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1 Introduction

In standard condensed matter or statistical physics focus is set on equilibrium
systems. Microcanonical, canonical or grand canonical ensembles are used depend-
ing on the conditions one is interested in. The relaxation of a tiny perturbation
away from equilibrium is also sometimes described in textbooks and undergraduate
courses.

However, the vast majority of physical systems are out of equilibrium. At the
largest scale, the Universe itself is still evolving out of equilibrium from its initial
state. Jumping over many scales one singles out the Sun, among other similar
stars, which is a complex out of equilibrium system in which plasma and magnetic
fields produce many interesting patters such as convection cells, solar flares and
sunspots. Climate modelling is a celebrated hard out of equilibrium problem due to
the complex interaction between the earth, the ocean and the atmosphere. Living
bodies are obviously very complex objects; at a molecular scale one can think of them
as made of complex organic molecules embedded mostly in water, and continuously
moving, transforming and interacting. Out of equilibrium phenomena at nano-
scales are also common with many examples including sliding carbon nanotubes,
evaporating nanoclusters, fluids in nanohydrodynamics, and biological molecular
motors. Out of equilibrium aspects of particle physics are expected in the relativistic
heavy ion collision processes used to create quark-gluon plasma. Quite naturally,
theoretical, experimental and observational attention has therefore turned to the
study of the evolution of many-body systems in far from equilibrium conditions.

1.1 Falling out of equilibrium

Take a system in conventional equilibrium or in any state. Out of equilibrium
conditions can then be achieved in the lab by changing the properties of the envi-
ronment (e.g. the temperature) in a canonical setting or by changing a parameter in
the system’s Hamiltonian in a microcanonical one. The procedure of rapidly (ideally
instantaneously) changing a parameter is called a quench. Right after both types
of quenches the initial configuration is not one of equilibrium at the new conditions
and the systems subsequently evolve in an out of equilibrium fashion. The relax-
ation towards the new equilibrium (if possible) could be fast (and not interesting for
our purposes) or it could be very slow (and thus the object of our study). There are



plenty of examples of the latter. Dissipative ones include systems quenched through
a phase transition and later undergoing domain growth, and problems with com-
peting interactions that behave as glasses. Isolated cases and, in particular, energy
conserving ones are of great interest at present due to the rapid growth of activity
in cold-atom systems.

Out of equilibrium situations can also be established by driving a system, that
would otherwise reach equilibrium in observable time-scales, with an external per-
turbation. In the context of macroscopic systems a traditional far from equilibrium
example is Rayleigh-Bénard convection induced in a layer of fluid by two parallel
plates maintained at different temperature. Another possibility is to create shear
in a flow by inducing relative motion in it, as done, for instance, using Couette-
Taylor cells. Yet another interesting case is the one of powders that stay in static
metastable states unless externally perturbed by tapping, vibration or shear that
drives them out of equilibrium and makes them slowly evolve towards more compact
configurations. In this case, and other instances, the out of equilibrium situation is
created by a time-dependent external force. An electric current across an electric
circuit also generates non-equilibrium dynamics. Transport in nano-structures is
also of special interest at present.

Some of the problems discussed above pertain to the classical World. In other
cases of practical interest, quantum fluctuations play an important role. Relativis-
tic effects may or may not be relevant. Still, even with these microscopic differences,
general questions arise for all cases in parallel. We will discuss these and the ap-
proach adopted to treat them in the following.

1.2 Focus

Our interest will be set on macroscopic complex! systems:
e Under out of equilibrium initial condition, i.e. a quench. These include

— open dissipative systems;
— closed systems with energy conserving dynamics.

e Under the effect of external driving forces.

A number of questions one would like to give an answer to naturally arise. Among
these are:

e Is the (instantaneous) structure out of equilibrium similar to the one in equi-
librium (at some temperature, pressure, etc.)?

!Complex simply means ‘not easy to understand’ here.



e Does the system quickly settle into a stationary state? In more technical terms,
is there a finite relaxation time to reach a steady state and which are the
properties of the system on which the steady state depends?

e What microscopic/mesoscopic relaxation mechanism takes place after
a quench?

e What is the microscopic/mesoscopic dynamics in non-equilibrium steady
states when these are reached?

e Can one describe the states of the system sometime after the quench with
some kind of effective equilibrium-like measure?

e Are there thermodynamic concepts, such as temperature, entropy, free-
energy, playing a role in the non-equilibrium relaxation? Under which condi-
tions?

One notices that some of these questions apply to the free as well as to the driven
dynamics.

1.3 Presentation

In these notes we start by exposing some examples of out of equilibrium dynam-
ics phenomenology we are interested in. We focus on classical problems and their
precise setting. We introduce nucleation [3], phase ordering kinetics [4], critical dy-
namics [6] structural glasses [8] and disordered systems [9, 10]. We also discuss some
interdisciplinary problems that have many points in common with glassy physics in-
cluding optimization problems [11], neural networks [12] and active matter [13].

Next we go into the formalism used to deal with these problems. The basic
techniques used to study classical glassy models with or without disorder are rel-
atively well documented in the literature (the replica trick, scaling arguments and
droplet theories, the dynamic functional method used to derive macroscopic equa-
tions from the microscopic Langevin dynamics, functional renormalization, Monte
Carlo and molecular dynamic numerical methods). On the contrary, the techniques
needed to deal with the statics and dynamics of quantum macroscopic systems are
much less known in general. I will briefly discuss the role played by the environ-
ment in a quantum system and introduce and compare the equilibrium and dynamic
approaches.

Concretely, we recall some features of the Langevin formalism and its generating
function. We dwell initially with some emblematic aspects of classical macroscopic
systems slowly evolving out of equilibrium: concerning models. We focus on two,



that are intimately related: the O(N) model in the large N limit that is used to
describe coarsening phenomena, and the random manifold, that finds applica-
tions to many physical problems like charge density waves, high-Tc superconductors,
etc. Both problems are of field-theoretical type and can be treated both classi-
cally and quantum mechanically. These two models are ideal for the purpose of
introducing and discussing formalism and some basic ideas we would wish to convey
in these lectures. Before entering the technical part we explain the two-fold meaning
of the word disorder by introducing the glass problem and some of the numerous
questions it raises.

1.4 Nucleation

When a system with a first order phase transition is taken to a region in
the phase diagram in which it is still locally stable but metastable with respect
to the new absolute minimum of the free-energy, its evolution towards the new
equilibrium state occurs by nucleation of the stable phase. The theory of simple
nucleation [3] is well established and the time needed for one bubble of the stable
state to conquer the sample grows as an exponential of the free-energy difference
between the metastable and the stable states over the thermal energy available,
kgT. Once the bubble has reached a critical size that also depends on this free-
energy difference it very rapidly conquers the full sample and the system reaches
the stable state. The textbook example is the one of a magnetic system, e.g. an
Ising model, in equilibrium under a magnetic field that is suddenly reversed. The
sample has to reverse its magnetization but this involves a nucleation process of the
kind just explained. Simple nucleation is therefore not very interesting to us but as
soon as multiple nucleation and competition between different states intervenes the
problem becomes rapidly hard to describe quantitatively and very relevant to the
mean-field theory of fragile structural glasses that we will discuss.

1.5 Phase ordering kinetics

Figure 1.1: Four images after a quench of a two species mixture (of glasses!) that
tends to demix under the new working conditions. Images courtesy of E. Gouillart

(St. Gobain), D. Bouttes and D. Vandembroucq (ESPCI).

Choose a system with a well-understood equilibrium phase transition and take
it across the critical point (second order phase transition) very quickly by tuning
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a control parameter. If the system is taken from its disordered (mixed) phase to
its ordered (demixed) phase the sample will tend to phase separate in the course
of time to approach the ideal equilibrium configuration under the new conditions.
Such an example of phase ordering kinetics [4], i.e. phase separation, is shown
in Fig. 1.1. None of the two species disappears, they just separate. This is such a
slow process that the time needed to fully separate the mixture diverges with the
size of the sample, as we will see later on.

Another example of phase ordering kinetics is given by the crystal grain growth
sketched in the left-most panel in Fig. 1.2. Grains are formed by pieces of the lattice
with the same orientation. Boundaries between these grains are drawn with lines in
the figure. The other panels show snapshots of a 2d isotropic ferromagnetic Potts
model

Hyl{si}] = =T dus, J>0, (1.1)
(i)
with s;, = 1, ..., ¢ = 8 quenched below its first order phase transition at the

initial time ¢ = 0 from a configuration in equilibrium at infinite temperature. The
quench is done well below the region of metastability and the dynamics are the
ones of domain growth. Indeed, domains of neighboring spin ordered in the same
direction grow in the course of time. This is clear from the subsequent snapshots
taken at ¢ = 128 MCs and t = 1024 MCs. This model has been used to mimic
this kind of physical process when the number of spin components becomes very
large, ¢ > 1. Note that the number of spins of each kind is not conserved along the
system’s evolution.

Figure 1.2: Grain boudaries in crystal growth. Three snapshots of the 2d ferromag-
netic Potts model with ¢ = 8 quenched below its (first order) phase transition to
T = T,/2. The times at which the images were taken are ¢t = 0, 128,1024 MCs.
Data from M. P. Loureiro, J. J. Arenzon (Porto Alegre, Brazil, and LFC.

These problems are simple in that the systems try to order in configurations
that are easy to visualize and to characterize. It is also quite clear from the figures
that two kinds of processes coexist: what happens within the domains, far from the



interfaces, and what the interfaces do. We will come back to this very important
issue. To conclude phase ordering kinetics are rather well understood qualitatively
although a full quantitative description is hard to develop as the problem is set into
the form of a non-linear field theory with no small parameter.

1.6 Critical dynamics

In critical quenches [6], patches with equilibrium critical fluctuations grow in
time but their linear extent never reaches the equilibrium correlation length that
diverges. Clusters of neighboring spins pointing in the same direction of many sizes
are visible in the figures and the structure is quite intricate with clusters within
clusters and so on and so forth. The interfaces look pretty rough too. A comparison
between critical and sub-critical coarsening are shown in Figs. 1.3 and 1.4.

Critical slowing down implies that the equilibrium relaxation time diverges
close to the phase transition as a power law of the distance to criticality

T~ (T =T (1.2)

with v the exponent that controls the divergence of the correlation length and z
the dynamic critical exponent. This problem has, though, a small parameter (the
distance to criticality) that allows for a perturbative treatment and a dynamic renor-
malisation group approach that is very successful.

Figure 1.3: Monte Carlo simulations of a 2d Ising model. Three snapshots at t =
1, 3 x 10°, 3 x 10° MCs after a quench to T,. Data from T. Blanchard, LFC and
M. Picco.



Figure 1.4: Monte Carlo simulations of a 2d Ising model. Three snapshots at ¢ =
1, 3 x 10%, 3 x 105 MCs after a quench to 0.5 7.. Thermal fluctuations within the
domains are visible. Data from T. Blanchard, LFC and M. Picco.

1.7 Structural disorder: glassy physics

While the understanding of equilibrium phases, the existence of phase transi-
tions as well as the characterization of critical phenomena are well understood in
clean systems, as soon as competing interactions or geometric frustration are
included one faces the possibility of destroying this simple picture by giving way to
novel phenomena like glassy behavior [§].

Glassy systems are usually dissipative, that is to say in contact with a much
larger environment, that has a well defined temperature and with which the systems
in question can exchange heat. We deal with open dissipative systems here.

0.75

] pdtential

0.25

-0.25

T

-0.75

Figure 1.5: Left: The Lennard-Jones potential. Right: the Edwards-Anderson 3d
spin-glass.

Competing interactions in physical systems can be dynamic, also called an-
nealed, or quenched. A simple example illustrates the former: the Lennard-Jones
potential?,

V(r) =V [(ro/r)* = (ro/7)"] (1.3)
with usually, a = 12 and b = 6 (see Fig. 1.5-left) that gives an effective interaction
between soft? particles in a liquid, has a repulsive and an attractive part, depending

2The first term is chosen to take care of a quantum effect due to Pauli repulsion in a phe-
nomenological way, the asymptotically leading attractive term is the van der Waals contribution
when b = 6.

3Soft means that the particles can overlap at the price of an energy cost. In the case this is
forbidden one works with hard particles.



on the distance between the particles, a set of dynamic variables. In this example,
the interactions depend on the positions of the particles and evolve with them.

Figure 1.6: A crystal in a 2d colloidal suspension of hard spheres

Figure 1.7: A liquid or a glass in a 2d colloidal suspension of hard spheres.

When competing interactions are present the low-temperature configurations
may look disordered but still have macroscopic properties of a kind of crystalline
state. Again, cooling down a liquid to obtain a glass is helpful to exemplify what we
mean here: the liquid cannot support stress and flows while the glass has solid-like
properties as crystals, it can support stress and does not easily flow in reasonable
time-scales (this is why glasses can be made of glass!). However, when looked at a
microscopic scale, one does not identify any important structural difference between
the liquid and the glass: no simple long-range structural order has been identified
for glasses. Moreover, there is no clear evidence for a phase transition between
the liquid and the glass. At present one can only talk about a dynamic crossover.
The glassy regime is, however, usually called a glassy phase and it is sometimes
said to be a disordered phase due to the lack of a clear structural order — this
does not mean that there is no order whatsoever (see Fig. 1.7 for an example of a
system with a liquid, a crystal and a glassy phase). Lennard-Jones binary mixtures
are prototypical examples of systems that undergo a glass transition (or crossover)
when cooled across the glass temperature 7, or when compressed across a density
ng (8]

There are many types of glasses and they occur over an astounding range of scales
from macroscopic to microscopic. See Fig. 1.8 for some images. Macroscopic exam-
ples include granular media like sand and powders. Unless fluidized by shaking
or during flow these quickly settle into jammed, amorphous configurations. Jam-
ming can also be caused by applying stress, in response to which the material may
effectively convert from a fluid to a solid, refusing further flow. Temperature (and
of course quantum fluctuations as well) is totally irrelevant for these systems since
the grains are typically big, say, of 1mm radius. Colloidal suspensions contain
smaller (typically micrometre-sized) particles suspended in a liquid and form the
basis of many paints and coatings. Again, at high density such materials tend to
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Figure 1.8: Several kinds of glasses. A colloidal suspension observed with confocal
microscopy. A polymer melt configuration obtained with molecular dynamics. A
simulation box of a Lennard-Jones mixture. A series of photograph of granular
matter.

become glassy unless crystallization is specifically encouraged (and can even form
arrested gels at low densities if attractive forces are also present). On smaller scales
still, there are atomic and molecular glasses: window glass is formed by quick
cooling of a silica melt, and of obvious everyday importance. The plastics in drink
bottles and the like are also glasses produced by cooling, the constituent particles
being long polymer molecules. Critical temperatures are of the order of 80C for, say,
PVC and these systems are glassy at room temperature. Finally, on the nanoscale,
glasses are also formed by vortex lines in type-1I superconductors. Atomic glasses
with very low critical temperature, of the order of 10 mK, have also been studied in
great detail.

A set of experiments explore the macroscopic macroscopic properties of glass
formers. In a series of usual measurements one estimates de entropy of the sample
by using calorimetric measurements and the thermodynamic relation

T>
S(Ty) — S(Ty) = / ar w . (1.4)
T T
In some cases the specific volume of the sample is shown as a function of temper-
ature. In numerical simulations the potential energy density can be equally used.
Figure 1.9 shows the entropy of the equilibrium liquid, S(7T") ~ ¢T" and the jump to
the entropy of the equilibrium crystal at the melting temperature 7,,,, a first order
phase transition. The figure also shows that when the cooling rate is sufficiently

9



fast, and how fast is fast depends on the sample, the entropy follows the curve of
the liquid below T,,, entering a metastable phase that is called a super-cooled lig-
uid. The curves obtained with different cooling rates are reproducible in this range
of temperatures. However, below a characteristic temperature 7}, the curves start
to deviate from the liquid-like behavior, they become flatter and, moreover, they
depend on the cooling rate (red, orange and yellow curves in the figure). The slower
the cooling rate the lower the entropy and the closer it comes to the one of the
crystal. Typical cooling rates used in the laboratory are 0.1 — 100 K/min. Within
these experiments 7} is defined as the temperature at which the shoulder appears.

T~1013 liquid

entropy

supercooled
liquid

TK.. To T T ~ Tx Tm temperaturer

Figure 1.9: The typical plot showing the four ‘phases’ observed in a cooling experi-
ment: liquid, supercooled liquid, glass and crystal. The characteristic temperatures
T, (afirst order phase transition), 7, and the Kauzmann temperature T are shown
as well as the typical relaxation times in the liquid and super-cooled liquid phases.

The extrapolation of the entropy of the liquid below T crosses the entropy of
the crystal at a value of the temperature that was conjectured by Kauzmann to
correspond to an actual phase transition. Indeed, at Tk the entropy of the ‘glass’ is
no longer larger than the one of the crystal and the system undergoes an entropy
crisis. Of course experiments cannot be performed in equilibrium below 7}, and, in
principle, the extrapolation is just a theoretical construction. Having said this, the

10



mean-field models we will discuss later on realize this feature explicitly and put this
hypothesis on a firmer analytic ground. If T represents a thermodynamic transition
it should be reachable in the limit of infinitely slow cooling rate.

Rheological measurements show that the viscosity of a super-cooled liquid, or
the resistance of the fluid to being deformed by either shear or tensile stress, also
increases by many orders of magnitude when approaching the glass ‘transition’. One
finds — or alternatively defines — T}, as the temperature at which the viscosity reaches
n = 10? Pas [Pascal s = k m/s? s/m? = kg/(m s)]. At this temperature a peak in the
specific heat at constant pressure is also observed, but no divergence is measured.

Bulk relaxation times are also given in the figure in units of seconds. In the
super-cooled liquid phase the relaxation time varies by 10 orders of magnitude,
from 7, ~ 107 at the melting point to 7, ~ 103 at the glassy arrest. The interval
of variation of the temperature is much narrower; it depends on the sample at hand
but one can say that it is of the order of 50 K. We note that the relaxation times
remain finite all along the super-cooled liquid phase and do not show an explicit
divergence within the temperature range in which equilibrium can be ensured. We
discuss below how these relaxation times are estimated and the two classes, i.e.
temperature dependences, that are found.

The values of T, depend on the sample. In polymer glasses one finds a variation
from, say, —70 C in rubber to 145 C in polycarbonate passing by 80 C in the
ubiquitous PVC.

There are many different routes to the glassy state. In the examples above we
described cooling experiments but one can also use crunches in which the system is
set under increasing pressure or other.

The structure and dynamics of liquids and glasses can be studied by investi-
gating the two-time dependent density-density correlation:

g(rittw) = (0p(Z,)0p(F,tw))  with 7= |7 — 7]
N N
NS - A - )
=1 j=1

where we ignored linear and constant terms. Jp is the density variation with re-
spect to the mean N/V. The average over different dynamical histories (simula-
tion/experiment) (... ) implies isotropy (all directions are equivalent) and invariance
under translations of the reference point 3. Its Fourier transform is

Flgitita) = N1 3 (03000 (15)

ij=1

11



The incoherent intermediate or self correlation:

Fu(gst,ty) = N1 (e MmOty (1.6)

i=1

can be accessed with (neutron or other) diffraction experiments.

Z 1.0 4
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Figure 1.10: Structure and dynamics of a binary Lennard-Jones mixture. Left: the
two-point correlation function of the A atoms at different times (main panel) and
at different temperatures (inset). Right: the decay of the Fourier transform of the
correlation function at the wave-vector associated to the first peak in gas(r). Data
from Kob & J-L Barrat.

In the main panel of Fig. 1.10-left the equal-time two-point correlation function
of a Lennard-Jones mixture at different times after an infinite rapid quench below
the glassy crossover temperature T; is shown. The data vary very little although
a wide range of time-scales is explored. In the inset a zoom over the first peak
taken at the same time for different final temperatures, three of them below T the
reference one at the numerically determined 7},. Again, there is little variation in
these curves. One concludes that the structure of the sample in all these cases is
roughly the same.

The change is much more pronounced when one studies the dynamics of the
sample, that is to say, when one compares the configuration of the system at different
times. The curves on the right panel display the relaxation of the correlation function
at different temperatures, all above T,. The relaxation is stationary in all cases, i.e.
a function of ¢t —t,, only, but it becomes much slower when the working temperature
approaches Tj.

In a family of glass formers called fragile, in double logarithmic scale used in
the plot, a clear plateau develops for decreasing 7" and may seem to diverge in the
T — Ty limit. In another family of glass formers called strong no plateau is seen.
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From the analysis of the temperature dependence of the relaxation time, say the
time needed for the correlation to decay to half its value at zero time delay* one
finds two kinds of fitting laws:

S { 7o €A/ (T=To) Vogel-Fulcher-Tamann

A/T Arrhenius (1.7)

To €

In fits Tj is usually very close to T. The former class of systems are the fragile
ones while the latter are the strong ones. Note that the first form yields a divergence
at a finite Tk while the second one yields a divergence at T = 0. Silica belongs to
the second class while most polymer glasses belong to the first one. This relaxation
time is usually called the alpha or structural relaxation time. Recall that in a
usual second order phase transition (as realized in an Ising model, for instance) the
divergence of the relaxation time close to the critical point is of power law type.

A real space analysis of the motion of the particles in atomic, molecules in
molecualr, or strings in polymeric glasses (and granular matter as well) demonstrates
that the elements move, over short time scales, in cages formed by their neighbors.
During this short time span the correlation function decays to the plateau and
the mean-square displacement reaches a plateau (in a double logarithmic scale).
Note, however, that the particle’s displacement is much smaller than the particle
radius meaning that the displacement is indeed tiny during this time regime. the
second structural relaxation is the one that take the correlation (displacement) below
(above) the plateau.

Figure 1.11: Colloidal suspension (data from E. Weeks group) and granular matter
(data from O. Pouliquen’s group).

