj )7U(Rijvoﬂi T )}‘i’A/"'chem (6Mi,B75ui,A):| (H 16)

1
Wi =——2~¢€

T,
The argument of the exponential is half of the energy difference between the state
where particle ¢+ has changed species and the state where particle ¢ has kept its initial
species. The time 7, fixes the typical time scale over which the particle change species

In the large dimensional limit, the rates w; behave pathologically, as they either
grow or decay exponential in v/d. To see this, we adopt rescaled variables for the
diameters s,, = d (Z—‘: — 1), and for the overlap R;; = d (%J — 1), with og a reference
length scale of the system. Using the rescaled potential defined above Eq. (H.10) the
difference in the potential energy of interaction becomes

Sz — Sy,
Z [U(Rij7 0% qu) —v(Rij, 04, qu)} = Z {U(Rijv Op; <1 + mdu> ’qu) — v(Ryj, 04, UMJ')
J#i J#i

NZSM Hi

aU(Rij? Opis qu)

J#i 80_#1‘
O0(hijy Sy Sy
= (sz —%)Z%‘l v(hi; S SM) —|—O(d_1/2)
— 0s,,
Ve 12
~ (Sﬁi - Sui) X O(dl/Q)'
(H.17)
In the first line, we have used the fact that =14 E S“Z +O(d™?). The calculation

in Eq. (H.17) shows that the rates at Wthh partlcles turn from one species to another
depend exponentially on v/d, in stark contrast with the dynamics of the position of
the particles, which unfolds over a time O(1) in the space dimension. Moreover, if
we assume that the interaction potential is a monotonously increasing function of s,
0su(h,s,s") > 0, then the sign in the last line of Eq. (H.17) is equal to the sign of
Sp, — Sp;- This implies that the rates at which small particles turn to large ones are
of order O( e ) which suggests that the swap dynamics is completely frozen in the
large dimensional limit. An example of a potential for which 0,u(h, s, s’) > 0 is a power
law potential of the form

M>ad (H.18)

1
v(r,o,0") E€<2 .

with @ > 0, and of order O(1) in the space dimension d. Using rescaled diameter and
distances, this potential becomes

S+S/ ad h —ad
Na~ell 1+ —
vir0,0) 5( Y ) X( +2d> (H.19)

_ah+%(s+8/) ( Y Y />7

=ce
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for which 0su(h, s, s") > 0.

In this Appendix, we presented some arguments that suggest that the Swap dy-
namics becomes either trivial or singular in the large dimensional limit. The fact that
a similar feature might be observed also for the facilitated dynamics explored in Ap-
pendix A is intriguing, as both swap and —at least, in theory— the facilitated dynamics
are extremely effective in finite dimensional systems. Our considerations are somewhat
supported by the observation that Swap Monte Carlo loses its effectiveness as the space
dimension is increased in numerical simulations [31]. We speculate that the shift in
the mean field glass transition temperature found using approximated static calcula-
tions [138] implicitly relies on the assumption that the swap dynamics is capable, even
in the infinite dimensional limit, to explore metastable states of a different nature than
its counterpart without swaps. This assumption is put to the test by the preliminary
observation presented here.
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ADDITIONAL RESULT FOR CSWAP

I1 A model with a different polydispersity

To show that the efficiency of the cSwap algorithm does not depend on the specific
polydispersity of the model studied in the main text, we study the relaxation dynamics
of a second model. It consists of N = 1024 hard disks with a diameter distribution
following a power law, 7(c) oc 072, with oy < 0 < Omayx, as studied earlier [32].
We recall that the units of length are chosen so that @ = 1. We have chosen the
support of the diameter distribution such that the polydispersity is A = 23%. We ran
NVT simulations using the six different algorithms studied in the main text at a large
packing fraction, ¢ = 0.86, where we measured the time decay of Cy. The results are
shown in Fig. I.1. The hierarchy of speedups obtained by the different algorithm, and
their relative values, is comparable to the results reported in the main text for a similar
value of ¢.

I2 Changing the length of the chain in ECMC

When using the ECMC algorithm, it is also possible to measure times using the number
of directed chains of particles that have moved [23]. When comparing ECMC with
other types of algorithms, however, this choice is a poor indicator of its efficiency, as
it hides the number of particles—and hence of event determinations-that are involved
in each chain. This is demonstrated in Fig. 1.2(a), where the time relaxation of C,,
is shown as a function the number of chain displaced during an ECMC in the NVT
ensemble, for different values of the chain length ¢. When times are measured according
to the number of chains displaced, longer chains have a stronger impact on the system
relaxation. However, if one measures times in units of Nt,,ove, thus counting individual
particle displacements, we see that all the relaxation curves now collapse. This collapse
implies that the efficiency of ECMC (in CPU time) is nearly independent of ¢.
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Figure 1.1: Time dependence of the hexatic correlation function for a system of N =
1024 particles with a power law distribution of the diameters. Time is measured in units
of Ntyove, and the efficiency of the algorithms that involve swap moves is comparable
to the results shown in Fig. 2 of the main text near ¢ ~ 0.85.
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Figure 1.2: Equilibrium correlation function for the ECMC dynamics, using different
values of the chain length ¢. Time is measured in units of (a) the number of chains
displaced, and (b) Ntpove-
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Figure 1.3: Time dependence of the hexatic correlation function for systems of different
sizes using the Swap, SwapECMC, cSwap and cSwapECMC algorithms in the NVT
ensemble.

I3 Efficiency of the algorithms as a function of system size

In this section we address the question of how the gain provided by SwapECMC, cSwap
and cSwapECMC behaves with the size of the system. We study the relaxation dy-
namics for polydisperse systems of N = 1024, 2048, and 4096 hard disks, with the
polydispersity defined as in Sec. I1. To avoid uncontrolled fluctuations in the distribu-
tion of the diameters and make a clear comparison between different system sizes, we
generate the diameters {o;};—1_n in each system of N particles in the following way:
we first take N numbers a; = i/N with a uniform spacing in the interval [0,1]. From
each number a;, the diameter o; is generated using the following relation

oi = G (L1)
\/1 —a; + a; (?jﬁ‘)

which maps a random number generated from the uniform distribution in the interval
[0,1] to a random number generated from a power law distribution oc 072 between oy,
and o pax.

We run NVT simulations using the Swap, SwapECMC, cSwap, cSwapECMC algo-
rithms for the three system sizes at a high packing fraction ¢ = 0.853, and we track
the decay of the correlation function Cy(t). The resulting curves, displayed in Fig 1.3,
demonstrate that the gain provided by the different algorithms is constant with respect
to the size of the system. This is in line with previous results regarding swap efficiency
in glass-formers.
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