Very recently stress has been put on the analysis of the motion of the elements
over longer time-scales. Dynamic heterogeneities [14] were thus uncovered. Dynamic
regions with high mobility immersed in larger regions with little mobility were iden-
tified. Sometimes stringly motion of particles following each other in a periodic path
were also observed in confocal microscopy measurements or in molecular dynamics
simulations. The length of these strings seems to increase when approaching the
crossover temperature T,. Moreover, dynamic heterogeneities, and a growing length
associated to it, were quantified from the analysis of a four-point correlation func-
tion. This function takes different forms depending on the problem at hand but

4This is a very naive definition of 7., others much more precise are used in the literature.
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basically searches for spatial correlations in the displacement of particles between
on time intervals. Calling 0p(7,t) = p(7,t) — po with pg = N/V/,

)0p(T, £)0p(Y, tw)op(y, 1))
tw)0p(, 1)) (0p(Y, tw)op(y: 1)) - (1.8)

Terms involving one position only can be extracted from the average since they
do not contain information about the spatial correlation. The idea is, roughly, to
consider that 0p(Z,t)dp(Z,t,) is the order parameter. The double spatial integral
of this quantity defines a generalized susceptibility x4(¢, t,,) that has been studied
in many numerical and laboratory experiments. It shows a peak at the time-delay
t — t,, that coincides with the relaxation time 7,. Assuming a usual kind of scaling
with a typical growing length for the four point correlation the characteristics of the
appearance of the peak should yield the length of these dynamic heterogeneities.
The data can be interpreted as leading to a divergence of the growing length at
some temperature but the actual values found are very small, of the order of a few
inter-particle distances in the sample.

The defining features of glasses, i.e., the characterization of their out of equi-
librium relaxation and aging phenomena [15], will be discussed below.

A summary of the liquid-super-cooled liquid-glass behavior is given in the table
below.

Cy(rit,ty) = (dp(Z,t,
—(0p(Z,

at 7}, is avoided by cooling fast enough.

Liquid Supercooled liquid
Exponential relax Non-eX‘I)ronential relax
Equilibrium Metastable equilibrium

Separation of time-scales &
An exponential number of metastable states!

Stationary s

means that correlations and reponses depend on ¢ and t,,
ac susceptibilities depend on w and t,,

There might be an to an at 1.
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In the last 20 years or so a rather complete theory of the dynamics of classical
macroscopic systems evolving slowly in a small entropy production limit
(asymptotic regime after a quench, small drives), that encompasses the situations
described above has been developed [1, 2]. This is a mean-field theory type in the
sense that it applies strictly to models with long-range interactions or in the infinite
dimensional limit. It is, however, expected that some aspects of it also apply to
systems with short-range interactions although with some caveats. A number of
finite dimensional problems have been solved demonstrating this fact.

1.8 Quenched disorder: still glassiness

In the paragraphs above we characterized the low temperature regime of certain
particle models and claimed that their structure is disordered (at least at first sight).
Another sense in which the word disorder is used is to characterize the interac-
tions. Quenched interactions are due to a very sharp separation of time-scales. The
traditional example is the one of spin-glasses in which the characteristic time for
diffusion of magnetic impurities in an inert host is much longer than the character-
istic time for magnetic moment change:

Td > Tewp > To - (1.9)

The position of the magnetic moments are decided at the preparation of the sample.

These position are then random and they do not change during experimental times.

The interactions between pairs of spins depend on the distance between the magnetic

moments via the RKKY formula

cos(2kprij)
3

]

VRKKy<7"jj) = — SiSj . (110)

-
Therefore quenched competing interactions are fixed in the observational time-scale
and they transmit ‘contradictory’ messages. Typical examples are systems with
ferromagnetic and/or antiferromagnetic exchanges that are not organized in a sim-
ple way with respect to the geometry and connectivity of the lattice such as spin-
glasses [9] (see Fig. 1.5-right).

Theoretically, this is modeled by random interactions drawn from a probability
distribution. For simplicity the spins (magentic moments) are placed on the ver-
tices of a finite dimensional lattice, typically a cubic one. The Edwards-Anderson
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Hamiltonian then reads

Hl{s:}] = Z JijSiS; with Jij taken from P(J;;) (1.11)
(i)

Annealed interactions may have a slow time-dependence. Both lead to dis-
order. These can be realized by coupling strengths as in the magnetic example in
Fig. 1.5, but also by magnetic fields, pinning centers, potential energies, etc. Dis-
ordered interactions usually lead to low-temperature behavior that is similar to the
one observed in systems with dynamic competing interactions.

Data showing the cusp in the susceptibility of a spin-glass sample are shown in
Fig. 1.12.

Figure 1.12: Spin-glasses: Susceptibility data (Mydosh). Aging phenomena
(Hérisson and Ocio).

1.9 Random manifolds

A problem that finds applications in many areas of physics is the dynamics of
elastic manifolds under the effect (or not) of quenched random potentials, with
(Kardar-Parisi-Zhang) or without (Edwards-Wilkinson, Mullins-Herring) non-linear
interactions, with short-range or long-range elastic terms [10, 16].

Under certain circumstances the interfaces roughen, that is to say, their asymp-
totic averaged width depends on their linear size. Take for instance, the local height

h(7,t) of a d dimensional surface (with no overhangs). Its time-dependent width is
defined as

Wi(t) =L | / dr [h(7,t) — (h(F,1))]? (1.12)

where (...) = L™ [d% .... This quantity verifies the so-called Family-Vicsek
scaling. In its simplest form, in which all dependences are power laws, it first
increases as a function of time, W (t) ~ t?* and independently of L. At a crossover
time t, ~ L7 it crosses over to saturation at a level that grows as L?. «a is the growth
exponent, 2 is the dynamic exponent and ( is the roughness exponent. Consistency
implies that they are related by za = (. The values of the exponents are known in
a number of cases. For the Edwards-Wilkinson surface one has a = (2—d)/4, z = 2
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and ( = (2 —d)/2 for d < 2. For the non-linear KPZ line o« = 1/3, z = 3/2 and
¢=1/2.

In the presence of quenched disorder the dependence of the asymptotic roughness
with the length of the line undergoes a crossover. For lines that are shorter than a
temperature and disorder strength dependent value Lp the behavior is controlled by
thermal fluctuations and relation as the one above holds with ( = (7, the thermal
roughness exponent. This exponent is the one corresponding to the EW equation.
In this thermally dominated scale, the dynamics is expected to be normal in the
sense that lengths and times should be thus related by power laws of types with the
exponents discussed above. For surfaces such that L > Ly one finds that the same
kind of scaling holds but with a roughness exponent that takes a different value.
The time dependence and cross-over time are expected, though, not to be power
laws and we will discuss them later.

The relaxation dynamics of such elastic manifolds in the very large limit presents
many other interesting phenomena that resemble features observed in more complex
glassy systems. Moreover, such elastic surfaces appear in the nucleation and growth
kinetics problems discussed above as the interfaces between equilibrium (sometimes
metastable) states.

1.10 Aging

In practice a further complication appears [15]. Usually, disordered phases are
prepared with a relatively rapid quench from the high temperature phase. When
approaching a characteristic temperature the systems cannot follow the pace of
evolution dictated by the environment and fall out of equilibrium [2|. Indeed,
their key feature is that below some characteristic temperature 7y, or above a critical
density p,, the relaxation time goes beyond the experimentally accessible time-scales
and the system is next bound to evolve out of equilibrium. Although the mechanism
leading to such a slow relaxation is unknown — and might be different in different
cases — the out of equilibrium relaxation presents very similar properties. The left
panel in Fig. 1.13 shows one aspect of glassy dynamics, aging, as shown by the two-
time relaxation of the self-correlation of a colloidal suspension, that is remarkably
similar to the decay of the magnetic correlation in the Ising model shown in the
right panel and in Fig. 3.42.

A purely static description, based on the use of the canonical (or grand-canonical)
partition function is then not sufficient. One is forced to include the time evolution of
the individual agents (spins, particles, molecules) and from it derive the macroscopic
time-dependent properties of the full system. The microscopic time-evolution is
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Figure 1.13: Left: two-time evolution of the self-correlation in a colloidal suspension
initialized by applying a shearing rate (data from Viasnoff and Lequeux [119]) The
longer the waiting time the slower the decay. Right: two-time evolution in the
bi-dimensional Ising model quenched below its phase transition at T,. A two-scale
relaxation with a clear plateau at a special value of the correlation is seen in the
double logarithmic scale. Data from Sicilia et al. We will discuss this feature at
length in the lectures.

given by a stochastic process. The macroscopic evolution is usually very slow and,
in probability terms, it is not a small perturbation around the Gibbs-Boltzmann
distribution function but rather something quite different. This gives rise to new
interesting phenomena.

1.11 Driven systems

An out of equilibrium situation can be externally maintained by applying forces
and thus injecting energy into the system and driving it. There are several ways to
do this and we explain below two quite typical ones that serve also as theoretical
traditional examples.

Rheological measurements are common in soft condensed matter; they con-
sist in driving the systems out of equilibrium by applying an external force that does
not derive from a potential (e.g. shear, shaking, etc.). The dynamics of the system
under the effect of such a strong perturbation is then monitored.

The effect of shear on domain growth is one of great technological and theoretical
importance. The growth of domains is anisotropic and there might be different
growing lengths in different directions. Moreover, it is not clear whether shear
might interrupt growth altogether giving rise to a non-equilibrium stationary state
or whether coarsening might continue for ever. Shear is also commonly used to

18



study the mechanical properties of diverse glasses.

Another setting is to couple the system to different external reservoirs all
in equilibrium but at different temperature or chemical potential thus inducing a
heat or a particle current through the system. This set-up is relevant to quantum
situations in which one can couple a system to, say, a number of leads at different
chemical potential. The heat transport problem in classical physics also belongs to
this class.

A pinned interface at zero temperature can be depinned by pulling it with an
external force. The depinning problem that is to say the analysis of the dynamics
close to the critical force needed to depin the manifold, and the creep dynamics at
non-vanishing temperature have also been the subject of much analysis.

7 Moving
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Figure 1.14: Left: Creep and depinning of elastic objects under quenched random-
ness. Right: Rheology of complex fluids. Shear thinning: 7 decreases or thickening
7 increases

1.12 Interdisciplinary aspects

The theory of disordered systems has become quite interdisciplinary in the sense
that problems in computer science, biology or even sociology and finance have dis-
order aspects and can be mimicked with similar models and solved with similar
methods to the ones we will discuss here.

1.12.1 Optimization problems

The most convenient area of application is, most probably, the one of combi-
natorial optimization in computer science [11]. These problems can usually be
stated in a form that corresponds to minimizing a cost (energy) function over a large
set of variables. Typically these cost functions have a very large number of local
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minima — an exponential function of the number of variables — separated by barriers
that scale with N and finding the truly absolute minimum is hardly non-trivial.
Many interesting optimization problems have the great advantage of being defined
on random graphs and are then mean-field in nature. The mean-field machinery

that we will discuss at length is then applicable to these problems with minor (or
not so minor) modificatidii€@se ltd Th&Hrte RAFHHEENNGs of the networks.

Let us illustrate this kind of problems with two examples. The graph parti-
tioning problem consists in, given a graph G(N, E) with N vertices and F edges,
to partition it into smaller components with given properties. In its simplest real-
ization the uniform graph partitioning problem is how to partition, in the optimal
way, a graph with N vertices and F links between them in two (or k) groups of
equal size N/2 (or N/k) and the minimal the number of edges between them. Many
other variations are possible. This problem is encountered, for example, in com-
puter design where one wishes to partition the circuits of a computer between two
chips. More recent applications include the identification of clustering and detection
of cliques in social, pathological and biological networks.

Another example is k satisfiability (k-SAT). This is the computer science
problem of determining whether the variables of a given Boolean formula can be
assigned in such a way as to make the formula evaluate to ‘true’. Equally impor-
tant is to determine whether no such assignments exist, which would imply that
the function expressed by the formula is identically ‘false’ for all possible variable
assignments. In this latter case, we would say that the function is unsatisfiable;
otherwise it is satisfiable. For example, the formula C : 1y OR x5 made by a single
clause (' is satisfiable because one can find the values x; = true (and z, free) or
xe = true (and x; free), which make C : x; OR x5 true. This example belongs to
the k& = 2 class of satisfiability problems since the clause is made by two literals (in-
volving different variables) only. Harder to decide formulee are made of M clauses
involving k literals required to take the true value (z) or the false value (T) each,
these taken from a pool of N variables. An example in 3-SAT is

Cl ] OR fg OR T3
Cg . fg) OR f7 OR Tg
03 I OR E4 OR T7
C4 ) OR T5 OR T

(1.13)

All clauses have to be satisfied simultaneously so the formula has to be read F : C}
AND Cy AND C3 AND (4. It is not hard to believe that when a« = M/N > a,
the problems typically become unsolvable while one or more solutions exist on the
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other side of the phase transition. In random k-SAT an instance of the problem,
i.e. a formula, is chosen at random with the following procedure: first one takes k
variables out of the N available ones. Seconf one decides to require x; or x; for each
of them with probability one half. Third one creates a clause taking the OR of these
k literals. Forth one returns the variables to the pool and the outlined three steps
are repeated M times. The M resulting clauses form the final formula.

The Boolean character of the variables in the k-SAT problem suggests to trans-
form them into Ising spins, i.e. x; evaluated to true (false) will correspond to
si = 1 (=1) . The requirement that a formula be evaluated true by an assign-
ment of variables (i.e. a configuration of spins) will correspond to the ground state
of an adequately chosen energy function. In the simplest setting, each clause will
contribute zero (when satisfied) or one (when unsatisfied) to this cost function.
There are several equivalent ways to reach this goal. For instance C'; above can be
represented by a term (1 — s1)(1 + s2)(1 — s3)/8. The fact that the variables are
linked together through the clauses suggests to define k-uplet interactions between
them. We then choose the interaction matrix to be

0 if neither z; nor z; € C,
Jui=14 1 if z € C, (1.14)
-1 if T, € (C,

and the energy function as

Hyl[{si}] = 60> Jujsi, —k) (1.15)

a=1 1=1

where d(z,y) is a Kronecker-delta. This cost function is easy to understand. The
Kronecker delta contributes one to the sum only if all terms in the sum Zf\il JuiSi
are equal —1. This can happen when J,; = 1 and s; = —1 or when J,; = —1 and
s; = 1. In both cases the condition on the variable x; is not satisfied. Since this is
required from all the variables in the clause, the clause itself and hence the formula
are not satisfied.

These problems are ‘solved’ numerically, with algorithms that do not necessarily
respect physical rules. Thus, one can use non-local moves in which several variables
are updated at once — as in cluster algorithms of the Swendsen-Wang type used
to beat critical slowing down close to phase transitions or one can introduce a
temperature to go beyond cost-function barriers and use dynamic local moves that
do not, however, satisfy a detail balance. The problem is that with hard instances
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of the optimization problem none of these strategies is successful. Indeed, one can
expect that glassy aspects, as the proliferation of metastable states separated by
barriers that grow very fast with the number of variables, can hinder the resolutions
of these problems in polynomial time for any algorithm.

Complexity theory in computer science, and the classification of optimization
problems in classes of complexity — P for problems solved with algorithms that use a
number of operations that grows as a polynomial of the number of variables, e.g. as
N2 or even N NP for problems for which no polynomial algorithm is known and
one needs a number of operations that grow exponentially with N, etc. — applies to
the worst instance of a problem. Worst instance, in the graph-partitioning example,
means the worst possible realization of the connections between the nodes. Knowing
which one this is is already a very hard problem!

But one can try to study optimization problems on average, meaning that the
question is to characterize the typical — and not the worst — realization of a prob-
lem. The use of techniques developed in the field of disordered physical systems,
notably spin-glasses, have proven extremely useful to tackle typical single randomly
generated instances of hard optimization problems.

Note that in statistical mechanics information about averaged macroscopic quan-
tities is most often sufficiently satisfactory to consider a problem solved. In the
optimization context one seeks for exact microscopic configurations that correspond
to the exact ground state and averaged information is not enough. Nevertheless,
knowledge about the averaged behavior can give us qualitative information about
the problem that might be helpful to design powerful algorithms to attack single
instances.

1.12.2 Biological applications

In the biological context disordered models have been used to describe neural
networks, i.e. an ensemble of many neurons (typically N ~ 10° in the human
brain) with a very elevated connectivity. Indeed, each neuron is connected to ~ 10
other neurons and receiving and sending messages via their axons. Moreover, there
is no clear-cut notion of distance in the sense that axons can be very long and
connections between neurons that are far away have been detected. Hebb proposed
that the memory lies in the connections and the peculiarity of neural networks is that
the connectivity must then change in time to incorporate the process of learning.
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The simplest neural network models [12] represent neurons with Boolean vari-
ables or spins, that either fire or are quiescent. The interactions link pairs of neurons
and they are assumed to be symmetric (which is definitely not true). The state of
a neuron is decided by an activity function f,

Gi(t+1) = F(> Jis(t)) (1.16)
j(#1)

that in its simplest form is just a theta-function leading to simply two-valued neu-
rons.

Memory of an object, action, etc. is associated to a certain pattern of neuronal
activity. It is then represented by an N-component vector in which each component
corresponds to the activity of each neuron. Finally, sums over products of these
patterns constitute the interactions. As in optimization problems, one can study the
particular case associated to a number of chosen specific patterns to be stored and
later recalled by the network, or one can try to answer questions on average, as how
many typical patterns can a network of N neurons store. The models then become
fully-connected or dilute models of spins with quenched disorder. The microscopic
dynamics cannot be chosen at will in this problem and, in general, will not be as
simple as the single spin flip ones used in more conventional physical problems. Still,
if the disordered modeling is correct, glassy aspects can render recall very slow due
to the presence of metastable states for certain values of the parameters.

Another field of application of disordered system techniques is the description
of hetero-polymers and, most importantly, protein folding. The question is how
to describe the folding of a linear primary structure (just the sequence of different
amino-acids along the main backbone chain) into an (almost) unique compact native
structure whose shape is intimately related to the biological function of the protein.
In modeling these very complex systems one proposes that the non-random, selected
through evolution, macromolecules may be mimicked by random polymers. This as-
sumption is based on the fact that amino-acids along the chain are indeed very
different. One then uses monomer-monomer and/or monomer-solvent interactions
that are drawn from some probability distribution and are fixed in time (quenched
disorder). Still, a long bridge between the theoretical physicists’ and the biologists’
approaches remain to be crossed. Some of the important missing links are: proteins
are mesoscopic objects with of the order of 100 monomers thus far from the ther-
modynamic limit; interest is in the particular, and not averaged, case in biology,
in other words, one would really like to know what is the secondary structure of
a particular primary sequence; etc. In the protein folding problem it is clear that

23



the time needed to reach the secondary structure from an initially stretched config-
uration depends strongly on the existence of metastable states that could trap the
(hetero) polymer. Glassy aspects have been conjectured to appear in this context
too.

Figure 1.16: Active matter.

The constituents of active matter, be them particles, lines or other, absorb
energy from their environment or internal fuel tanks and use it to carry out motion.
In this new type of soft condensed matter energy is partially transformed into me-
chanical work and partially dissipated in the form of heat [13]. The units interact
directly or through disturbances propagated in the medium. In systems of biological
interest, conservative forces (and thermal fluctuations) are complemented by non-
conservative forces. Realizations of active matter in biology are thus manifold and
exist at different scales. Some of them are: bacterial suspensions, the cytoskeleton
in living cells, or even swarms of different animals. Clearly enough, active matter
is far from equilibrium and typically kept in a non-equilibrium steady state. The
difference between active matter and other driven systems, such as sheared fluids,
vibrated granular matter and driven vortex lattices is that the energy input is lo-
cated on internal units (e.g. motors) and therefore homogeneously distributed in the
sample. In the other driven systems mentioned above, the energy input occurs on
the boundaries of the sample. Moreover, the effect of the motors can be dictated by
the state of the particle and/or its immediate neighborhood and it is not necessarily
fixed by an external field.

The dynamics of active matter presents a number of interesting features that are
worth mentioning here. Active matter displays out of equilibrium phase transitions
that may be absent in their passive counterparts. The dynamic states display large
scale spatio-temporal dynamical patterns and depend upon the energy flux and
the interactions between their constituents. Active matter often exhibits unusual
mechanical properties, very large responses to small perturbations, and very large
fluctuations — not consistent with the central limit theorem. Much theoretical effort
has been recently devoted to the description of different aspects of these systems,
such as self-organization of living microorganisms, the identification and analysis of
states with spatial structure, such as bundles, vortices and asters, the study of the
rheological properties of active particle suspensions with the aim of grasping which
are the mechanical consequences of biological activity. A rather surprisingly result
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was obtained with a variational solution to the many-body master equation of the
motorized version of the standard hard sphere fluid often used to model colloids:
instead of stirring and thus destabilize ordered structures, the motors do, in some
circumstances enlarge the range of stability of crystalline and amorphous structures
relative to the ones with purely thermal motion.

Figure 1.17: Left: random graph with finite connectivity

1.13 Summary and interesting questions

The main steps in the development and application of Statistical Mechanics ideas
to macroscopic cooperative systems have been

e The development of the basic ideas (Boltzmann-Gibbs).

e The recognition of collective phenomena and the identification and mean-field
description of phase transitions (Curie-Weiss).

e The correct description of critical phenomena with scaling theories and the
renormalization group (Kadanoff, Widom, M. Fisher, Wilson) and more re-
cently the development of conformal field theories for two-dimensional sys-
tems.

e The study of stochastic processes and time-dependent properties (Langevin,
Fokker-Planck, Glauber, etc.).

To describe the problems introduced above the same route has been followed.
There is no doubt that Equilibrium Statistical Mechanics yields the static properties
of these systems. In the case of coarsening problems one understands very well the
static phases and phase transitions. In the case of glassy systems this is not so
clear. In the case of active matter or other driven systems there are equilibrium
phases in the vanishing drive limit only but one can also study the dynamic phase
transitions with a critical phenomena perspective.
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Although the study of equilibrium phases might be a little irrelevant from the
practical point of view since most glassy systems are out of equilibrium in labora-
tory time-scales, it is certainly a necessary step on which one can try to build a
truly dynamic theory. The mean-field study — the second step in the list above — of
the equilibrium properties of disordered systems, in particular those with quenched
disorder, has revealed an incredibly rich theoretical structure. We still do not know
whether it carries through to finite dimensional cases. Even though, it is definitely
interesting per se and it finds a very promising field of application in combinatorial
optimization problems that are defined on random networks, see Fig. 1.17, with
mean-field character. Scaling arguments have been applied to describe finite dimen-
sional disordered systems but they remain — as their parent ones for clean systems
— quite phenomenological and difficult to put to sufficiently restrictive numerical
or experimental test. The extension of renormalisation group methods to systems
with quenched disorder is also under development and still needs quite a lot of work
— the third step. As for the out of equilibrium dynamics of these systems, again,
it has been solved at the mean-field level but little is known in finite dimensions
— apart from numerical simulations or the solution to toy models. As in its static
counterpart, the results from the study of dynamic mean-field models have been
very rich and they have suggested a number of new phenomena later searched for in
numerical simulations and experiments of finite dimensional systems. In this sense,
these solutions have been a very important source of inspiration.

Disordered systems (in both senses) are usually in contact with external reser-
voirs at fixed temperature; their description is done in the canonical (or grand-
canonical in particle systems with the possibility of particle exchange with the en-
vironment) ensemble. In these lectures we will only deal with a canonical setting,
the microcanonical one being more relevant to quantum systems.

Some questions that arise in the non-equilibrium context are

e How to characterize the non-equilibrium dynamics of glassy systems phe-
nomenologically.

e Which are the minimal models that reproduce the phenomenology.

e Which is the relation between the behavior of these and other non-equilibrium
systems, in particular, those kept away from equilibrium by external forces,
currents, etc.

e Which features are generic to all systems with slow dynamics.

e Could one extend equilibrium statistical mechanics ideas out of equilibrium?
e.g., could one use temperature, entropy and other thermodynamic concepts
out of equilibrium?
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e Related to the previous item, could one construct a non-equilibrium measure
that would substitute the Gibbs-Boltzmann one in certain cases.

27



2 Modeling

In this section I will revisit certain aspects of statistical physics that are not
commonly discussed and that become important for our purposes.

2.1 Canonical setting

In this lecture we always think of the system of interest being coupled to an
environment with which it can exchange energy. The total energy of the full system
is conserved but the contributions from the system, bath and interaction are not.

Environment

Interaction
System

Figure 2.18: Sketch of the system and bath coupling.

2.2 Fluctuations

There are several possible sources of fluctuations:

e Thermal: the system is coupled to a classical environment that ensures fluctu-
ations (noise) and dissipation (the fact that the total energy is not conserved).
E.g. coarsening, classical glasses, spin-glasses.

e Quantum: the system is coupled to a quantum environment that ensures
fluctuations (noise) and dissipation. The temperature of the bath can be zero
or not. E.g. quantum coarsening and glasses, quantum spin-glasses.

e Stochastic motors: forces that act on the system’s particles stochastically.
The energy injected in the sample is partially dissipated to the bath and
partially used as work. As the system is also coupled to a bath there are also
thermal fluctuations in it. E.g. active matter.
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(Classical and quantum environments are usually modeled as large ensembles of
non-interacting variables (oscillators [18], spins [19], fermions) with chosen distribu-
tions of coupling constants and energies.

2.3 The classical reduced partition function

We analyze the statistical static properties of a classical canonical system
in equilibrium at inverse temperature [ and itself formed by two sub-parts, one
that will be treated as an environment (not necessarily of infinite size) and another
one that will be the (sub-)system of interest. We study the partition function or
Gibbs functional, Zi.:

Zior[n] = Z exp(—fBHo, — Bnx) (2.1)

conf env
conf syst

where the sum represents an integration over the phase space of the full system, i.e.
the system’s and the environmental ones. 7 is a source. We take

Htot - Hsyst + Henv + Hint + Hcounter — llgyst + -E[env . (22)

For simplicity we use a single particle moving in d = 1: Hgy is the Hamiltonian of

the isolated particle,

2
p
Hsyst - m + V(I) ) (23)

with p and z its momentum and position. He,, is the Hamiltonian of a ‘thermal
bath’ that, for simplicity, we take to be an ensemble of N independent harmonic

oscillators [17, 18] with masses m, and frequencies w,, a =1,..., N
Yo maw? )
H., — oy Ma¥a 2.4
; ST (24)

with 7, and ¢, their momenta and positions. This is indeed a very usual choice
since it may represent phonons. (These oscillators could be the normal modes of
a generic Hamiltonian expanded to quadratic order around its absolute minimum,
written in terms of other pairs of conjugate variables; the bath could be, for instance,
a chain of harmonic oscillators with nearest-neighbor couplings.) Hj, is the coupling
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between system and environment. We will restrict the following discussion to a linear
interaction in the oscillator coordinates, q,, and in the particle coordinate,

N
Hint = Z Cala (25)
a=1

with ¢, the coupling constants. The counter-term H .ouner is added to avoid the
generation of a negative harmonic potential on the particle due to the coupling to
the oscillators (that may render the dynamics unstable). We choose it to be

1 N 2
Hcounter = 5 Z < 332 . (26)

Maw?

a=1

We note that the addition of the counter-term makes the combination of the
environmental, interaction and counter-term Hamiltonians take a rather simple and
natural form

Flaws = Hong -+ Hing + Hopmper = 3 2 @)
env = Heny + Hing + counter = za: 7 (Qa + mang) . (2.7)
The generalization to more complex systems and/or to more complicated baths
and higher dimensions is straightforward. The calculations can also be easily gener-
alized to an interaction of the oscillator coordinate with a more complicated depen-
dence on the system’s coordinate, V(z), that may be dictated by the symmetries of
the system at the expense of modifying the counter-term. Non-linear functions of
the oscillator coordinates cannot be used since they render the problem unsolvable
analytically.
Having chosen a quadratic bath and a linear coupling, the integration over the
oscillators’ coordinates and momenta can be easily performed. This yields the re-
duced Gibbs functional

N
1 c?
Zred[n] X E exp [_B (Hsyst + Hcounter +nr — 5 E - 22 1'2)] . (28)

conf syst a=1

The ‘counter-term’ H.ounter i chosen to cancel the last term in the exponential
and it avoids the renormalization of the coefficient of the quadratic term in the
potential due to the coupling to the environment that could have even destabilized
the potential by taking negative values. An alternative way of curing this problem
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would be to take a vanishingly small coupling to the bath in such a way that the
last term must vanish by itself (say, all ¢, — 0). However, this might be problematic
when dealing with the stochastic dynamics since a very weak coupling to the bath
implies also a very slow relaxation. It is then conventional to include the counter-
term to cancel the mass renormalization. One then finds

Zred [N XY cont oyst €XP (=5 (Hsyst + n2)] = Zsyst 0] - (2.9)

For a non-linear coupling Hi,, = Zi\;l caqaV(x) the counter-term is Hiounter =
L o s V(@)

The interaction with the reservoir does not modify the statistical properties of
the particle since Zyeq < Zgyst, independently of the choices of ¢,, m,, w, and N.

If one is interested in the dynamics of a coupled problem, the characteristics
of the sub-system that will be considered to be the bath have an influence on the
reduced dynamic equations found for the system, that are of generic Langevin kind,
as explained in Sect. 2.4.

Quantum mechanically the reduced partition function depends explicitly on
the properties of the bath. The interaction with quantum harmonic oscillators
introduces non-local interactions (along the Matsubara time direction) and there
is no physical way to introduce a counter-term to correct for this feature.

The dynamics of quantum systems has all these difficulties.

2.4 The Langevin equation

Examples of experimental and theoretical interest in condensed matter and bio-
physics in which quantum fluctuation can be totally neglected are manifold. In this
context one usually concentrates on systems in contact with an environment: one se-
lects some relevant degrees of freedom and treats the rest as a bath. It is a canonical
view. Among these instances are colloidal suspensions which are particles suspended
in a liquid, typically salted water, a ‘soft condensed matter’ example; spins in fer-
romagnets coupled to lattice phonons, a ‘hard condensed matter’ case; and proteins
in the cell a ‘biophysics’ instance. These problems are modelled as stochastic pro-
cesses with Langevin equations [28, 29, 30, 31, 32, 33], the Kramers-Fokker-Planck
formalism or master equations depending on the continuous or discrete character of
the relevant variables and analytic convenience.

The Langevin equation was originally proposed to model the motion of a colloidal
particle in a liquid but it was soon realised that generalisations of it can be used in a
much wider context to describe, e.g. the motion of ions in water of the reorientation
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of dipolar molecules, or some collective variable of a macroscopic system. It is a
stochastic differential equation that describes phenomenologically a large variety of
problems. It models the time evolution of a set of slow variables coupled to a much
larger set of fast variables that are usually (but not necessarily) assumed to be in
thermal equilibrium at a given temperature. We first introduce it in the context of
Brownian motion in Sect. 2.4.1 and we derive it in more generality in Sect. 2.4.2.

2.4.1 Langevin’s Langevin equation

The Langevin equation® for a particle moving in one dimension in contact with
a white-noise bath reads

(mi +yov =F + ¢, V=1, (2.10)

with  and v the particle’s position and velocity.

The fluctuating force £ is supposed to come from occasional impacts of the
Brownian particle with molecules of the surrounding medium. The force during an
impact is supposed to vary with extreme rapidity over the time of any observation.
Then the effects of the fluctuating force can be summarised by giving its first and
second moments, as time averages over an infinitesimal time interval. £ is then a
Gaussian white noise with zero mean (£(t)) and correlation (£(¢)£(t')) = 2voksT'é(t—
t'). The delta function in time indicates that there is no correlation between impacts
in any distinct time intervals around ¢ and t'. ~v is a friction force that opposes
the motion of the particle. The force F' designates all external deterministic forces
and depends, in the most common cases, on the position of the particle x only. In
cases in which the force derives from a potential, F' = —dV/dx. The generalization
to higher dimensions is straightforward. Note that vy is the parameter that controls
the strength of the coupling to the bath (it appears in the friction term as well as in
the noise term). In the case 7y = 0 one recovers Newton equation of motion. The
relation between the friction term and thermal correlation is non-trivial. Langevin
fixed it by requiring (v?(t)) — (v?)q. We will give a different argument for it in the
next section.

2.4.2 Derivation of the Langevin equation

Let us take a system in contact with an environment. The interacting sys-
tem-+environment ensemble is ‘closed’” while the system is ‘open’. The nature of the

5P. Langevin, Sur la théorie du mouvement brownien, Comptes-Rendus de 1’Académie des Sci-
ences 146, 530-532 (1908).
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environment, e.g. whether it can be modeled by a classical or a quantum formal-
ism, depends on the problem under study. We focus here on the classical problem
defined by Hi. A derivation of a generalized Langevin equation with memory is
very simple starting from Newton dynamics of the full system [17, 33, 20].

The generalization to more complex systems and/or to more complicated baths
and higher dimensions is straightforward. The calculations can also be easily gener-
alized to an interaction of the oscillator coordinate with a more complicated depen-
dence on the system’s coordinate, V(z), that may be dictated by the symmetries of
the system, see :

Hamilton’s equations for the particle are

N N
() G c
w0 =0 0= V0= e~ 3 et (210
(the counter-term yields the last term) while the dynamic equations for each member
of the environment read

all .

W) =20 a0 - et —al), (212

Mg
showing that they are all stable harmonic oscillators forced by the chosen par-
ticle. These equations are readily solved by

ey s = [ dsinta = D) (213

all) = qa al
0a($) = 0a0) eos(t) + 1 o

with ¢,(0) and 7,(0) the initial coordinate and position at time ¢ = 0 when the
particle is set in contact with the bath. It is convenient to integrate by parts the
last term. The replacement of the resulting expression in the last term in the rhs of
eq. (2.11) yields

p(t) = =V'[x(t)] + &(t) — [y dt' T(t —t)i(t), (2.14)

with the symmetric and stationary kernel I' given by

T(t—t) =SV % cosfwa(t — )], (2.15)

a=1 myw?

['(t—t)=T(t —t), and the time-dependent force ¢ given by

E(t) = — Zivzl Ca :n”a—(g sin(w,t) + (qa(O) + %‘g) cos(wat)] . (2.16)
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This is the equation of motion of the reduced system. It is still deterministic.

€(t) is a sum of oscillating functions of time. The third term on the rhs of
eq. (2.14) represents a rather complicated friction force. Its value at time ¢ depends
explicitly on the history of the particle at times 0 < ¢’ < ¢ and makes the equation
non-Markovian. One can rewrite it as an integral running up to a total time
T > max(t,t') introducing the retarded friction:

WE—t)=T(t— )0t 1) . (2.17)

Until this point the dynamics of the system remain deterministic and are com-
pletely determined by its initial conditions as well as those of the reservoir variables.
Two important points can be make here. On the one hand, one can check, by simple
numerical generation, that the function ¢ at, say, fixed ¢ resembles more and more a
random variable as the number of oscillators increases (for incommensurate frequen-
cies wg,). The initial conditions for the oscillators are the seeds of the random number
generator. This is similar to what happens with random number generators in the
sense that these are, ultimately, periodic functions with a finite recurrence time that,
however, can be made sufficiently long for computational purposes. Therefore, £ is
a pseudo random number. On the other hand, one can directly introduce the
statistical element into play when one realizes that it is impossible to know the
initial configuration of the large number of oscillators with great precision and one
proposes that the initial coordinates and momenta of the oscillators have a canon-
ical distribution at an inverse temperature (5. (Note that one needs to assume
that the oscillators interacted in the past to establish ergodicity and reach this pdf,
though they do not do any longer.) Then, one chooses {m,(0),¢.(0)} to be initially
distributed according to a canonical phase space distribution:

P({ma(0), 40(0)}, 2(0)) = 1/ Zane [1(0)] &= Perl 72022050 (218)

with ﬁenv = H.w + Hiyt + Heounter, that can be rewritten as

2

Ao =y l% (qa<o> = x<o>) + ”—(m] . (2.19)

aw? 2m,

a=1

Again, the presence of H ounter here is for convenience. The randomness in the initial
conditions gives rise to a random force acting on the reduced system. Indeed, ¢ is
now a Gaussian random variable, that is to say a noise, with

(€6) =0, () = ksT T(t—1). (2.20)
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One can easily check that higher-order correlations vanish for an odd number of £
factors and factorize as products of two time correlations for an even number of £
factors. In consequence ¢ has Gaussian statistics. Defining the inverse of I' over the
interval [0,¢], [J dt” T'(t —t")[~'(t" — ') = §(t — '), one has the Gaussian pdf:

Ple] = 271 mpm hodtlo & SOTTH=EE) (2.21)

Z is the normalization. A random force with non-vanishing correlations on a finite
support is usually called a coloured noise. Equation (2.14) is now a genuine
Langevin equation. A multiplicative retarded noise arises from a model in
which one couples the coordinates of the oscillators to a generic function of the
coordinates of the system, see and eq. (2.33).

The use of an equilibrium measure for the oscillators implies the relation
between the friction kernel and the noise-noise correlation, which are proportional,
with a constant of proportionality of value kgT'. This is a generalized form of the
fluctuation-dissipation relation, and it applies to the environment.

About the bath

One last comment is in order here. A closed ensemble of harmonic oscillators is
an integrable system that does not equilibrate in strict sense. Still, we are using it as
a model for a thermal bath. One can argue that the oscillators were in interaction in
the past, before being connected to the system, and that this allowed them to reach
the Boltzmann probability distribution that is used for their initial states in this
calculation. Or else, one can follow the calculations by Mazur & Montroll and see
that in the limit of a large number of degrees of freedom the Poincaré recurrence
time for the system of non-interacting harmonic oscillators becomes so large that
it lies beyond any relevant time for the relaxation of the system that is coupled to
the oscillator bath®.

About the counterterm.

Had we not added the counter term the equation would read

2
Ca

Bpt) = =V'z(O] + )

a=1

() + £(t) — / (- ), (222)

2
mewy, 0

that is like eq. (2.14) for V +— V — % N g 22, as we found with the analysis

a=1 mqw?

of the partition sum. Note that, as we will take ¢, = &,/v/N, with &, of O(1), the

6P. Mazur and E. Montroll, Poincaré cycles, ergodicity, and irreversibility in assemblies of
coupled harmonic oscillators, J. Math. Phys. 1, 70 (1960).
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constant resulting from the sum over @ is O(1). For the distribution of the initial
values we can still use f[env or we can choose a Maxwell-Boltzmann distribution with
H.,, + Hyy alone. The result will be the same, as the supplementary term goes into
the normalisation constant for P.,,(0).

The bath kernel T'.

Different choices of the environment are possible by selecting different ensembles
of harmonic oscillators 7. The simplest one, that leads to an approximate Markovian
equation, is to consider that the oscillators are coupled to the particle via coupling
constants ¢, = ¢,/ V/N with &, of order one. One defines

Sw) =4 3N, S 5w — w,) (2.23)

a function of w, of order one with respect to NV, and rewrites the kernel I' as

Dt —t) = [ dw 2 coslw(t —t)] . (2.24)

The spectral density S(w) is a weighted sum over the frequencies of the oscillators
in the bath. For all finite N it is then just a discrete sum of delta functions. In the
limit N — oo it can become, instead, a regular function of w. Assuming this limit is
taken, several proposals for the resulting function S(w) are made. A common choice

@ Sl (%)M L (%) . (2.25)

The function f.(x) is a high-frequency cut-off of typical width A and is usually
chosen to be an exponential. The frequency @ < A is a reference frequency that
allows one to have a coupling strength 7 with the dimensions of viscosity. If a = 1,
the friction is said to be Ohmic, S(w)/w is constant when |w| < A as for a white
noise. This name is motivated by the electric circuit analog exposed in Sec. 2.4.8.
When a > 1 (o < 1) the bath is superOhmic (subOhmic). The exponent « is
taken to be > 0 to avoid divergencies at low frequency. For the exponential cut-off
the integral over w can be computed for « = 1 and a # 1. In the former Ohmic

case one finds 5 A
_ K
PO = a5 g

"See, G. W. Ford, M. Kac, and P. Mazur, Statistical mechanics of assemblies of coupled oscil-
lators, J. Math. Phys. 6, 504 (1965), for a detailed analysis.

(2.26)
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In the A — oo limit one approaches the Stratonovich limit and I'(¢) becomes a
delta-function, I'(t) — 2v¢d(¢) such that fot dt’ T'(t — ') = 2vparctan(At) — 5o for
A — oo. In the latter non-Ohmic case the integral over w yields

L'(t) = %@—aﬂ Ta(a) A® cos|avarctan(At)]

77 [1+ (At)?]e/2 (2.27)

with I'g(a) the Euler Gamma-function. At long times, for any a@ > 0 and « # 1,
one has

lim I'(t) = %(D cos(an/2)l'g(a) (0t)™*, (2.28)

At—o00

a power law decay.
Dimensional analysis

The noise ¢ is a force and it should have dimensions [¢] = M L/T? with [m,] = M,
[¢a) = L and the frequencies [w,] = 1/T'. From their definition one finds [¢,] = M/T?,
I = [S(w)] = M/T* and [yo] = M/T.

Prove that for a non-linear coupling Hiy, = V[z] Zfl\;l Ca(q there is a
choice of counter-term for which the Langevin equation reads

B(t) = V(O] + EOVe(0)] = V[2(@)] fy dt' Tt =)V [a()]et)|  (2:29)

with the same I" as in eq. (2.15) and £(t) given by eq. (2.16) with 2(0) — V[z(0)]. The
noise appears now multiplying a function of the particles’ coordinate. Applications
of this kind of equations are manifold. For instance, the random motion of a colloid
in a confined medium is mimicked with a Langevin equation in which the friction
coefficient depends on the position notably close to the walls [91].

Take now a system made of ¢ = 1,...,n variables collected in two
n-component vectors p,x. Use H;,; = Z?:l 25:1 CaiQaiT; as the coupling between
system and bath and an ensemble of n independent sets of harmonic oscillators for
the bath. Prove that the stochastic equation is

pilt) = —%"é’;ﬂ +&(t) — /t dt' Ty(t — ') () i=1,....n (2.30)

0
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where there is no sum over repeated indices and I'; and &; are given by

N
Ti(t—t) =) mC:Z cos|wa(t — )], (2.31)
a=1 ar"ar
N
&(t) =— Z Ca {TZMS) sin(weit) + (qm-(O) + c:;x;()g)) Cos(wm-t)} (2.32)
a=1 at%ai at® i

The i dependence in I'; can be ignored if the ensembles of oscillators are equivalent
(i.e. same distribution of parameters). Characterise next the mean (&;(t)) and the
correlation (&;(¢)&;(t')) and see under which conditions (&;(¢)&;(t")) = 6;;I'(t —t').

Take now a system made of i = 1,...,n variables collected in p, Z.
Use Hiy, = V|x] 25:1 Ca(a as the coupling between system and bath, where x is the
modulus of the vector Z. Prove that the stochastic equation is

=580 2
A Farra—o > ey e

J=1

with the same I' and £ as in egs. (2.15) and (2.16) with 2(0) — V[z(0)]. There is
only one noise component and it appears multiplying a function of the particles’
coordinate.

The classical phonon Hamiltonian in one dimension is

N/2 p2 N/2 (q q )2
H= Y 24+ Y == 2.34
5+ 5 (2.34)
=—N/2+1 =—N/2+1

where £ is the lattice site index and, for simplicity, we took m, = wy, = 1. The last
term is a neares-negihbour coupling. We assume periodic boundary conditions on
the chain. Let us also consider a linear coupling of the form H; = —gox between the
central site and the system’s coordinate x. Show that going to the Fourier modes
Qr = N~1/? év:/i N/241 e™**q, all phonons decouple into independent harmonic os-
cillators with frequencies w? = 2(1 — coska) = 4sin®(ka/2), with a the lattice
spacing, and the coupling constants between the variable and all Fourier modes are
¢ = N7'/2. The periodicity ¢y = qo imposes the quantisation of the wave-vectors,
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k =2mn/(Na) with n € Z. Each k describes a normal mode of vibration and within
the first Brillouin zone there are N modes.
This calculation can be extended to higher dimensions.

2.4.3 Irreversibility and dissipation.

The friction force —yyv in eq. (2.10) — or its retarded extension in the non-
Markovian case — explicitly breaks time-reversal (t — —t) invariance, a property
that has to be respected by any set of microscopic dynamic equations. Newton
equations describing the whole system, the particle and all the molecules of the fluid,
are time reversal invariant. However, time-reversal can be broken in the reduced
equation in which the fluid is treated in an effective statistical form and the fact
that it is in equilibrium is assumed from the start.

Time reversibility in Newton (or Hamilton) dynamics is the statement that x(—t)
(or {z(—t),—p(—t)}) satisfy the same dynamic equations as x(t) ({z(t),p(t)}).

The dynamics of the selected variable is still reversible, in the sense that the
pair {x(—t), —p(—t)} satisfies the same equation as {z(t),p(t)}, as long as N is
kept finite and the oscillator positions and momenta are taken as {q,(0), —m,(0)}
(instead of {¢,(0),m,(0)}). In order to prove this statement, we can start from the
equation evaluated at ¢ — ¢t. The tricky terms, stemming from the integration over
the oscillators, evaluated at —t are:

- O_t o mcz g cosfua(— — ]F()
. [Z(B) sin(—wat) + (aa<0) - ijg)) COS(—W)}
_% Ot dt’ mc—; coslwa(t +)]p(t')
oo [~ 2 D i) + (7.00) + 27 ) contnt)]
2 / Lt mw coslwa(t — )]p(~1)
o 2D )+ (1.0 + LD et 29

where we did not write the sum over a to alleviate the notation. The overlined
variables are yet now known, they are the ones that we will later choose to get
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the same form for these and the original terms originating in the bath coupling. It
is now clear that this aim is attained if one uses Z(t) = x(—t), p(—t) = —p(—t),
q,(t) = qu(—t), Ta(—t) = —ma(—t), and the last condition implies that —m(0) has to
be used in the last line.

Even in the case in which all forces derive from a potential, F' = —dV/dz, the
energy of the particle, Heys, = mv?/2+V | is not conserved. This can be easily seen by
taking dH.yst /dt = muo+V'v = v(—yv+E), say, in the case of additive white noise.
The second member does not vanish in general. Its sign is not determined either
unless at zero-temperature, when it is negative semi-definite, —vyv?, indicating that
the dynamics are of gradient descent. On average, in the absence of non-potential
energy injecting forces, and for confining potentials, one finds that the energy flows
to the bath leading to dissipation. At very long times, however, the particle may
reach a stationary regime in which the particle gives and receives energy from the
bath at equal rate, on average. We will see this mechanism at work in some examples
in Sect. 2.5.

Prove the time-irreversibility of the Langevin equation and the fact
that the symmetry is restored if 75 = 0. (Show that v(—t) does not satisfy the same
equation as v(t).)

Show that d(Hgy)/dt # 0 when 7 # 0. Prove that for a single
variable, the non-zero terms can be found from the analysis of ' — ¢~ and t' — t*
limits of yo(&(t)x(t')) — 27T ({(t)x(t')). Relate the last term to the linear response
function. Discuss the equilibrium case, in which m(i?(t)) = kT (equipartition).

2.4.4 Stochastic thermodynamics

The energy of the system.
Let’s multiply the Langevin equation by v(t)8. We find

% Em? + v(x)] — u(t)E(E) — v(t) /0 dt’' T(t —t')o(t') . (2.36)

Now integrate over time between t; and t,

Holt2) ~ Hlt) = [t nte) = [t [ at o=ttt . (20

t1

8Subtle issues about the chain-rule for derivatives of functions of stochastic variables will be
discussed in future Sections. For equations with inertia and/or coloured noise, these problems do
not pose.
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As there is no reason to suppose that the rhs be identical to zero, one finds that
the energy of the system fluctuates and is not constant. Note also that, although
the velocity is a Gaussian random variable, the kinetic energy, being given by its
square, is not.

Non potential forces.

Time-dependent, f(¢), and constant non-potential forces, f™ (in higher dimen-
sions), as the ones applied to granular matter and in rheological measurements,
respectively, are simply included in the right-hand-side (rhs) as part of the deter-
ministic force.

The energy balance under non-potential forces can be done as above, by multi-
plying the Langevin equation by v(¢). One gets an addition term due to the work
done by the non-potential force over the interval [t;, ts):

to

Hgyet(t2) — Heyst(t1) = / dt f(t)v(t) + /752 dt £(t)v(t)

_ / il / "t o — Cyo(t) (2.38)

The first term on the rhs is the work done by the time-dependent force. The second
and third terms can be associated to the heat given or taken from the bath, if a
fluctuating energy balance relation

AHys = Wiy, + AQ (2.39)

is proposed. Note that the sign of the last contribution is not fixed and it can
be negative meaning that heat can go from the bath to the system. Interest in
computing the probability distribution functions of each of these terms is current
in the literature. This is part of the so-called stochastic thermodynamics, or
the idea to extend notions of thermodynamics such as work, heat and entropy, to
individual trajectories [21]. These pdfs are of relevance in the study of small systems,
especially biological molecules and the like, but also in microfluidics, nanomachines,
nano sensing devices, a many other fields. Exact relation for the probability of
measuring a positive over the probability of measuring a negative quantity such as
the work or heat, have been derived and are special cases of the so-called fluctuation
theorems.

2.4.5 Smoluchowski (over-damped) limit
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In many situations in which friction is very large, the characteristic time for the
relaxation of the velocity degrees of freedom to their Maxwell distribution, t7, is
very short (see the examples in Sect. 2.5). In consequence, observation times are
very soon longer than this time-scale, the inertia term mv can be dropped, and the
Langevin equation becomes

Yor =F+¢& (2.40)

(for simplicity we wrote the white-noise case). Indeed, this over-damped limit is
acceptable whenever the observation times are much longer than the characteristic
time for the velocity relaxation. Inversely, the cases in which the friction coefficient
Yo is small are called under-damped.

In the over-damped limit with white-noise the friction coefficient vy can be ab-
sorbed in a rescaling of time. One defines the new time 7

t =T, (2.41)

the new position, #(7) = z(77), and the new noise 1(7) = £(y7). In the new
variables the Langevin equation reads Z(7) = F(&,7) + n(r) with (n(7)n(7')) =
2kgT(T — 7).

Redefine time as 7 = kgTy; ' t and Z(7) = x(7pt), and similarly for
the other function of time, to transform the Langevin equation into

i=pBF+¢, (EMET)) = 20(T — 7). (2.42)

This equation is not well adapted to take the T" — 0 limit.

2.4.6 Markov character and generation of memory

In the case of a white noise (delta correlated) the full set of equations defines
a Markov process, that is a stochastic process that depends on its history only
through its very last step.

The Langevin equation (2.10) is actually a set of two first order differential
equations. Notice, however, that the pair of first-order differential equations could
also be described by a single second-order differential equation:

mi + yoi = F + € . (2.43)

Having replaced the velocity by its definition in terms of the position z(t) depends
now on x(t — d) and z(t — 20). This is a very general feature: by integrating away
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some degrees of freedom (the velocity in this case) one generates memory in the
evolution. Generalizations of the Langevin equation, such as the one that we have
just presented with colored noise, and the ones that will be generated to describe
the slow evolution of super-cooled liquids and glasses in terms of correlations and
linear responses, do have memory.

A simple solvable example that illustrates this feature is the under-damped
white-noise Langevin equation for a harmonic oscillator:

mi=p, p:—mwzm—%erﬁ, (2.44)

with initial condition p(0) = 0 and white noise such that ({(¢)£(t')) = 2vkpTo(t—t').
The second equation can be solved exactly

70

p(t) = /Ot dt’ e ) [mmw?a () + €()] (2.45)

and when this solution is put back into the equation for # one finds an equation
with memory;,

(t) = — /t dt' K(t —t)x(t") + &.(t) , (2.46)
0
with
Kt)=w?e n' and  &(t) = % / Tar e B gy @)
0

The statistical properties of the new noise can be derived from the ones of the
original noise £. It keeps the zero average and its correlations are

(&) = 28 K (i~ 1) (2.48)

The solution of this problem will be developed in Sect. 2.5.2.

Whenever a variable is integrated out from a Markov set of equations a non-
Markov equation is obtain. Proceeding in the reverse sense one can transform a non-
Markov equation with exponentially correlated noise into a set of Markov equations
that are easier to integrate numerically.

2.4.7 Distinction between relaxation and equilibration
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A system coupled to an environment can relax to a non-equilibrium steady
state, usually called a ness, that is not the one of thermal equilibrium, P (v, z;t) —

Py (v,x) # Pgp(v, x).

2.4.8 Phenomenological Langevin equations

In so far we have discussed a system with position and momentum degrees of
freedom. Many fields in physics and other sciences use Langevin-like equations to
describe the dynamic behavior of a selected set of variables, of different kind, in
contact with an environment. Sometimes, these equations look different from the
one that we derived above.

The electric analog.

Take an LRC circuit. The resistance is of the usual Ohmic type, that is to say,
the potential drop, Vg, across it is given by Vz = I R with [ the current and R the
resistance. The potential drop, V7, across the inductor L is given by V; = LdI/dt.
Finally, the potential drop across the capacitor is Vo = —C~! [ Idt. The balance
between these potentials implies a Langevin type equation for the current circulating

across the circuit: T e
L—+R—+C'1=0. 2.49
az T ta T (2.49)
This analogy justifies the Ohmic name given to a dissipative term proportional to

the velocity in the general presentation.
Classical Ising spins: the soft spin description

A continuous Langevin equation for classical spins can also be used if one replaces
the hard Ising constraint, s; = 1, by a soft one implemented with a potential term
of the form V (s;) = u(s? —1)? with u a coupling strength (that one eventually takes
to infinity to recover a hard constraint). The soft spins are continuous unbounded
variables, s; € (—o0, 00), but the potential energy favors the configurations with s;
close to +1. Even simpler models are constructed with spherical spins, that are also
continuous unbounded variables globally constrained to satisfy Zfil s? = N. The
extension to fields is straightforward and we will discuss one when dealing with the

O(N) model.
Classical Heisenberg spins

Another example is the Landau-Lifshitz-Gilbert-Brown equation for the
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stochastic dynamics of a magnetic moment with constant magnitude:

¢ ( Y€ )
M=—-—""—-MA|Hg+H+ MA(Hsg+H) ), 2.50
14 (272 ft . (Hegr ) ( )
in the Landau formulation or
M = —(M A (Heﬁ +H- 0 M) (2.51)

in the Gilbert formulation. H is a Gaussian white noise with zero mean and delta
correlations. g is friction coefficient. A connection between the two formalisms is
possible after the adequate identification of parameters ( ). Noise is
multiplicative and, as they are written, these equations conserve the modulus of the
magnetization only if the Stratonovich calculus is used. Otherwise a drift term has
to be added [36]. Note that this is not an irrelevant detail. Numerical codes written
with the discretised stochastic differential equation in a different from Stratonovich
scheme do not conserve the modulus of the magnetisation.

Classical dipoles

The translational motion of a particle i is characterized by its time-dependent
position r; and velocity v;. Imagine that each particle carries an electric dipole
orientation p;. Although constant in modulus, the orientation of the dipole is time-
dependent and can be characterized by an angular velocity vector w; such that
dp;/dt = w; x p;. It is subjected to an external force F; and to an external torque
I';. For a particle of mass m and inertia tensor I (one can have thin rods in mind)
one has

I w,;

Here 1, and A; are Gaussian random forces and torques, respectively, introduced
to account for the thermal exchanges with the surrounding medium. The friction
coefficients vy and (y govern the dissipation into the thermal bath. Just as vy and
n, are related by a Stokes-Einstein relation, a similar relation between (, and \;
exists. The Gaussian random contributions 1, and \; have d-correlations in time,
the amplitude of which is constrained by the condition that for conservative forces
the equilibrium distribution should be the standard Boltzmann-Gibbs exponential
factor, (n;(t)n;(t")) = 2vkpTd;;0(t — t'), and similarly for \;(¢) with vy replaced
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by (y. In physical conditions under which inertial effects can be discarded, at low
Reynolds numbers, one obtains a set of over-damped Langevin equations

Yt = Fi+mn,, (2.54)
Gpi = Iixpi+AiXxXpi, (2.55)

in which the latter equation, which features a multiplicative noise, is to be un-
derstood with the Stratonovich, mid-point, discretization scheme, that ensures the
conservation of the modulus of the dipole, as can be seen directly from (2.55). The
ingredients entering the force F; felt by particle ¢ include an external force field
and possible interactions with other colloids. Similarly, the torque T'; felt by par-
ticle ¢ can include the effect of an external field. In general, the interaction energy
V(r; — rj,p;, pj) between particles ¢ and j depends on the distance between these
particles and on the orientation of the dipoles they carry, as is the case in the

1 |PiPi 3(pi'rij)(pj'rij)i|.

3 5
4meg T3 T

Both the force F; and the torque then derive from the total potential energy E,q =
% Zi;éj V(ri — Iy, Py, pj) aCCOI"ding to

well-known dipole-dipole interaction V (r; —r;, p;, p;) =

0By OF,,

Fi = , I‘l = —Pp; X 2.56
o, pi X 5 (2.56)
The combination I'; A p; can also be written in the form
OF,,
L Ap; = Eip} — (pi - Ei)psi | E;, = —W‘ft : (2.57)

Active dumbbells

In the introduction we mentioned active matter as a field of current research.
Active particles can take different forms, activity can also be modelled in various
ways, but they are typically in contact with a thermal bath. A simple model of
active particle is the one of a dumbbell, that is to say, a diatomic molecule formed
by two spherical colloids with diameter o4 and mass mgq linked together. The atomic
positions are noted r; and ry in a Cartesian system of coordinates fixed to the
laboratory. Typically, one assumes that there is an elastic link between the colloids
modelled by the finite extensible non-linear elastic form

kr

Ffene = T T 7 57 9\
1—(r?/rg)

(2.58)
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with £ > 0. The denominator ensures that the spheres cannot go beyond the distance
ro with r the distance between their centres of mass. An additional repulsive force
is added to ensure that the two colloids do not overlap. This is the Weeks-Chandler-
Anderson (WCA) potential

Vwca(T) _ { E)/LJ (T) - VLJ(TC) : i :2

with

vialr) = e[ (%) - (%)’ | (2.59)

r r

where € is an energy scale and r. is the minimum of the Lennard-Jones potential,
r. = 2/654. The active forces are polar and act along the main molecular axis i, are
constant in modulus, and are the same for the two spheres belonging to the same

molecule,
Fact - Fact fl . (260)

The dynamic equations for one dumbbell are

OViitly,. |

mat;(t) = —oFi(t) + Frene(Tiit1) — B —— + Fact; + &, (2.61)
Tii+1 Tiit1
. . 3Vvééra1’i Tit1,5
matip1(t) = —YoTit1(t) — Frene(Tiit1) — —Ld Foct;i + &1 .(2.62)

Orip1i Tiv1,

with r;; = r; —1;, 7j = |ry;| and V4, = Viyea(rij) with Vi, defined in Eq. (2.59).
Once the active force is attached to a molecule a sense of back and forth atoms is
attributed to them; F, is directed from the ith colloid (tail) to the i + 1th colloid
(head). F, changes direction together with the molecule’s rotation. The coupling
to the thermal bath is modelled as usual, with a friction and a noise term added
to the equation of motion. 7, is the friction coefficient. The noise £ is a Gaussian

random variable with

(&alt)) = 0, (2.63)

(&a®Ep)) = 270kpTd:0ud(t — 1), (2.64)

with kp the Boltzmann constant and 7" the temperature of the equilibrium environ-
ment in which the dumbbells move. a and b label the coordinates in d dimensional

space. An effective rotational motion is generated by the random torque due to the
white noise acting independently on the two beads.
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Fields

Langevin equations are also written for scalar fields

Eo(x,t)  do(x,t) Vg
M 0 g = ey @D (2.65)

or vector fields.

2.4.9 Discretization of stochastic differential equations

The way in which the stochastic differential equation (2.40) (with no inertia
and with white noise) is to be discretized is a subtle matter. Two schemes are the
most popular ones, called the Ito and Stratonovich calculus, and are rather well
documented in the literature.? [35].

Let us try to explain, in a simple way, the origin of the subtleties and how they
are controlled. We discretize time according to ¢, = ndt + t, with n an integer
running as n = 0,...,N. The continuous time limit will correspond to dt — 0,
N — oo while keeping Ndt = T — t; fixed and ¢y = T. We now take a single real
variable x the dynamics of which is governed by the following stochastic equation

dyx(t) = f(x) + g(x)€(?) (2.66)

with multiplicative white noise distributed according to a Gaussian pdf with zero
mean and variance (£(t)§(t')) = 2Dd(t — t'). This stochastic differential equation
makes sense only when a discretization rule is explicitly given to define it.

We use the short-hand notation z, = z(t,) and &, = &(t,) The white noise
statistics correspond to (£,) = 0 and (£,&,,) = 2D/dt b, that implies £2 ~ 2D /dt
and &, ~ O(dt™'/?) (we use here the step realisation of the Dirac delta function as
being identical to 0 away from the interval [—dt/2,dt/2] and equal to 1/dt within
this interval). We will use the generic a prescription [30]

Tpt1 — Tp = f(fn)dt + g(fn)fndt (267)

with

Ty = aZpir + (1 — )z, (2.68)

and 0 < o < 1 in the following. « = 0 is the It6 prescription while @ = 1/2 is the
Stratonovich one.

9A clear and non-technical discussion of the two schemes is given in N. G. van Kampen, It6
versus Stratonovich, J. Stat. Phys. 24, 175 (1981).
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Note that

Ty = Xp+a(Tpy — ) (2.69)
Tp = Tpr1— (1 — @) (Tpy1 — xn) 2.70)
that implies
Ty = Tp—a(x, —x,) (2.71)
Tpr1 = Tp+ (1 —a)(zp — ) (2.72)

allows one to rewrite the a-prescription equation as

Tyt =T = [f(@n) + [ (@a)(@ni1 = 20) + O((2p41 — 20)°)] dt
+1g(wn) + g (2n) (Tnp1 — 20) + O((Tpg1 — xn)2)] Endt
~  f(x,)dt + g(x,)Endt + g (x,)(Tni1 — ) Endt (2.73)

where we used &, = O(dt~'/?) to estimate the relevant contributions up to O(dt)
and we dropped terms O(dt3/?). Replacing x,,, — 1, in the last term by the outcome
of the same equation to order dt!/?:

Ty — Tn = fz,)dt + g(z,)Endt + ag (2,)g(x,) (E,dE)* . (2.74)

As (£,dt)? ~ 2Ddt, all terms in the rhs are of order dt. We will use this expression
to derive the Fokker-Planck equation.
The force term in the stochastic equation is also sometimes written as

[(@n) = af(@)+ (1 —a)f(zn)
= af(r,+adx)+ (1 —a)f(xy, — (1 — a)dx)
= aff(x,) +af (z)de+ ... ]+ (1 —a)[f(xn1 — (1 — ) f (py1)de + ... ]
= af(zn) + (1 =) f(2n) + Oldz)

and dropping the O(dz) terms that appear multiplied by dt and give rise to negligible
terms of O(dt*?), one has

f@n) = af(en) +(1—a)f(zn) (2.75)

This is ultimately equivalent to writing the force term as f(z,)dt in the Langevin
equation.

The chain rule
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As explained in [30], the chain-rule for the time-derivative of a function V' of the
variable  depends on the stochastic equation governing the evolution of x; we call
it the z-chain rule and for Eq. (2.66) it reads

d;V =3 V' + (1 —2a)Dg*V" (2.76)

where @ = dyz = dx/dt, v' = 9,V and V" = 9?V. Note that the chain rule is
independent of f(z) (that is to say, it will take the same form for a Langevin equation
with the drift term, Eq. (2.215), to be discussed below). Somehow surprisingly, the
second term is still present for g = 1, the additive noise case. It only disappears and
one recovers normal calculus for o = 1/2.

We now prove Eq. (2.76). Let us write the difference between a generic function
V evaluated at x at two subsequent times n + 1 and n. We expand z,, around the
generic « point z,, we get

Vi(znt1) = Vizn) = V(@ + (1 — a)(@ps1 — 20)) = V(Zn — (@1 — 25))
= (Tp41 — )V (@) + %(1 = 20) (241 — 2,)?V"(Z,) + O(dt/?)

where dz = 2,41 —,. Using|(zn41 — 2,)? = 2Dg(%,)%dt + O(dt3/?) |, from Eq. (2.67)
after using (£,dt)> = 2Dt, where the crucial fact is that this square is of order

dt (instead to dt?) because of the white noise character of the noise, that implies
&2 =2D/dt, we obtain

V(@ns1) = V(@n) = (a1 = 22)V' (%) + (1 = 20) Dg(2,)*V"(Z5)dt + O(da”)

and dropping terms of order dt'/? or higher,

V(tne) = V(o) Tppr — T, o
: dt = —— V(@) + (1 = 20)Dg(z.)"V" () (2.77)

which is the chain-rule. As above, at this order one can replace the 7, in g, V' and
V" by any « in the interval. This expression is next written as in Eq. (2.76).

. Derive the chain rule for the stochastic equation with multiplicative
white noise and inertia.

Influence of the discretisation on the trajectories
One can estimate the importance of the discretisation on the actual trajectories

found by computing the difference between the two terms in the right-hand-side of
the Langevin equation obtained for a discretisation o and another discretisation a.
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Let us start with the first term, the one equal to f.

f@a(tr) = f(Ta(te))
= fa(te) + f'(x(te)adz — f(a(te) — f'(2(t))ads + O(dz?)
= f'(z(tp))(a —@)dz + O(dx*) -0  for  dt =0 (2.78)

)

the last results being due to the fact that dz = O(dt'/?).
Now, we will find that the difference between the two noise-dependent terms
evaluated at different discretisation parameters does not vanish in the same limit:

9(Ta(t:))€(tk) — 9(Ta(tr))E (tr)
= [g(x(tr)) + ¢ (x(tr))adz — g(a(t)) — ¢ (x(tr))adz + O(dz?)€ ()
= ¢'(z(tr))(a —@)E(tr)dz + O(da®)€(ty) = O(dt") (2.79)

In consequence, there is a difference of order one in the trajectories found with
one and the another discretisation scheme.

Numerical integration of the Langevin equation

The numerical integration of the Langevin equation requires the discretisation
of time, t; = ek where k is an integer and € the time-step. The choice of the optimal
value of € has to be gauged depending on the accuracy of the numerical integration
desired (the smallest the € the best) and the length of the time-interval wished to
be analysed (one cannot take it to be so small because otherwise only too short
time-scales are explored).

In the over-damped limit with additive white noise the most common algorithm
used is just the simple iteration of the Ito relation

2(ty) = 2(th) — V' (@) + € (trr) . (2.80)

The only practical issue to stress here is that one needs to consider the time-
discretised version of the delta-correlated white noise &, see App. :

2kgT
€

(€(tr)E(tn)) =

that implies £(t) = \/2kgT /€ m with (nin,) = Ogn-

Write an algorithm that integrates the Langevin equation and repro-
duce the results computed along this Section (for additive noise, in the over-damped
limit) with the numerical results.

if [ty — tn] = €|k —n| < ¢/2 (2.81)
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2.5 The basic processes

We will discuss the motion of the particle in some 1d representative poten-
tials: under a constant force, in a harmonic potential, in the flat limit of these
two (Fig. 2.19) and the escape from a metastable state and the motion in a double
well potential (Fig. 2.29).

Figure 2.19: Three representative one-dimensional potentials.

2.5.1 A constant force
Let us first consider the case of a constant force, F. The first thing to notice
is that the Maxwell-Boltzmann measure

2
Pop(v, ) eiﬁ(ﬁﬂ/m) (2.82)

is not normalizable if the size of the line is infinite, due to the exp[—pV(x)] =
exp(SFx) term. Let us then study the evolution of the particle’s velocity and posi-
tion to show how these variables behave and the fact that they do very differently.

The problem to solve is a set of two coupled stochastic first order differential
equations on {v(t),z(t)}, one needs two initial conditions vy and .

The velocity

The time-dependent velocity follows from the integration of eq. (2.10) over time

~ I 20 (gt
o(t) = vp e + — / dt’ e [F 4 E(H)] v =0(t=0).
m Jo
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The velocity is a Gaussian variable that inherits its average and correlations from
the ones of £. Using the fact that the noise has zero average

((t)) = vp e m’ + kLl (1 - e_%ot) :

7o
In the short time limit, ¢ < ¢t = m/~, this expression approaches the Newtonian
result (7o = 0) in which the velocity grows linearly in time v(t) & vo(1 — v0/m t) +
F/mt=uv+ (Fy " —v) vom™' t. In the opposite long time limit, ¢ > t¥ = m /7o,
for all initial conditions vy the averaged velocity decays exponentially to the constant
value F'/~y. The saturation when the bath is active (79 # 0) is due to the friction
term.

vo+ (£ — 120 ¢ t <t
F t>tY

(o) = {

Y

The relaxation time separating the two regimes is

pr=m (2.83)

Y0

The velocity mean-square displacement is

k‘BT _9270
o2(t) = ((v(t) = (1)) = == (1— e 2) (2.84)
independently of F. This is an example of the regression theorem according
to which the equilibrium fluctuations decay in time following the same law as the
average value. The short and long time limits yield

kT [ 20 t <t

20) = (000 - {wlop) = 220 { | ixt

= (2.85)

and the two expressions match at ¢t ~ tY/2. The asymptotic limit is the result
expected from equipartition of the velocity mean-square displacement, ((v(t) —
(W()))?) = {(v(t) = (V)stat)?)star that implies for the ‘kinetic energy’ (K )gar = kpT'/2
only if the velocity is measured with respect to its average. In the heuristic deriva-
tion of the Langevin equation for ' = 0 the amplitude of the noise-noise correlation,
say A, is not fixed. The simplest way to determine this parameter is to require that
equipartition for the kinetic energy holds A/(vym) = T'/m and hence A = ~,T.
This relation is known under the name of fluctuation—dissipation theorem (fdt)
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of the second kind in Kubo’s nomenclature. It is important to note that this fdt
characterizes the surrounding fluid and not the particle, since it relates the noise-
noise correlation to the friction coefficient. In the case of the Brownian particle this
relation ensures that after a transient of the order of ¢!, the bath maintains the
fluctuations of the velocity, o2, constant and equal to its equilibrium value.

F / Yo k BT / m
-:\lba
(b)
1 0 1
2 o
t t

Figure 2.20: Results for the constant force problem. (a) Mean velocity as a function
of time. (b) Velocity mean-square displacement as a function of time. In both cases
the linear behavior at short times, ¢ < ¢V, and the saturation values are shown. The
slopes are F'//m and kT /m X 27y/m, respectively.

The velocity two-time connected correlation reads
T / 8l /
(Io(t) — O [oe) — {o(E))]) = 225 [t =]
m

This is sometimes called the Dirichlet correlator. This and all other higher-order
velocity correlation functions approach a stationary limit when the shortest time
involved is longer than t?. At ¢ = ¢’ one recovers the mean-square displacement
computed in eq. (2.84). When both times are short compared to t the two-time
correlator behaves as ~ 2kgTyy/m? max(t,t'). When at least one of the two times
is much longer than ¢! the second term vanishes and one is left with an exponential
decay as a function of time delay:

ce (4.4 = ([o(t) — W) — (w(E)) — "BL =221

tt >t . (2.86)
m

The two-time connected correlation falls off to, say, 1/e in a decay time

ta=m/% (2.87)
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In this simple case t; = t; but this does not necessarily happen in more complex
cases.
More generally one can show that for times t; > o > --- > ¢, >t

(6u(t; + A)...dv(t, + A)) = (dv(ty) ... 0v(t,)) (TTI) (2.88)

with dv(t) = v(t) — (v)(t), for all delays A. Time-translation invariance (TTI)
or stationarity is one generic property of equilibrium dynamics. Another way
of stating (2.88) is

W(t) . 0(tn)) = f(t —toy. . ts — 1) - (2.89)

Another interesting object is the linear response of the averaged velocity to a
small perturbation applied to the system in the form of VV— V — fx, i.e. a change
in the slope of the potential in this particular case. One finds

N 5<U<t)>f _ I w t—t' /
Ry (t, 1) = szo_ae m =9t — 1) (2.90)
1

~ o te® = wO)) = wE)]) ot — ) (291)

the last identity being valid in the limit ¢ or ¢’ > tV. This is an fdt relation between
a linear response, R,.(t,t'), and a connected correlation, C¢, (¢,t'), that holds for
one of the particle variables, its velocity, when this one reaches the stationary state.

kBT Ruglt,t) = C5,(t,1) O(t — ) (FDT) .| (2.92)

In conclusion, the velocity is a Gaussian variable that after a characteristic time ¢?
verifies ‘equilibrium’-like properties: its average converges to a constant (determined
by F), its multi-time correlation functions become stationary and a fluctuation-
dissipation theorem links its linear response to the connected correlation at two
times.

The position
The particle’s position, z(t) = xo+ fot dt'v(t') is still a Gaussian random variable:

F F
z(t) = xot+voty +—(t—1t)+t (_ _ v0> .
"o

Yo
1 t v 0 (4 "
+— / dt’ / dt” e m ) gy (2.93)
0 0
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Its noise-average behaves as the Newtonian result, ballistic motion,

(z(t)) ~ 2o +vot + 3= <% — U0> t2 for t<Lt (2.94)

at short times and it crossover to

(@(t)) = wo+wo ty +-(t—t7)  for  t>t) (2.95)

at long times. Note the reduction with respect to ballistic motion (z oc F?) due to
the friction drag and the fact that this one-time observable does not saturate to a
constant.

An interesting result, that we will use later, is the fact that the coordinate and
the noise have vanishing correlation at equal times: (x(t)§(t)) = 0. This can be
easily proven by multiplying the expression for x(t) by £(¢) and taking the average.

The position mean-square displacement approaches

o;(1)

in the usual ¢ > ¢ limit, that is to say normal diffusion with the diffusion
constant D,. This expression can be computed using z(t) — (x(¢)) as obtained
from the v(t) — (v(t)) above (and it is quite a messy calculation) or one can simply
go to the Smoluchowski limit, taking advantage of the knowledge of what we have
just discussed on the behaviour of velocities, and obtain diffusion in two lines.

((x(t) = (x(1)))?) = 2D,t with D, = *2L (Diffusion) (2.96)

Do the calculation sketched above.

When the friction coefficient vy is given by the Stokes law, vy = 67na for spherical
particle with radius a in a liquid with dynamic viscosity 7, the diffusion constant is
given by the Stokes-Einstein relation D, = kgT'/(67na).

Figure 2.21: Left panel: five runs of the Langevin equation in the over-damped limit
with no external force and a Gaussian white noise at temperature 7. Right panel:
the average (z?) computed with n = 10%, 103, 10, 10° runs. The straight line
represents the normal diffusion (2?) ~ 2kgT't.

The searched result can also be found as follows. Multiply the Langevin equation

evaluated at t by x evaluated at the same instant and use an obvious identity to

find p
mro =m (E(xv) — v2> = —yovx + xF + ¢ (2.97)
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Take now the noise average. Use the fact that the average of x£, when the two factors
are evaluated at the same time, vanishes identically, and exchange time-derivative
and noise-average (assuming this operation is permitted). The resulting equation is

d 70 2
£<a:v> = —E@x) + E(@ + (v°) . (2.98)

The last two terms in the right-hand-side are a known time-dependent function,
A(t):

F
A = E(@ + (v?) (2.99)
F F F F ~
—(r) = — [xo + vty + — (t — 1)) + ¢, <— — vo> e_w?t} , (2.100)
m m ’yO ’YO
k T ol ol F ¥ 2
2y _  "vBL _ 229 . -y
() = — (1-e21) + [er o (1-e )} . (2.101)

One can now integrate eq. (2.98) over time
¢
(zv) = zovy € +/ dt'e=m A (2.102)
0

to find a rather lengthy expression. In the long time limit, ¢ > t?, we drop all
exponentially decaying terms to obtain

kgT F F?
(zv) — %+%(t:ﬁv0+xo)+7(t—t$> (2.103)
0

Now, using (zv) = 14(2?) one finally finds

kT _F F?
(2?) — 2 f:o t 4 2% (t2vp + mp) t + 7 [(t —t2)* — 7] (2.104)
0

The last two terms are (z)? in the same regime of times. Therefore, eq. (2.96) is
recovered.

Another way to measure the diffusion coefficient directly from the velocity that
is commonly used in the literature is

D, = lim, o0 limy o [ dt' (S0(7 + t')0(1))) . (2.105)

One can check that it gives the same result.
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In contrast to the velocity mean-square displacement this quantity does not sat-
urate at any finite value. Similarly, the particle displacement between two different
times ¢t and ¢’ is

At ) = ([z(t) —z(t)]?) — 2D, |t — 1| . (2.106)

It is interesting to note that the force dictates the mean position but it does not
modify the fluctuations about it (similarly to what it did to the velocity). A,, is
stationary for time lags longer than ¢?.

The two-time position-position connected correlation reads

Ca(t, ) = (((t) = (2() (x(t)) = (=(¥)))) = ... (2.107)

compute this correlation function.

R.'L‘.’.i‘.‘

t'U

t—1t

Figure 2.22: Results for the constant force problem. (a) The correlation between
the position and the velocity of the particle measured at different times. (b) The
linear response of the position to a kick applied linearly to itself at a previous time.
In both cases the linear behavior at short times, ¢ < ¢t and the saturation values
are shown.

The linear response of the particle’s position to a kick linearly applied to itself
at a previous time, in the form V — V — fx at t’ <t, is

no 0@l 1 sy g
Ro.(t, 1) = SFE) |50 0 [1—e 10(t —t) (2.108)
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with the limits

Rt t,)_>{ m~t(t—t)0(t—t) t—t <ty

Yol Ot —t) t—t' >t (2.109)

A simple calculation proves that in the short time-differences limit this is the result
for Newton dynamics.

show the property mentioned above.

The correlation between the position and the velocity reads

((a(t) (D) — (o)) = 22T [7@ - (1 i 7@) }
2kpT

Y0

— (2.110)

and it is only a function of #. One notices that in the asymptotic limit in which
both sides of the equation saturate

2kpT Ry, (t,t') = CS (t,t')  for t —¢ >tV and t' > t¥, (2.111)

with a factor of 2 different from the relation in eq. (2.92).

In conclusion, the position is also a Gaussian variable but it is explicitly out of
equilibrium. Its average and variance grow linearly in time, the latter as in normal
diffusion, and the fluctuation-dissipation relation has an additional factor of 1/2 (or
2, depending on on which side of the equality one writes it) with respect to the form
expected in equilibrium.

A measure for the time dependent fluctuating position and velocity can be writ-
ten down, taking advantage of the fact that both variables are Gaussian:

P(v,z) o< exp {—% /dt/dt' Syt (H)A(t, t)dy(t) (2.112)

with the 2 X 2 matrix A being the inverse of the matrix of correlations, A~1;;(¢,t') =
(0y; (£)oy; () with 4,5 = 1,2, oy*(t) = (dv(t) dx(t)) and dv(t) = v(t) — (v(t))
(similarly for ). The correlations are given above so the dynamic pdf can be easily
constructed. There will be elements in the matrix that remain time-dependent for
all times.

Confront

(™ ()™ ()" (t)) and ™)™ (k" )o(t)) ; (2.113)
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conclude.
The energy

The averaged kinetic energy can be computed using (v*(t)) = o2(t) + (v(t))?
and the results already derived. It reaches, in the £ > ¢ limit, a constant value:
(K(t)) — kgT/2 4+ F/(2v). The averaged potential energy diverges in the long-
time limit if F' # 0 since the potential is unbounded in the z — oo limit: (V(t)) =
—F(x(t)) = —F?/vt for t > t*. In the particular case F' = 0 the total energy is just
kinetic and it approaches the constant expected from equipartition asymptotically
(K(t)) — kgT)2.

It is also interesting to investigate the sign of dF/dt on the mean, (dE/dt) =
—70{v?) + (v€). The first term tends to —yokpT/m — F. The second term also
yields a non-trivial contribution (v€) — m=" [ dt'e 0=/ (g($)e(t)) = yokpT /m.
Adding these two together one finds (dE/dt) — —F asymptotically, for ¢ > t?.

Two kinds of variables

This example shows that even in this very simple problem the velocity and
position variables have distinct behavior: the former is in a sense trivial, after
the transient t¥ and for longer times, all one-time functions of v — F/~, saturate
to their equilibrium-like values and the correlations are stationary. Instead, the
latter remains non-trivial and evolving out of equilibrium. One can loosely ascribe
the different behavior to the fact that the velocity feels a confining kinetic energy
K = mwv?/2 while the position feels an unbounded potential V' = —Fx in the case
in which a force is applied, or a flat potential V' = 0 if F' is switched off. In none of
these cases the potential is able to take the particle’s position to equilibrium with
the bath. The particle slides on the slope and its excursions forward and backward
from the mean get larger and larger as time increases.

Over-damped (Smoluchowski) limit

Quite generally, the classical problems we are interested in are such that the
friction coefficient 7 is large and the inertia term can be neglected, in other words,
all times are much longer than the characteristic time ¢7. We will do it in the rest
of the lectures.

Ergodicity

The ergodic hypothesis states that, in equilibrium, one can exchange ensemble
averages by time averages and obtain the same results. Out of equilibrium this
hypothesis is not expected to hold and one can already see how dangerous it is
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to take time-averages in these cases by focusing on the simple velocity variable.
Ensemble and time averages coincide only if the time-averaging is done over a time-
window that lies after ¢V but it does not if the integration time-interval goes below
tv. Moreover, in the case of the position variable, there is no finite ¢7.

Tests of equilibration have to be done very carefully in experiments and simu-
lations. One can be simply mislead by, for instance, looking just at the velocities
statistics.

Effect of a colored bath: anomalous diffusion

The anomalous diffusion (F' = 0) of a particle governed by the generalized
Langevin equation, eq. (2.14), with colored noise characterized by power-law correla-
tions as the ones given in eq. (2.15), a problem also known as fractional Brownian
motion, was studied in detail by N. Pottier [24]. The particle’s velocity equilibrates
with the environment although it does at a much slower rate than in the Ohmic case:
its average and mean-square displacement decay as a power law - instead of expo-
nentially - to their asymptotic values (still satisfying the regression theorem). The
particle’s mean square displacement is determined by the exponent of the noise-noise
correlation,

L(t) ~t and(z?(t)) ~t* , (2.114)

the dynamics is subdiffusive for o < 1, diffusive for a = 1 and superdiffusive
for a > 1. A time-dependent diffusion coefficient verifies D, (t) = 1/2 d{(z?(t))/dt
to~1: it is finite and given by eq. (2.106) for normal diffusion, it diverges for su-
perdiffusion and it vanishes for subdiffusion. The ratio between the linear response
and the time-derivative of the correlation ratio reads TR,.(t,t')/0yCy.(t,t') =
D.(t —t")/[D.(t — t') + D,(t')]. It approaches 1/2 for normal diffusion and the

two-time dependent function 1/[1+ (#/(t — t'))*'] in other cases.
Work out these results.
Perrin’s experiment

Jean-Baptiste Perrin used these results to measure the Avogadro number experi-
mentally and, more importantly, give evidence for the discrete character of matter!’.
The idea is already described in Lucretius’s poem De rerum natura, On the nature
of things. The reasoning goes as follows. Take a spherical tracer particle with radius
a and immerse it in a liquid with viscosity 1. These two quantities can be measured.

103, B. Perrin, Brownian motion and molecular reality, Annales de Chimie et de Physique 18, 5
(1909).
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Figure 2.23: Colloidal particle trajectories. The radius of the particles is 0.53 pum,
the points are successive positions taken at intervals of 30 s. The grid has spacing
3.2 pm. Image taken from Perrin’s original article.

Assume that the liquid behaves as a white noise. Stokes law states that the friction

coefficient for this particle is
Yo = 671na . (2.115)

The Boltzmann constant kg is given by the gas constant R, that is also known,
divided by the Avogadro number since kg = nR/N = R/N4 with n the number of
moles and N the number of atoms in a gas. Therefore

o (t) ~2D,t = —t (2.116)

and, by measuring the tracer’s diffusion one can extract Ng4.

2.5.2 Relaxation in a quadratic potential: full analysis

The Hamiltonian of a one-dimensional harmonic oscillator of mass m and spring
constant k is

2 2
P kx
Hyyp = — + —. 2.117
yst om + 2 ( )
The Langevin equation of motion reads
mi(t) = —yox(t) — kx(t) + h(t) + &(¢) . (2.118)
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with A(t) a time-dependent deterministic force. By setting k& = 0 one recovers the
motion of a Brownian particle, see Sect. 2.4. £ is the white noise with zero mean
and correlations (£(t)&(t')) = 2kpTyod(t — t').

Qualitative analysis: time-scales

From an order of magnitude analysis of the the three terms in the homogeneous
equation one can extract the time-scales that rule the dynamics of this problem.
The easiest way to determine these time scales is to first Fourier transform the
homogeneous equation that determines the Green function

—mw?F(w) — iywi(w) + kT (w) . (2.119)

For the sake of completeness, we present this analysis for a coloured noise with
power-law correlations, Eq. (2.25), in the limit in which the cut-off has been sent to
infinity, for which the equation above generalises to

—mw?E (W) — w1 E(w) + kT (w) . (2.120)

In the absence of dissipation (79 = 0) the particle oscillates within the harmonic
well, and the parameter dependence of the frequency and period of oscillation is
determined with an order of magnitude argument

my 1/2
mws,. ~ k = Woee © — = toscz<?>

(2.121)

Under the action of the dissipative force new time-scales appear. First, one can
expect that the competition between inertia and dissipation gives rise to the velocity
relaxation time, ¢¥. Therefore,

1/(2-0)
mw?? =2 ol w* ! = w, ~ (E @1_0‘> (2.122)
m
and
1/(2—a)
£ a (T @a—l) (2.123)
7o

In the particular case v = 1 the bath becomes Ohmic and t¥ ~ m/7 as in Eq. (2.83).
Second, the comparison between dissipation and harmonic force yields

k/' 1/Oé
Yowre* = k = Wy R~ <—(D1_0‘) (2.124)
o
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and

e (2 ajal)w (2.125)
k

that for & = 1 becomes t¥ ~ ~,/k a time-scale that we will see appearing in the

exact calculation below.

Now, we can compare these time-scales and conclude about the possible types of
particle motion. If f,. < t7 the particle continues to oscillate during its dissipative
evolution while, on the contrary, if {,sc > tr, the oscillations are damped and the
relaxation of observables is monotonic. One has

lose < 17 Underdamped motion A=) p2mama V2,

tose > 1ty Overdamped motion o2-a)p2—apa - V2 (2.126)

The crossover occurs at parameters such that 73 ~ km for o = 1, see below.
Finally, the comparison between the oscillation time, .., and the velocity relax-
ation time, t?, yields

) I

tose < t° Underdamped motion QA E2mame > 42

tose >tV Overdamped motion QA g2mame < 42 (2.127)

exactly the same conditions as for the position, as it should. The difference in
behaviour between position and velocity is decided by the comparison between the
relaxation time of the velocity and position. If ¢} < ¢¥ the velocity equilibrates with
the environment well before the position.

Quantitative analysis in the white noise case

The full differential equation (2.118) can be easily solved by first evaluating the
Green function G(t) from

mG(t) + G (t) + kG(t) = d(t) (2.128)
that, after Fourier transforming, implies
G(w) = 1/(—mw? —iyw + k) . (2.129)
The right-hand-side has two poles:

10 k 3
— oy JE . T 2.130
W 2m m  4m?’ ( )
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that are complex or imaginary depending on the relative values of the parameters:

4km — 12 >0 ws complex (under-damped case) , (2.131)
dkm — ¢ <0 wy imaginary (over-damped) . (2.132)

It is important to note that in both cases the poles are located in the lower half
complex plane.

Using Cauchy’s formula to transform back in time one finds that, for t > 0, the
Green function reads

—lwrlt

sinwgt e
Gt) = { MR

— (e’|w§+)‘t - e"“’g_)“) if wy = —i’w§+’7)|
m(wy —w_)

if W4+ = j:wR — i|w1\

and it vanishes identically for ¢ < 0. Two other important properties of G(t) are
G(0) = 0 and mG(0) = 1 that follow from integrating (2.128) between ¢ = —4§ and
t = ¢ and taking & — 0. One also checks 2|w;|G(0) 4 G(0) = 0 in the under-damped
case.

In the under-damped case the time-dependent position of the particle is given

by

z(t) = e~ lwrlt {[gc(O) + 2(0)|wr]] SH;C;Rt + 2(0) coszt}
+ / N dt' G(t —t")[€(t') + h(t)] (2.133)

and this can be rewritten as
x(t) = [x(og)) + z(0)|w;|]mG(t) + x(O)[mG(t) + |wr|mG(t)]
+ / dt' G(t —t')[€(t') + h(t)] (2.134)

The first two terms on the RHS represent the effect of the initial conditions. Note
that G(t) is proportional to a Heaviside theta function and hence the integration over
time has an effective upper limit at ¢' = ¢. One can find corresponding expression
for the over-damped case.

Let us first dicuss the asymptotic values of one-time quantities. The simplest
cases are the averaged position and momentum themselves. In the absence of an
external field, the potential is symmetric with respect to x+ — —z and p — —p.
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Since the noise ¢ has zero average, after a characteristic-time needed to forget the
initial conditions, the average of both x and p vanish if k& # 0. This is consistent
with the result expected in equilibrium, (z)., = (p)e, = 0, though it is not sufficient
to prove that the particle equilibrates with its environment. The way in which this
zero limit is approached depends strongly on the value of 4km — 42 and we shall
discuss it later.

When k = 0 the result is different. In the absence of external forces, while the
average momentum vanishes, the average coordinate approaches a non-zero value for
t>t?, (x(t)) = x(0) + p(0)/7: the initial condition is remembered forever by the
particle’s motion. It is a first indication of the non-equilibration of the coordinate
for a flat potential.

Independently of the parameters k, 79 and T and as long as m # 0, after a
tedious but straighforward calculation one finds that

lim C, (¢, 1) = lim (p(t)p(t)) = mkpT = (p*)eq , ="

C

>ty >ty Yo

where the last term indicates the static average. The same kind of calculation can
be pursued to show that the average of any function of the momentum approaches
its equilibrium limit asymptotically. This is good evidence for establishing the equi-
libration of the momentum. [Note that even if one of the characteristic times that
determine the relaxation of the Green function diverges when k£ = 0, the velocity-
velocity correlation is well-behaved since it only involves G(t).]

The observables that are functions of the position depend on the value of k.
As long as k£ > 0 there is a confining harmonic potential for the position and all
equal-time functions of it approach an asymptotic limit that coincides with the one
dictated by the equilibrium distribution. For instance,

. . kgT 2
tg% Cou(t,t) = tlgg(x(t)x(t)) == (%) eq -
Instead, if k& = 0 there is no confining potential and the particle diffuses to infin-
ity. If & < 0 the potential pushes the particle away from the origin towards 4oo
depending on the sign of the initial position. In none of these cases one can define
a normalisable measure over the full infinite space and the position of the particles
does not equilibrate with its environment. We discuss these two cases in detail below
focusing on the study of the temporal evolution of correlation functions that depend
on two times. We analyse the auto-correlation

Coz(t,t') = Effect of initial cond + QkBT%/ ds G(t — s)G(t' — s) ,
0
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Underdamped Overdamped Smoluchowski

Figure 2.24: Green functions of the damped harmonic oscillator in different limits.

and the linear response of the position of the particle at time t after a kick to this
same variable has been applied at a previous time #'. From eqn (2.134), this is given
by the Green function itself:

R (8, 1) = 0(x (1)) /0R(t) [n=0 = G(t — 1) (2.135)

We distinguish the relaxation with different damping arising from different values
of the parameters.

Relazation in the under-damped limit.

When wg # 0, see eqn (2.131), the self correlation and linear response oscillate
with frequency wg = \/k/m — 12/(4m?2) and decay exponentially with a characteris-
tic time t. = |wr|™' = 2m/7p. They are displayed with dashed lines in Fig. ??. The
Fourier representation of the response function is shown in Fig. 2.24-left where we
plot x’, and X7, as functions of w. We observe that x’ changes sign at w = +k/m
and x”(w) has peaks at w = +4/k?/m? —~2/4 with half-width at half maximum
equal to 7o/2. If 79 — 0 these peaks approach the frequencies +k/m of the un-
damped oscillator.

Relaxation in the over-damped limat.

If, instead, we take the case in eqn (2.132) for which wg = 0 (and k # 0)
the self correlation and linear response have pure exponential decays with two time
constants:

1 2m m

tfast = w_ = — = tz
/2
X Yot 277(1)1 Ak 33 when 4km < ¢ (2.136)

tl = w = =1,
slow + Yo — /—73_4/{:7” L
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When km < 72 the fast decay time, which is the caracteristic time for relaxation
of the velocity correlations, is much shorter than the slow one, ts45 < tsion. For
long observation times compared to tg,, one can neglect the fast mode. This is
equivalent to neglecting the inertial term in the original Langevin equation and
using the Smoluchowski limit to construct the properties of the coordinate.

The real and imaginary parts of the Fourier transform of the linear response are
usually called ¥’ and x”. Y’ is peaked at the origin. In the extreme over-damped
limit in which one can neglect inertia x”/w is a Lorentzian centered at the origin
with width ¢!

slow"

Relazation in the Smoluchowski limit.

In this purely viscous case, where m = 0, there is only one characteristic time
left, #* = ~o/k. The response decays exponentially, R(t) = 7, e /% and the sus-
ceptibility is then given by

X(w) =

1 k iy Yow
— VA .
—iyow+k K2+ dw? k24 pw?

Its real part is positive for all values of w and the imaginary part is usually said to
take a Debye form. See the right panel in Fig. 2.24.

Diffusion in the random walk limit.

When £ — 0 the coordinate z does not have a confining potential and a nor-
malized equilibrium distribution cannot be defined for this degree of freedom. In
this case there is no reason to expect that any equilibrium property will apply to
this variable. Indeed, when £ — 0 the characteristic time tg,, diverges: there is
no relaxation and a Brownian particle diffuses. The Green function approaches,
exponentially in ¢ — t/, a finite limit:

1 0y
Y~ = — e m (=t
G(t—1t) - (1 e ) (2.137)

For any fixed time-difference, the correlation function diverges linearly with the
shorter time. If ¢ < ¢, for ¢/ > t¥ and t — ¢’ fixed, choosing the simplest initial
condition x(0) = p(0) = 0, we have

2 o

lim Corz(t, 1) = —

5 min(t,t')
t/>>tg, t—t/ fixed 70

In particular, at equal long times ¢t = t' > m/vy, Cpu(t,t) ~ 2kgT /vy t. This
demonstrates the breakdown of stationarity and hence the fact that the system is
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far from equilibrium. For min(¢,#) fixed, C,x(¢,t") decays exponentially with the
time-difference towards the constant 2kgT'/~vo(min(t,t') — m/o).

The displacement A,, instead is a simpler function of t — ¢’, and for long time-
differences it becomes the usual diffusion law.

2.5.3 Relaxation in a quadratic potential: over-damped limit

Another relevant example is the relaxation of a particle in a harmonic potential,
with its minimum at z* # 0:

V(z) = g(x —a*)?, (2.138)
in contact with noise that we take to be white as the simpler starting case. The
potential confines the particle and one can then expect the coordinate to reach an
equilibrium distribution.

This problem can be solved exactly keeping inertia for all values of ~, but the
calculation is slightly tedious. The behavior of the particle velocity has already been
clarified in the constant force case. We now focus on the over-damped limit,

Yt = —k(x —z*)+ &, (2.139)
with £ the spring constant of the harmonic well, that can be readily solved,
Kk

¢
k
w(t) =z e W'+ 70_1/ dt' e 7o
0

) + k], zo=2(0).  (2.140)
This problem becomes formally identical to the velocity dependence in the previous
example.

Convergence of one-time quantities

The averaged position is

k

(z(t) — 2*) = (zo — 2*)e 0" =0 t* > v/k (Convergence) | (2.141)

Of course, one-time quantities should approach a constant asymptotically if the
system equilibrates with its environment.

Two-time quantities
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Figure 2.25: Left panel: five runs of the Langevin equation in the over-damped limit
with a quadratic external potential (oscillator) and a Gaussian white noise at tem-
perature 7. Central panel: the average (r) computed with n = 102, 103, 10%, 10°
runs. Right panel: the variance o2 = (2?) — (z)? = kgT/k.

The two-time connected correlation (where one extracts, basically, the asymp-
totic position x*) reads

(6x(t)dz(t)) = kpT k™ e 7 () [ez%min(t’t/) —1] . (2.142)

Again, the Dirichlet correlator (dx(t) = z(t) — (x(t))). For at least one of the
two times going well beyond the position relaxation time t¥ = ~/k the memory of
the initial condition is lost and the connected correlation becomes stationary:

Cu(t, ) = (52(t)0x(t')) — kT kL e "1 min(t,#)) > . (2.143)

For time-differences that are longer than ¢ = vy/k the correlation decays to 1/e
and one finds ¢ = t7. Interestingly enough, the relaxation and decay times diverge
when £ — 0 and the potential becomes flat.

Note that when the time-difference ¢ — ¢’ diverges the average of the product
factorizes, in particular, for the correlation one gets

(@()z(t)) = (@(t)(x(t) — =™z (t)) (2.144)
for any t’, even finite. We will see this factorization property at work later in more
complicated cases.

Fluctuation-dissipation theorem (FDT)

One can also compute the linear response to an infinitesimal perturbation that
couples linearly to the position changing the energy of the system as H — H — fx
at a given time ¢

R(t,t') = % Y (2.145)

The explicit calculation yields

R(t,t) = 1 2988 gt — ') (FDT) (2.146)
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The last equality holds for times that are longer than ¢7. It expresses the fluctuation-
dissipation theorem (fdt), a model-independent relation between the two-time
linear response and correlation function. Similar - though more complicated - re-
lations for higher-order responses and correlations also exist in equilibrium. There
are many ways to prove the fdt for stochastic processes. We will discuss one of them
in Sect. 2.4.2 that is especially interesting since it applies easily to problems with
correlated noise.

It is instructive to examine the relation between the linear response and the
correlation function in the limit of a flat potential (k — 0). The linear response is
just v, '0(t — t'). The Dirichlet correlator approaches the diffusive limit:

(6x(t)6x(t))) = 275 kT min(t,t') for  k—0 (2.147)

and its derivative reads Oy (6 (t)dz(t')) = 27y kT 6(t —t'). Thus,

A 1 / o
R(t,t') = T Ay (0x(t)dx(t')) O(t —t')
R(t,t') = g7 OuCe(t,t') O(t —t')  (FDR for diffusion) | (2.148)

A factor 1/2 is now present in the relation between R and C.. It is another signature
of the fact that the coordinate is not in equilibrium with the environment in the
absence of a confining potential.

Evaluate the two members of the FDT, eq. (2.146), in the case of
the tilted potential V(z) = —Fx. Conclude.

Compute (z™(t)x(t')) and §(z"(t))/5h(t')|n=0 and compare. Discuss.

Take the diffusive problem in the over-damped limit, 2 = £, where
the friction coefficient has been absorbed with a redefinition of time. Compute
the linear response of the n-th moment of the coordinate position (z"(t)), under
a perturbation that modifies the energy according to V +— V — hz. Compute the
time-derivative of the correlation (z"(t)z(t')). Compare the two and conclude about
the pre factor that relates them. Does it depend on n? Is it equal to (kgT)~'?

Reciprocity or Onsager relations

Let us compare the two correlations (x3(t)x(t')) and (x3(¢')z(t)) within the har-
monic example. One finds (z3(t)z(t')) =
32 ())(z(t)z(t)) and (3()z(t)) = 3(z*()){x(t)z(t)). Given that (x?(t)) =
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Figure 2.26: Random walk under the effect of a noise with exponential decaying cor-
relations controlled by the parameter 7 given as labels in the figure, see Eqgs. (2.152).
The time-step for the integration is At = 10~%, temperature fixed by 2kzT = 0.5,
and the damping parameter is A = 1072, Figure taken from [39].

(2(t")) = (2%)¢, and the fact that the two-time self-correlation is symmetric,
(@ (t)a(t)) = (z°(t")x(t)) - (2.149)
With a similar argument one shows that for any functions A and B of x:

(A()B(t) = (A(t") B(t))
Cap(t,t') = Cap(t',t)  (Reciprocity) (2.150)

This equation is known as Onsager relation and applies to A and B that are even
under time-reversal (e.g. they depend on the coordinates but not on the velocities
or they have an even number of verlocities).

All these results remain unaltered if one adds a linear potential —Fx and works
with connected correlation functions.

Colored noise with exponential correlation

Solve the stochastic dynamics of a particle in a harmonic potential
with a exponentially decaying memory kernel I'(t — ') = ~yoe *=I/70 Hint: use
Laplace transform techniques.

Figure 2.26 shows the solution to the Langevin equations:

R - (2.151)
= —n/T+¢, (2.152)
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with (£(t)) = 0 and (£(t)&(t)) = 2kpT/mp 6(t — t'). This white noise induces an
exponentially decaying correlation function of the noise 1 that appears in the first
equation. (Note, however, that this first equation lacks the memory kernel that
should be present in the left-hand-side to ensure the approach to equilibrium of
such an equation under a potential.) The three panels in the equation show the
trajectories x(t) for the same realization of the white noise £&. The smoothing effect
of correlation is quite clear.

Colored noise with power law correlation

Let us now take a power-law correlated noise. The Langevin equation can be
solved by using the Laplace transform. Correlation and linear responses can be
computed. As the system should equilibrate — there is confining potential — the
FDT holds. However, the decay of these two functions (and more complex ones
involving more times) are not trivial in the sense that their temporal dependence is
not exponential. Instead, the position correlation function and its linear response
are given by the Mittag-Leffer function

1 kIt — t']
Co(t, ) = —Foy (20 2.153
.0) = Ear (=) (2.153)
1 k|t — ']~
Rxx(t,t/) - _—Ea@ (g) e(t - t,) 5 (2154)
Yo Yo

where 7, is a constant that is proportional to vy and all other pre-factors in I'(t —¢').
For the Ohmic @ = 1 case the Mittag-Leffer function becomes an exponential, as
expected. For o # 1 the decay is algebraic, F, 1(z) ~ ™! that implies C,(t —t') ~
|t — t'|7“. The ratio between linear response and time derivative of the correlation
function is

Tl ) g (£ 0) T BeaCH ) el H )
(%Cm(t — t/) t Eoz,a(_k<t - t/)a/70>

In the long time limit, ¢t > ¢’ > 1, the second term vanishes as long as k > 0 and
one recovers the equilibrium result.

(2.155)

Figure 2.27: Sketch of the experiment. Correlation function measured in [40]
and [41], « = 0.51 £+ 0.07.

Colored noise and active forces
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The description of the motion of a tracer (e.g. a silica bead) attached to an
active cell is done with an over-damped Langevin equation with coloured noise and
active (non-potential forces [42]).

2.5.4 A two-dimensional example

Take a point-like particle with mass m moving in a two dimensional space. The
position of this particle is ¥ = (z,y) = 21 + yj in a Cartesian coordinate system.
The particle feels a potential V(z,y) = kx?/2 and it is in contact with a generic
environment in thermal equilibrium at temperature 7.

Using what we have already computed for one dimensional problems we can
guess the asymptotic behaviour of the phase space variables (p, 7). For simplicity,
we will use a white bath with friction coefficient 7y. The momentum (or velocity)
should equilibrate to its Maxwellian form, oc exp(—3muv?/2), after a characteristic
time 7V = m/7. The position 7 = (x,y) will have different behaviour in the z
(confined) and y (flat) directions. The x component should reach equilibrium after
a characteristic time 7% = 7y /k. This means that it will reach a pdf oc exp(—SBkz?/2).
The y component of the position, instead, should undergo normal diffusion and it
will not equilibrate.

The expectations exposed in the previous paragraph can be shown analytically.
Take the over-damped (Smoluchowski) limit in which the inertia term in the dynamic
equation is neglected. In this limit the Langevin equation becomes

Yot (t) = —kx(t) + &(1) ,
209(t) = &(1) -

The solutions are

t
x(t) = 2(0)e /0 4 70_1/ dt’ e Ft=t)0 ¢ (1)
0

y(t) = y(0) + 75" / d' &,(1)

The four correlations are given by

Coa(t,t') = (x(D)a(t)) = 2°(0)e HHI0 4 kgToygt [ HIFIn0 — emhEHD/0]
Cy (8, 1) = (2(t)y(t')) = 2(0)y(0)e ™/,

Cual(t, 1) = (y(t)a(t) = 2(0)y(0)e™/ ™,

Cyy(t, ) = (y(t)y(t)) = y*(0) + QkBT% min(t,t') ,
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where we used (£,(1)&.(t)) = (§,(t)&,(t)) = 2kpTy6(t — t'), and the fact that
different noise components are uncorrelated, (£,(t),(t')) = 0. As already an-
nounced, in the long times limit, ¢ > 4o/k and ¢’ > ~o/k, one finds stationarity
for the xx correlation, Cy,(t,t') — kpTyy e *=¥1/7  decorrelation of the crossed
functions, Cuy(t,t") — 0 and Cy,(t,t') — 0, and diffusion along the y direction,
Cyy(t, V') — 2kpTy "  min(t, t').

Apply now a small perturbation to the particle that modifies the potential V'
according to V- — V — h - 7. The solutions under the perturbation are

(x); = z(0)e M0 4 4! / dt’ e M (¢ () + by ()]

t
e = w0+ [ a6 0)+ )]
and these imply
Ris(t.1') = 8{a(0)) /b () ig = 75 M 0t — 1)
g="% 0t—1t),
Ray(t, 1) = 0(x(t));/0hy(t') |55 = Rya(t,t') = 6(y(t));/0ha(t)];_g = 0 .
The comparison to the time-derivatives of the associated correlation functions yields

kT Row(t, ) = Oy m(t £)0(t — t') and FDT holds |

(t,t) =
kgTR,,(t,t") e Clyy (8, 8)0(t — 1) there is a factor of 1/2 |
kpT Ry, (t,t') = 0pCoy(t,t)0(t —t') =0,
kT Ry (t,1') =0 and 0pCy(t,t')0(t —t') = 0 fort' > v /k .

)

2.5.5 Non-quadratic potentials: perturbation theory

For the moment we only treated cases in which the potential was, at most,
quadratic, and the Langevin equation was, therefore, linear in the variable. Quite
generally one faces non-linear stochastic differential equations that cannot be solved
exactly.

In some fortunate cases, perturbation theory can be easily formulated in this
context. Take, for instance, the case of a quartic potential V(z) = kx?/2 + \z*/2
with £ > 0 and A > 0 and let us focus on the over-damped dynamics of a particle
that starts from the position z( initially. The Langevin equation for A = 0 has
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already been solved. Let us then take the trajectory (2.140) as the zero-th order of
a systematic expansion in powers of the coupling constant A:

2(t) = an(t)A" (2.156)

n=0
with
2(0) =20 =Y _ 2, (0)A". (2.157)
n=0
Quite naturally, we choose
zo(0) = x¢ and Tn>0(0) = 0. (2.158)

Order by order in A we then have

O(\Y) : Yodo(t) = —kxo(t) +£(t) (2.159)
O\ : Yoi1(t) = —kxy (t) — 23 (t) (2.160)
O(\?) : Yodo(t) = —kxo(t) — 3wd(t) 1 (1) (2.161)
O(N\?) : Yods(t) = —kas(t) — 3wo(t)wd(t) — 322 (t)z0(t) (2.162)

etc. The structure of these equations is the same, with a linear operator vod; + k
acting on the unknown functions at each order and a source term that is known (as
a functional of ) from the previous orders. Their solutions are

t
2, (t) = x,(0)e k0 —I—/ dt’ e Ft=1)0 gource(t) (2.163)
0

Note that the power expansion in A transforms into a power expansion in &. The
averages can be easily computed by using the factorization properties of the noise
averages for Gaussian statistics (Wick’s theorem).

Figure 2.28: Dynamics in a quartic potential V (z) = kx?/2 + Az*/4 with k = 0 and
A =1 (left) and £k =1 and A = 0.1 (right). In both cases 79 = 1 and kT = 0.15.
Different curves are for different number of samples as explained in the key.

Compute the first terms in the expansion above. Compare the
outcome for o2 to the numerical result shown in Fig. 2.28 generated with 7, = 1
and kT = 0.15 for a pure quartic potential with A = 1 and for a potential with
k= —1.and A =0.1.
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With this perturbative method one cannot, however, access non-perturbative
processes as the ones leading to the thermal activation over barriers discussed below.

2.5.6 A particle in a harmonic potential under multiplicative white noise

Take the equation
dx(t)
dt
with zero average Gaussian white noise. Use the Stratonovich convention in which
usual rules of calculus apply. In order to solve this stochastic differential equation,
first absorb the first term in the rhs with the redefinition y(¢) = e*x(t) and write

= —ka(t) + z(t)E(t) (2.164)

dy
== y(t)E(t) (2.165)
with the solution
y(t) = y(0) e @ &) (1) = 2(0) e A &) (2.166)

For a Gaussian noise the average yields
(z(t)) = z(0) e e2{Uodt €0)?) — z(0) e FekeTt = g(0)e~(h—keT)t (2.167)

interestingly enough, the average particle position vanishes or diverges depending
upon k > kgT or k < kgT. It is clear from this example that in the latter case
the particle does not equilibrate with the potential V' (z) = 2?/2 as one could have
expected. We will see how the departing equation has to be modified, by an addi-
tional drift term, to ensure equilibration to a quadratic potential, after discussing
the Fokker-Planck equation for the stochastic process with multiplicative noise. The
equation ensuring this fact is

dzx(t)
dt

= Da(t) — ka®(t) + z(t)E(t) (2.168)

but this one is no longer solvable analytically.
One can still compute the linear response by using the solution under a pertur-
bation linearly coupled to the particle’s position (—kx — —kx + h)

t
2(t) =z e S A &) +/ dt’ e~ R4S dt” ) pyhy (2.169)
0

7



from where

R(t,t) = e—k(t—t’)<6f,f/ dt” E(t”)> — o R=t) 3 ([ dt” €(t7))?)
_ k=t kpT(t—t) _ ,—(k—kpT)(t—t') (2.170)
where we ignored the 6(t — t') factor assuming ¢t > ¢'. The linear response is a
stationary function, in the sense that it only depends upon ¢t — ¢'. What about the
position-position correlation and mean-share displacement? They read

Ct,t) = (mmy) = a2 e HEH) hpTlmax(t)

At,t) = (v —x0)?) (2.171)
and they both behave very weirdly.

2.5.7 Thermally activated processes

The phenomenological Arrhenius law!! yields the typical time needed to escape
from a potential well as an exponential of the ratio between the height of the barrier
and the thermal energy scale kgT', (with prefactors that can be calculated explicitly,
see below). This exponential is of crucial importance for understanding slow (glassy)
phenomena, since a mere barrier of 30kgT is enough to transform a microscopic time
of 107!2s into a macroscopic time scale. See Fig. 2.29-right for a numerical study of
the Coulomb glass that demonstrates the existence of an Arrhenius time-scale in this
problem. In the glassy literature such systems are called strong glass formers as
opposed to weak ones in which the characteristic time-scale depends on temperature
in a different way.

In 1940 Kramers estimated the escape rate from a potential well as the one
shown in Fig. 2.29-center due to thermal fluctuations that give sufficient energy to
the particle to allow it to surpass the barrier!?. After this seminal paper this problem
has been studied in great detail [22] given that it is of paramount importance in many
areas of physics and chemistry. An example is the problem of the dissociation of
a molecule where = represents an effective one-dimensional reaction coordinate
and the potential energy barrier is, actually, a free-energy barrier.

Kramers assumed that the reaction coordinate is coupled to an equilibrated en-
vironment with no memory and used the probability formalism in which the parti-

1S, A. Arrhenius, On the reaction velocity of the inversion of cane sugar by acids, Zeitschrift
fiir Physikalische Chemie 4, 226 (1889).

12H. A. Kramers, Brownian motion in a field of force and the diffusion model of chemical reac-
tions, Physica 7, 284 (1940).
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Figure 2.29: Left: sketch of a double-well potential. Center: sketch of a potential
with a local minimum. Right: correlation function decay in a classical model of
the 3d Coulomb glass at nine temperatures ranging from 7" = 0.1 to 7" = 0.05 in
steps of 0.05 and all above Tj,. In the inset the scaling plot C'(t) ~ f(t/t4) with a
characteristic time-scale, t4, that follows the Arrhenius activated law, t4 ~ 0.45/T.
Figure due to Kolton, Dominguez and Grempel [25].

cle motion is described in terms of the time-dependent probability density P(z,v,t)
(that for such a stochastic process follows the Kramers partial differential equation).

If the thermal energy is at least of the order of the barrier height, kgT ~ AV,
the reaction coordinate, x, moves freely from the vicinity of one well to the vicinity
of the other.

The treatment we discuss applies to the opposite weak noise limit in which the
thermal energy is much smaller than the barrier height, kgT < AV, the random
force acts as a small perturbation, and the particle current over the top of the barrier
is very small. Most of the time z relaxes towards the minimum of the potential well
where it is located. Eventually, the random force drives it over the barrier and it
escapes to infinity if the potential has the form in Fig. 2.29-center, or it remains in
the neighbourhood of the second well, see Fig. 2.29-left.

Figure 2.30: Left panel: five runs of the Langevin equation in the over-damped limit
with a double well external potential (oscillator) and a Gaussian white noise at tem-
perature 7. Central panel: the average (r) computed with n = 102, 103, 10%, 10°
runs. Right panel: the variance o2 = (2%) — (z)°.

The treatment is simplified if a constant current can be imposed by injecting
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particles within the metastable well and removing them somewhere to the right of
it. In these conditions Kramers proposed a very crude approximation whereby P
takes the stationary canonical form

02
Py(z,v) = Ne Pz =8V@ (2.172)

(m = 1 for simplicity here.) If there is a sink to the right of the maximum, the
normalization constant A is fixed by further assuming that Py(z,v) ~ 0 for z >
T > Tmax. Lhe resulting integral over the coordinate can be computed with a saddle-
point approximation justified in the large § limit. After expanding the potential
about the minimum and keeping the quadratic fluctuations one finds

5 v (xmin)

The escape rate, r, over the top of the barrier can now be readily computed by
calculating the outward flow across the top of the barrier:

-1 27T 6_5V($min) .

r=g- = [ dv 0P (T, v) = % e AV (Emax) =V (@min) (2.173)

Note that we here assumed that no particle comes back from the right of the barrier.
This assumption is justified if the potential quickly decreases on the right side of
the barrier.

The crudeness of the approximation (2.172) can be grasped by noting that the
equilibrium form is justified only near the bottom of the well. Kramers estimated
an improved Py (z,v) that leads to

1/2
7’ " ol
- 1 V Tmax ) ) .
- <4 ( ) 2 V" (Zmin) o~ BV @max)=V (@min) (2.174)

V” (xmax) 27

This expression approaches (2.173) when v < V" (Zmax), @-€. close to the under-
damped limit, and

\/V,/ ('xmax) V// (xmln) e—ﬂ(v(xmax) _V(mll)in))

2.1
o (2.175)

T =

when v > V" (2ax), i.e. in the over-damped limit (see Sect. 2.4.5 for the definition
of these limits).
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Ctimelus]
1

Figure 2.31: Magnetization reversal (an activated process) in the LLGB equation
(picture taken from Romd, LFC & Lozano 14).

The inverse of (2.174), t4, is called the Arrhenius time needed for thermal
activation over a barrier AV = V(Zax) —V (Zmin). The prefactor that characterises

the well and barrier in the harmonic approximation is the attempt frequency with
which the particles tend to jump over the barrier. In short,

tA ~ T €6|AV‘

(Arrhenius time)

(2.176)

The one-dimensional reaction coordinate can be more or less easily identified in
problems such as the dissociation of a molecule. In contrast, such a single variable

is much harder to visualize in an interacting problem with many degrees of freedom.

The Kramers problem in higher dimensions is highly non-trivial and, in the infinite-
dimensional phase-space, is completely out of reach.

The Arrhenius time can be derived within the path-integral formalism that we
will discuss later [26, 27].

2.5.8 Driven systems

In the introduction we mentioned that systems can be externally maintained out
of equilibrium We list here two solvable examples, in the form of exercises, that
illustrate this point.
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Study the Langevin equation for a single particle moving in d = 1
under no external potential, in a case in which the friction kernel is (¢ — t') and
the noise-noise correlation in I'y(t — ).

Take a harmonic oscillator, in its over-damped limit to make the
calculations simpler, and couple it to two external reservoirs, at different tempera-
tures, 77 and T3, and different memory kernels, for instance, a delta function (white
noise) and an exponential decay (Ornstein-Uhlenbeck process). The Langevin relax-
ation of the particle can be solved exactly and it is quite interesting. The particle
inherits the two time-scales (1, — 0 and 7 finite) from the baths as can be seen
from the decay, in two steps, of the position correlation function or linear response.
The temperatures of the environments appear in the fluctuation dissipation relation
between these two functions in the corresponding time regimes [37, 38].

Take now a symmetric two-dimensional harmonic oscillator V' (z,y) =
k(z% + y?)/2 and apply the non-potential force f(x,y) = a(y, —z) on it, with a a
parameter. This force makes a particle turn within the potential well. Describe the
trajectories and compute mean-square displacement, correlation function and lin-
ear response. One can check, by direct calculation, that the fluctuation-dissipation
theorem does not hold.

2.6 The Fokker-Planck approach

The Kramers or Fokker-Planck approach is useful to prove that a given Langevin
equation with white noise takes the system to equilibrium at the working tempera-
ture. It is a deterministic partial differential equation on the probability distribution
for the stochastic variable at time ¢ to take a given value, say y, that can be closed
as such for problems with white (additive or multiplicative) noise. The stichastci
variables can be both velocity and position and then one speaks about the Kramers
equation or just the position variables, in the Smoluchowski ¢ > ¢; limit and one
speaks about the Fokker-Planck equation. here, for the sake of simplicity, we
focus on the latter case.

We start from the identity for Markov processes,

where P(y,t + dt|xg,t) is the conditional probability of finding y at time ¢ + dt
provided the system was in the state zg at the previous time ¢ (note that xg is not

necessarily the initial value here). The integral runs over all accessible values of .
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This equation holds for any value of the time increment d¢ but we will later focus
on infinitesimal ones. It is also called the Chapman-Kolmogorov equation.

To make contact with the stochastic process in the Langevin description, it is
convenient to define the conditional probability in the following way:

P(y,t + dt|zo. t) = (8(y — x(t + dt))) (2.178)

where the mean value is taken over the noise &, and x(t + dt) is determined by the
Langevin equation with the ‘initial condition’ z(t) = zo. Expanding Eq. (2.178) in
powers of Az = z(t + dt) — z(t) = y — 2o we immediately obtain

P(y,t+dt|zg, t) = 0(y — xo) — dy0(y — xo)(Ax) + %d§5(y—xo)((Ax)2> +... (2.179)

where the ellipsis indicate terms involving higher order moments of Az. The idea is
to compute the averages (Az) and ((Az)?) to leading order in dt and then take the
limit dt — 0. To do this, we need to use the Langevin equation of motion and it is
at this point that its form (additive or multiplicative noise) will play a role.

We recall the discretization of the stochastic different equations with white noise
discussed in Sec. :

Y0(Tnr = xn) = [(Tn)dt + g(Tn)Endt (2.180)

where we reintroduced the friction coefficient vy5. The overline variables are defined
as T, = an1 + (1 — )z, and (&,dt) = 0 and ((&,dt)?) = 2Ddt, with D = kgT,.

2.6.1 Additive white noise

We will here present an evaluation of Az obtained from the integration of the
Langevin equation over the interval [t,¢ + dt]. It reads

1 1
Ar=x(t+dt) —z2(t) = Tp1 — = _”Y_V/(Tn) + 7—&0[25 (2.181)
0 0

and x, being set to the ‘reference value’ zy. From here the averages are readily
computed:

(Az) = —V—V’(xo) (2.182)
(Ax)?) = 2§2dt+0(dt2) (2.183)

where, in the second line, we identified the contribution from the deterministic force
as being O(dt?) and we used the fact that z(t) = x,, will be fixed to zy to set to zero
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the contribution from the cross product. Interestingly enough, the mean value as
well as the second moment are of order dt. Higher momenta of the distribution such
as ((Az)?) and so on and so forth are of higher order in dt and do not contribute
to the expansion for sufficiently small dt. It is important to note that these results
depend on xj. Replacing now these averages in (2.179), next in (2.177),

dt

Plt+di) = Ply.t)+ 20, [ o V(e 6y =) Plao.)
0

2Ddt

27

ag/dxo 0y — o) P(xo,t), (2.184)

performing the integrals over xy, and taking the dt — 0 limit
/ D
0P (y,t) = 0,[V'(y) P(y,t)] + %%P(y, t) (2.185)

This is the Fokker-Planck (or Smoluchowski) equation for a one variable Langevin
process with white additive noise. Note that if D = kgT~, the factor in the last
term becomes kg1 and this equation takes the usual form. The limit vy can then
be safely taken to recover the dissipation-less limit.

Stationary solution

We look now for a solution that is time-independent, Pi(y), and normalizable.
We have

D
0=0,[V'(y) Pu(y)] + %Q,fPst(y) : (2.186)
A first integration over y implies

D
cst = V'(y) Pa(y) + % 0y Pst(y) (2.187)

To ensure the normalization of the pdf it is natural to impose lim, . Py(y) = 0
and lim,_,o 0,Px(y) = 0. Therefore, the constant must vanish and we find

9,Pu(y) %V’ (y) oV _
— _ = P, o eV W/D — ~V(y)/(ksT) 2.188
Pst(y) D t(y) ( )

Approach to the stationary solution
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The question remains as to whether the dynamics of the system takes it to this
stationary solution asymptotically or not. An elegant way to prove this fact is to
consider the ‘dynamic free-energy functional’

FP| = / dy P(y,t) [ksTn P(y,t) + V(y)] (2.189)

where P is a generic solution of the Fokker-Planck equation. The time derivative of
F reads

4, F[P] = / dy 0Py, 1) (kT In P(y,t) + V(y) + ks T] (2.190)

Using now the FP equation to replace 0,P(y,t)

4FIP] = /@/{%Mwwwwx»+%%me}
kT In P(y,t) + V(y) + kT (2.191)

We now integrate by parts and drop the border terms as P and 0,F are expected
to vanish at infinity to obtain

4FP) = = [ dy V)P0 + kaT0,P(y.0)
%0y, [ksTIn P(y,t) + V(y) + kpT]

= — [t VP + kT, P00

P(y,t)
Moreover, one sees that the numerator in the integrand vanishes identically only for
P,y = Ne7V/*:8T) For the Boltzmann equilibrium distribution function, therefore,
diF|Peq] = 0.

As V is bounded from below for a potential that may lead to equilibrium, F is
also bounded from below. In the course of time, for any P # P, its derivative is

always negative. Therefore, F has to approach its asymptotic value where d;F must
vanish. As we also showed that d;F[P.,] = 0 then

lim P(y.1) = Pa(y) (2.193)

<0 (2.192)

Connection to the Schrodinger equation

The FP equation looks very similar to the Schrodinger equation for imaginary
time, apart from a term proportional to V'(y)9,P(y,t). One can, however, eliminate
it by introducing the function

P(y,t) = do(y)p(y,t)  with  t(y) =ct e 2V® (2.194)
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with 8 = (kgT)~'. After a simple calculation one finds

0p(y,t) = [ksT; — Urp(y)] p(y, t) (2.195)
with ) 5
Ure(y) = =5V"(v) + 7(V'(v))" (2.196)

where FP stands for Fokker-Planck. This is a Schrodinger equation in imaginary
time, with the linear Schrodinger operator

Hyp(y) = kT2 — Urp(y) (2.197)

that is a symmetric operator on the space of real functions ( [ dz (Hpp®1(z))®2(z) =
[ dz @1 (x)(HppP2(x))). A number of properties follow:

— The eigenvalues of Hgp are real.

— If Upp grows rapidly to infinity for y — £oo the spectrum of Hgp is discrete.

— It is easy to check that 1y(y) is an eigenvector of Hpp with zero eigenvalue,
Hrp(y)vo(y) = Eotho(y) = 0, implying Ey = 0.

— 1p(y) is non-negative (cst is taken to be positive). Hence, it must be the ground
state of Hpp. All other eigenvalues FE,, are strictly positive, E, > 0 for n > 0.

— The eigenvectors of Hep associated to different eigenvalues are orthogonal.

— The solution is
o

Py, 1) =D cntbnly)e ! (2.198)

n=0
(where we absorbed the 7 in a redefinition of time, for simplicity) with Hppi),(y) =

Epibn(y) and ¢, = [ dy ¥a(y)p(y,0).
— When ¢t — oo all terms vanish exponentially apart from the one associated to

n = 0. Thus,
i p(y, t) = cotho(y) = Yo(y) (2.199)

since co = [ dy ¢o(y)p(y,0) = [ dy P(y,0) = 1.
— The property above implies

lim P(y,t) = Ve (y) = cst?e VW) (2.200)
—00

— One can easily show that the probability is normalized at all times

[ v P = [ ay it t) = [ dy (o) ¥ entnlwre
= che_E"t/dy o(y)n(y) = che_E”t5n0 =c=1 (2.201)

n
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— Finally,

e—BV(Y)
lim P(y,t)

Jim = Tdw e (2:202)

and this is another way of proving the approach to Boltzmann equilibrium.
Relaxation time

The longest relaxation time is then the inverse of the energy of the first excited
state
Teq = BT 1. (2.203)

This time can, however, diverge. In particular, if it scales with the size of the system.

2.6.2 Multiplicative white noise

In this calculation we will be more careful with the discrete time analysis. We
rely heavily on the fact that (£,&,) = 2D/dt 0, implies &, ~ O(dt~'/?) and
Eadt ~ O(dt'/?). We work with the generic equation yodiz = f(x) + g(2)&.

As discussed in Sec. the discretized equation reads

VAT = Zpi1 — Tp = f@n)dt + g(@n)Endt + ' (xn) Az, dt . (2.204)
We replace Az in the last term by this very same equation to get

+g' (xn)abndtng [ f (zn)dt + g(20)Endt + ¢ (2n) Az, dl] . (2.205)

Keeping now all terms that will contribute to the average up to O(dt)
YoAT = f(x,)dt + g(x,)Endt + ag(@,)g (20)75  (Endt)? (2.206)

If we fix x,, to take the value z(t) = z( in the expansion for P(y,t + dt|xo,t), z, is
not correlated with the noise &,. Therefore, under the noise average the third term
vanishes. Using {((£,dt)?) = 2Ddt,

YolAz) = f(z,)dt + 2Dy ag(x,)g (z,)dt . (2.207)

Let us examine (Ax)% Keeping terms that will contribute to the average up to
O(dt) we have

10{A2?) = ([g(wa)&udt]”) = 2Dg*(xa) dt (2.208)
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Once again, the mean value as well as the two point correlation are of order dt.
These results depend on x,, = xg. Replacing now in (2.179), next in (2.177),

Y P(y,t +dt) = yP(y,t) —dt ay/diﬁo [f(@o) + 2%049(%)9/(550)} 6(y — xo) P(z0,1)

221?;%85/61350 §(y — o) g*(20) P(xo,t) , (2.209)
0

+

and performing the integrals over xg, in the dt — 0 limit

Y0P (y,t) = =0, {[f(y) + 2%@9(@/)9’@)] P(y,t)} + %85[92(y)13(y,t)] (2.210)

This is the Fokker-Planck (or Smoluchowski) equation for the stochastic process
Yodix = f(x) + g(x)¢ with white noise. For g(z) = 1 we recover Eq. (2.185) for
additive noise.

Stationary solution

The stationary solution to Eq. (2.210) with vanishing current, J = 0, is

Py(r) = % exp [% /xda:’ f@) + ZZZ(E_x,c;g(x)g’(w)) (2.211)

with N a normalization constant. This stationary probability depends upon a and
g(x). In order to get rid of this undesired feature, we chose to work with the drifted
force

fla) = —g*(@)V'(x) + 2Dy (1 — a)g(2)g'(2) |. (2.212)

The associated FP equation reads

0iP(x,t) = =8, [~g*(x)V'(z) + 2Dy 'g(x)g (x)) P(x, 1))
+Dvy ' 93 [g%(2) P(x, )]
= 9:{[(¢*(@)V'(x) — 2Dy 'g(2)g (x)) P(x, t)]
+D7g " Dulg® (x) P2, 1))}
= 0,{g*(x)[V'(x)P(z,t) + Dy, ' 0. P(x,t)]} . (2.213)

It is still independent of a though it depends on g(x). However, its asymptotic
solution with vanishing current does not and it reads

Py(x) = Pap(z) = N exp [—% V(xﬂ (2.214)
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independently of a and g, the desired result. Note that the effect of the extra term
is to correct the prefactor in the measure, not what goes in the exponential, that
would be the same —,V/D even without the additional 2D~;'gg’ term in the drift.

Therefore, meaning physical applications in the sense that the stochastic dy-
namics tends to equilibrium at the Boltzmann measure, need the drifted Langevin
equation

di(t) = —g*V'(x) + 2Dv (1 — a)g()g' () + g(2)€(t) (2.215)

Note that with this force, there is a drift in the Langevin equation even in the
Stratonovich convention. The extra term is not the one needed to build the gen-
eralized derivative appearing in the chain rule (2.76), since the factor 2D(1 — «)
in the drift is different from the factor D(1 — 2«a) in the chain-rule (in these two
last expression we have absorbed y~! in a redefinition of D as in the section where
we derived the chain rule vy was set to one.). The Fokker-Planck equation takes a
simple form given in Eq. (2.213).
The Langevin equation (2.215) is equivalent to (again with vy = 1)

g % (@)dyr(t) = =V'(x) + 2D(1 — a)g'(z)g™ () + g~ (x)¢() (2.216)

that has the form claimed in [94] in the sense that the term responsible for dissipation
(Ihs) is proportional to g~ while the noise is accompanied by just one factor g=! and
there is no g factor in the deterministic force along the gradient descent direction.
The second term in the rhs is the drift that was not discussed in [94] since the
approach to equilibrium was not studied in this paper.

2.6.3 Kramers equation and colored noise

In the previous section we worked in the Smoluchowski limit. A partial differen-
tial equation for P(v,x,t) can also be derived.

Derive the Kramers equation.

The coloured noise case is more tricky. As no Markov property can be used there
is no closed partial differential equation for P(y,t).

2.7 Master equation

For the moment we have only treated problems with continuous variables and
in the rest of the notes we will stick to this kind of problems as well. However,
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here, we wish to present the master equation that is, basically, the partner of the
Fokker-Planck equation for discrete Markov stochastic processes.

The Chapman-Kolmogorox equation (2.177) applies also to problems with dis-
crete variables with the simplification of replacing the integral by a sum over discrete
states. The conditional or transition probability over an infinitesimal time inter-
val dt can be written as

P(y,t + dt|zo, t) = (1 — dtz Wzy> Oy + dtWyy, (2.217)

g

probabilty of no transition

The possibility of there being more than one transition in the interval dt has been
neglected; a conjecture that is valid in the limit dt — 0. The first term represents
the probability for the system to stay in the state xy between t and dt while the
second term is the probability that the system leaves the state zy to go to y in this
same interval. Consistently, this expression satisfies Y P(y,t + dt|xo,t) = 1.

Replacing now (2.217) in (2.177) and arranging terms in such a way to have a
time-derivative in the left-hand-side,

P,
dt

z

The first term in the right-hand-side is a gain, in the sense that it increases the
probability P, while the second term in the right-hand-side is a loss since it contains
the contribution of all processes that take from x to any z and makes P, diminish.
This is the master equation.

2.8 Concluding remarks

The Langevin equation and its relation to the Fokker-Planck formalism have
been described in many textbooks on stochastic processes including Risken’s [29],
Gardiner’s [30] and van Kampen’s [31]. Many applications can be found in Coffrey
et al.’s [32]. Another derivation of the Langevin equation uses collision theory and
admits a generalization to relativistic cases [22]. The alternative master equation
description of stochastic processes, more adapted to deal with discrete variables, is
also very powerful but we will not use it is these lectures.
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3 Dynamics at or through a phase transition

Take a piece of material in contact with an external reservoir. The material
will be characterized by certain observables, energy density, magnetization density,
etc. The external environment will be characterized by some parameters, like the
temperature, magnetic field, pressure, etc. In principle, one is able to tune the latter
and study the variation of the former. Note that we are using a canonical setting
in the sense that the system under study is not isolated but open.

Sharp changes in the behavior of macroscopic systems at critical points (or lines)
in parameter space have been observed experimentally. These correspond to equi-
librium phase transitions, a non-trivial collective phenomenon appearing in the
thermodynamic limit. We will assume that the main features of, and analytic ap-
proaches used to study, phase transitions are known.

Imagine now that one changes an external parameter instantaneously or with
a finite rate going from one phase to another in the (equilibrium) phase diagram.
The kind of internal system interactions are not changed. In the statistical physics
language the first kind of procedure is called a quench and the second one an an-
nealing and these terms belong to the metallurgy terminology. We will investigate
how the system evolves by trying to accommodate to the new conditions and equili-
brate with its environment. We will first focus on the dynamics at the critical point
or going through phase transitions between well-known phases (in the sense that
one knows the order parameter, the structure, and all thermodynamic properties on
both sides of the transition). Later we will comment on cases in which one does not
know all characteristics of one of the phases and sometimes one does not even know
whether there is a phase transition.

The evolution of the free-energy landscape (as a function of an order parame-
ter) with the control parameter driving a phase transition is a guideline to grasp the
dynamics following a quench or annealing from, typically, a disordered phase to the
phase transition or into the ordered phase. See Fig. 3.32 for a sketch. We will discuss
quenches to the phase transition and below it. In the former case, the system can
get to a critical point (Fig. 3.32-left) in which the free-energy is metastable in the
sense that its second derivative vanishes (second order phase transition cases) or to a
first-order phase transition (Fig. 3.32-right) in which various minima are degenerate.
In the latter case the initial state becomes unstable, that is to say a maximum, and
the phase transition is of second-order (see Fig. 3.32-left) or metastable, that is to
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Figure 3.32: Left: second-order phase transition. Right: first order phase transition.

say a local minimum, and the phase transition is of first order (see Fig. 3.32-right)
in the final externally imposed conditions.!® In the former case the ordering pro-
cess occurs throughout the material, and not just at nucleation sites. Two
typical examples are spinodal decomposition, i.e. the method whereby a mixture of
two materials (with equal overall concentration) can separate into distinct regions
with different material concentrations, or magnetic domain growth in ferromagnetic
materials. Instead, in the latter case, the stable phase conquers the system through
the nucleation of a critical localized bubble via thermal activation and its fur-
ther growth. An example is the easy-axis magnetization reversal under an abrupt
change of the sign of the applied field or phase separation across first order phase
transitions.

Having described the dependence of the free-energy landscape on the external
parameters we now need to choose the microscopic dynamics of the order parameter.
Typically, one distinguishes two classes: one in which the order parameter is locally
conserved and another one in which it is not. Conserved order parameter dynamics
are found for example in phase separation in magnetic alloys or inmiscible liquids.
Ferromagnetic domain growth is an example of the non-conserved case.

The kinetics of systems undergoing critical dynamics [6] or an ordering process [4]
is an important problem for material science but also for our generic understanding
of pattern formation in non-equilibrium systems and the approach to equilibrium
in systems with slow dynamics that are yet not well understood. The late stage
dynamics is believed to be governed by a few properties of the systems whereas
material details should be irrelevant. Among these relevant properties one may

13Gtrictly speaking metastable states with infinite life-time exist only in the mean-field limit.
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expect to find the number of degenerate ground states, the nature of the conservation
laws and the hardness or softness of the domain walls that is intimately related to
the dimension of the order parameter. Thus, classes akin to the universality ones of
critical phenomena have been identified. These systems constitute a first example
of a problem with slow dynamics. Whether all systems with slow dynamics, in
particular structural and spin glasses, undergo some kind of simple though slow
growth of order is an open question.

Take the d-dimensional Ising Hamiltonian, H = —J 37, sisj+h >, s;
for spins s; = 41 and transform it into a Hamiltonian for occupation variables of
two interacting species A and B, apt to describe phase separating problems. Relate
the exchange parameter J to the interaction energy between neighbouring particles,
€AA, €EAB and €EBRB- See, e.g. [5]

Treat the Ising and binary-mixture models in the mean-field approxi-
mation (called Curie-Weiss or Bragg-Williams or, equivalently, replace the sum over
nearest-neighbours on the lattice by a sum over all pair of spins in the sample) and
obtain their equilibrium phase diagrams, free-energy densities as function of the
relevant order parameters, and the dependence of the latter on the external param-
eters (temperature and magnetic field in the magnetic system, and temperature and
density difference of the two kinds of particles in the unary mixture case). Compare
the free-energy density to the form in Fig. 3.32.

Take a ferromagnetic Ising model with four spin interactions H =
—J Zijkl 5;5;551, and study it with the mean-field approximation. Is the transition
of second or first order? Discuss.

3.1 Summary of static critical phenomena and scaling

In equilibrium, when a critical point is approached in parameter space, the as-
sumption is that the correlation length is the only relevant length scale, and that it
depends upon the distance from the critical point as

o~ |T = T (3.1)

The emerging long-range correlations are fully specified by the symmetry properties
of the model under consideration and do not depend on details of the microscopic
interactions. The notion of universality was originally introduced by experimental-
ists in order to describe the observation that several apparently unrelated physical
systems may be characterized by the same type of singular behaviour near the tran-
sition.
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In equilibrium the dynamics are stationary. One-time quantities should be in-
dependent of absolute time. Two-time quantities should depend upon the time dif-
ference, and time-delay dependent correlation functions characterise the temporal
decorrelation of equilibrium fluctuations.

Critical scaling states that the correlation function should be an homogenous
function

G(Fa t— t/) = Hd_Q—H] g(/”?v (t o t/)ﬂza |T - TC|/L1/V)> (32)

and its structure factor
S(k,t =) = k™ S(E/p, (¢ — )", | T — T|u") (3.3)

as well, with # a momentum scale. The exponents and scaling functions can be
derived with the RG analysis of an effective field theory, valid in the vanishing
lattice spacing limit. By universality, the critical behaviour of continuous theory and
discrete system should be the same. This statement is also expected to hold in the
equilibrium dynamics, in the sense that its aspects should not depend on the details
of the microscopic updates used (as long as they respect the same conservation laws).

3.2 The kinetic Ising model

The Ising spin variables do not have intrinsic dynamics, as is seen by constructing
the relevant Poisson bracket. In order to associate kinetics with the Ising model, one
assumes that it is placed in contact with a heat bath that generates stochastic spin-
flips, s; — —s;. These updates are appropriate to describe the non-conserved order
parameter dynamics of the paramagnetic - ferromagnetic transition. The heat bath
can be interpreted as consisting of phonons that induce spin-flips via a spin-lattice
coupling. The probability of a jump depends on the configuration of all other spins
and the heat-bath temperature and it is chosen to satisfy detailed balance so as
to ensure the asymptotic approach to equilibrium. A realisation of this dynamics is
given by the Glauber model [45].

In the case in which the Ising model describes a lattice gas or a binary (AB)
mixture the appropriate microscopic kinetics involves the diffusion of atoms. For
example, atomic jumps to vacant sites in the lattice gas, or A and B interchanges in
the binary mixture. Thus, the heat bath causes the exchange of neighbouring spins
that point in opposite directions, or the exchange of two neighbouring particles
and satisfies the detailed balance condition. This process mimics phonon-induced
atomic jumps. The resultant model is referred to as the spin-exchange or Kawasaki

model [46].
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3.3 Snapshots

Figure 3.33: Monte Carlo simulations of a 2d Ising model. Three snapshots at
t=1, 3x10° 3 x 10° MCs after a quench to T.. Note that me, = 0.

Figure 3.34: Monte Carlo simulations of a 2d Ising model. Three snapshots at
t =1, 3x10° 3x10%MCs after a quench to 0.5 T,.. Thermal fluctuations within the
domains are visible. They are like equilibrium fluctuations leading to 0 < me, < 1
at T' < T.,.

Take a magnetic system, such as the ubiquitous Ising model with ferromagnetic
uniform interactions, and quench it to its Curie point or into the low temperature
phase starting from a random initial condition. Classically, the spins do not have
an intrinsic dynamics; it is defined via a stochastic rule of Glauber, Metropolis,
Langevin (when soft-spins are used) or similar type with or without locally conserved
magnetization. For the purpose of the following discussion it is sufficient to focus
on non-conserved local microscopic dynamics. Three snapshots taken after times 1,
3 x 10° and 3 x 10° MCs in a critical and two sub-critical quenches at different T
below T are shown in Figs. 3.33, 3.34, and 3.35, respectively.

Time-dependent macroscopic observables are then expressed in terms of the val-
ues of the spins at each time-step. For instance, the magnetization density and its
two-time self correlation function are defined as

m(t)EN_IZ<si(t)>, C(t,t) N‘lz<si(t)si(t’)>, (3.4)
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where the angular brackets indicate an average over many independent runs (i.e.
random numbers) starting from identical initial conditions and/or averages over
different initial configurations.

In critical quenches, patches with equilibrium critical fluctuations grow in time
but their linear extent never reaches the equilibrium correlation length that diverges,
R.(t) < &q4(T.) — oo. Clusters of aligned neighbouring spins of many sizes are
visible in the figures and the structure is quite intricate with clusters within clusters
and so on and so forth. The interfaces look pretty rough too. The equilibrium
magnetization vanishes, m.,(7.) = and (s;(t)) = 0 at all ¢.

In quenches into the ordered phase through a second order phase tran-
sition the ferromagnetic interactions tend to align the neighbouring spins in parallel
direction and in the course of time domains of the two ordered phases form and grow,
see Figs. 3.34, 3.35 and 3.36. At any finite time after the quench the configuration
is such that the two types of domains co-exist. If one examines the configurations
in more detail one reckons that there are some spins reversed within the domains.
These ‘errors’ are due to thermal fluctuations and are responsible of the fact that
the magnetization of a given configuration within the domains is smaller than one
and close to the equilibrium value at the working temperature (apart from fluctua-
tions due to the finite size of the domains), 0 < me,(7"). The total magnetization,
computed over the full system, is zero (up to fluctuating time-dependent corrections
that scale with the square root of the inverse system size). The thermal averaged
spin, (s;(t)) vanishes for all ¢ and all finite ¢, see below for a more detailed discus-
sion of the time-dependence. As time passes the typical size of the domains R(t)
increases and the interfaces get flatter in a way that we will also discuss below.

Quenches across first order phase transitions will be discussed separately
in Sec. 3.16.

Figure 3.35: Monte Carlo simulations of the 2d Ising model. Three snapshots at
t =1, 3x10° 3 x 10° MCs after a quench to 0.01 7.. There is almost perfect order
within the domains (m., >~ 1).

3.4 Relaxation, equilibration and reversal times

We wish to distinguish the relaxation time, t,, defined as the time needed for a
given initial condition to reach equilibrium in one of the (possibly many equivalent)
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Figure 3.36: Snapshot of the 2d Ising model at a number of Monte Carlo steps after
a quench from infinite to a subcritical temperature. Left: the up and down spins
on the square lattice are represented with black and white sites. Right: the domain
walls are shown in black.

phases, from the decorrelation time, t;, defined as the time needed for a given
configuration to decorrelate from itself. To lighten the notation we do not signal out
the variable that we use to study these typical times (as we did with the velocity
and position in the examples of Sect. 2.5). We further define the reversal time, ¢z,
as the time needed to go from one to another of the equivalent equilibrium phases.
We focus on a second-order phase transition with broken symmetry between two
equilibrium states here.

3.4.1 Quench from T"> T, to T > T,

If one quenches the system to 7" > T, the relaxation time, ¢,, needed to reach
configurations sampled by the Boltzmann measure depends on the system’s param-
eters but, most importantly, remains finite even for an infinite-size system. Once
a short transient overcome, the average of a local spin approaches the limit given
by the Boltzmann measure, (s;(t)) — (s;)eq = m = 0, for all ¢ and all other more
complex observables satisfy equilibrium laws. The relaxation time is estimated to
behave as t, ~ |T" — T.|7"* close to T,, with v the critical exponent characterizing
the divergence of the equilibrium correlation length, &, ~ (7" — T,)™", and 2, the
dynamic equilibrium exponent that links times and lengths, R.(t) ~ t'/%.

The relaxation of the two-time self-correlation at 7" > T,., when the time ¢’ is
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Figure 3.37: Snapshot of the 2d Potts model with ¢ = 3 at a number of Monte Carlo
steps after a quench from the critical to a subcritical temperature.

chosen to be longer than t,, decays exponentially

1' . (1 ~ _(t_t,)/td .
Jim {s:(t)si(t) = ¢ (35)
with a decorrelation time that increases with decreasing temperature and close to
(but still above) T, diverges as the power law, t; ~ (T — T,)""*. The divergence
of t4 is the manifestation of critical slowing down. The asympotic value verifies
li ()si(t)) = lim (s;(t)) lim (s;(t')) = (8i)eq(8i)eq = M2, = :
t—t’>1>I§’1>>tr<SZ(t)SZ( ) t;gi(&( ) t'l>£rtlr<sl( ) <SZ>eq<Sz>eq m 0, (3.6)
cfr. eq. (2.144).
Grosso modo the behavior of the spin degree of freedom is equivalent to the one

derived for the position of a particle in a harmonic potential centered at zero with
non vanishing positive spring constant in Sec. 2.5.2.

3.4.2 Quench from T"> T, to T <T,

At or below T., coarsening from an initial condition that is not correlated
with the equilibrium state and with no bias field does not take the system to
equilibrium in finite times with respect to a function of the system’s linear size, L.
More explicitly, if the growth law is a power law [see eq. (3.33)] one needs times of
the order of L* (critical) or L* (subcrititcal) to grow a domain of the size of the
system. This gives a rough idea of the time needed to take the system to one of the
two equilibrium states (subcritical). For any shorter time, domains of the two types
exist and the system is out of equilibrium.

The self-correlation of such an initial state evolving at T < T, involves power
laws or logarithms and although one cannot associate to it a decay time as one does
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to an exponential, one can still define a characteristic time that, quite generally,
turns out to be related to the age of the system, t4 ~ f(t') [see eq. (3.32)], where
t' is the first time at which the configuration of the system is measured to compute
the correlation function.

In contrast, the relaxation time of an equilibrium magnetized configuration at
temperature 7" vanishes since the system is already equilibrated while the decorre-
lation time ¢4 is a finite function of 7'.

The relaxation of the two-time fluctuation self-correlation at T' < T., when the
time ¢’ is chosen to be longer than t,, that is to say, once the system has thermalized
in one of the two equilibrium states, decays exponentially

Tim (551 ()0, (1)) = e (¢~ (37)

with a decorrelation time that decreases with decreasing temperature and close to
T. (but below it) also diverges as a power law, t; ~ (7" — T,)""*¢. The asympotic
value verifies
i ) (DY) = 1 . i () = (s, N 2> )

o m (sit)si(t) = lim (si(t)) Hm (si(t)) = (sideq(Si)eq = Mg 20, (3.8)
cfr. egs. (2.144) and (3.6), depending on T' =T, or T' > T.. Again, grosso modo the
behavior of the spin degree of freedom for an ordered initial condition at T" < T, is
equivalent to the one derived for the position of a particle in a harmonic potential

centered at a non-vanishing position with non vanishing positive spring constant in
Sec. 2.5.2.

3.4.3 Summary

The lesson to learn from this comparison is that the relaxation time and the
decorrelation time not only depend upon the working temperature but they also
depend upon the initial condition.

In all critical or low-temperature cases we will study the relaxation time also
depends on the system size L — and diverges in the infinite size limit. In short, for
a random initial condition and an infinite system, L — oo, one has

finite T7>1T,,
tf = |T - Tc|_yzeq T 2’ Tc )
00 T<T,
while for a finite system, L < +o0, one finds
1? ~ LFea Tr=1.,
r LA T<T,..
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For a random initial condition quenched to the critical or sub-critical temperature
the decorrelation time grows (and diverges) with the waiting time ¢’ but does not
diverge with the system size. For a system quenched above the critical temperature
this time saturates to a waiting-time independent value. A system that evolves from
an ordered initial condition at sub-critical temperature has a finite decorrelation
time.

Still another time scale is given by the time needed to reverse an equilibrium
configuration in the low-T" phase. This one is expected to be given by an Arrhenius
law, with the height of the barrier being determined by the extensive free-energy
barrier between the two minima, i.e. AF ~ L¢f. therefore,

19, ~ P Reversal time-scale . (3.9)

The Ginzburg-Landau description allows for a pictorial interpretation of these
results. The dynamics of the full system is visualized as the motion of its rep-
resentative point in the Ginzburg-Landau potential. At high T the potential is
harmonic in the deterministic Allen-Cahn equation, or the double-well structure
in the time-dependent stochastic Ginzburg-Landau equation is completely ignored.
The relaxation is similar to the one of a particle in a harmonic potential studied in
Sect. 2.5.2. At low T, the initial position in the double-well potential depends on
the type of initial condition ¢(#,0) = 0 or ¢(Z,0) # 0. In the first case, the point
sits on top of the central barrier and it does not detach from it in finite times with
respect to a function of L. In the second case, the point starts from within one well
and it simply rolls (on average) to the bottom of the well. This relaxation is similar
to the one in the harmonic case. To reverse the configuration from, say, positive to
negative magnetization the point needs to jump over the barrier in the double well
potential and it does via thermal activation ruled by the Arrhenius law. The height
of the barrier is extensive and diverges with L.

Note, however, that the phase-space of the system is actually N-dimensional
while the description that is given here is projected onto one single coordinate, the
one of the order-parameter. This reduction might lead to some misunderstandings
and one should be very careful with it.

3.5 Correlation functions

In this Subsection we present several correlation functions that are instructive
in this context.
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The space-time correlation function is the average overlap between any two spins
placed at distance r

LIC(r 1) = Soy s (52(0)55(0)

The time-dependent structure factor is defined as the Fourier transform of the space
displaced correlation function

S(q,t) = Y -e" C(7t)

where C(7,t) is the averaged space-time correlation function defined above. The
sum runs over lattice sites. A continuous space version can be given.

The two-time correlation function is a local in space correlation that is non-local in
time

C(t,t') = (si(t)si(t))
where 7 is any spin in the sample. A sum over all spins in the sample should yield

the same result, if the system is a priori space homogeneous.
A general time-delayed and space-dependent correlation can also be defined as

LdG(T, t— t/) = Zij/m_Fj|:r<3i(t)3j(tl)>

and its Fourier transform with respect to space, the delayed structure factor.

3.6 Growing length and dynamic scaling

In coarsening systems the dynamics are not stationary. In usual cases, the aver-
aged space-time correlation function C(r,t) allows for the identification of a growing
length from, for example,

R.(T,t) = /ddr O (r, t)//ddr r*C(r,t) (3.10)

(a is a parameter chosen to weight preferentially short or long distances; the time-
dependence of R,(t) should not depend on a. However, in a simulation various
sources of error make the choice of a important. Heuristically, a = 1 is reocmmended
as a trade-off between systematic errors for low wave-vectors and statistical errors
for large wave vectors.) Here and in the following (...) stands for an average over
different realizations of thermal histories at heat-bath temperature 7" and /or initial
conditions. In presence of quenched disorder one adds an average over it and denotes
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it [...]. The stochastic time-dependent function N1 Zij/m_m:r si(t)s;(t) after a
quench from a random initial condition does not fluctuate in the thermodynamic
limit. Therefore, the averages are not really necessary but they are usually written
down. In spin-glasses and glasses this observable does not yield information on the
existence of any growing length as we will discuss below.

The spherically averaged structure factor S(k, t) — the Fourier transform of C'(r, t)
— can be measured experimentally with small-angle scattering of neutrons, x-rays or
light and from it R,(7,t) can be extracted. Numerically it is measured as

S(k,t) = (o(k,1)¢" (K, 1)) (3.11)

where ¢(k, t) is the Fourier transform of the field ¢(7,¢). In a finite size simulation
box, the wave-vector takes discrete values k = 27 (ky, ... kq)/L. S(k,t) is then aver-
aged over a spherical coquille to give the scalar function S(k,t). The characteristic
domain size is then defined as the reciprocal of the first moment of the scalarized
structure factor, R(t) = (k)~'(t), with

[ dle S(k, t)
[ dle S(k,t)

(k) (t) = (3.12)

where k.. is the magnitude of the largest wave-vector that one considers, typically,
half the magnitude of the largest wave-vector in the Brillouin zone of the lattice.
The resulting length scale is measured in units of the lattice spacing.

For ferromagnetic spin systems on a lattice, another, very simple way, of extract-
ing the growing length is to measure the inverse number of defects, D(t), defined as
the number of spins with at least one antiparallel neighbour, and estimate R(t) as
N/D(t).

The ordering process is characterized by the growth of a typical length, R(7t).
The growth regimes are summarized in the following equation and in Fig. 3.43:

R.(t) = &q(T) < 400 T > T, saturation,
R.(t) = &q(T) - 00 T =T, critical coarsening, (3.13)
R.(t) - R(T,t) - L T <T. sub-critical coarsening.

and &,(T) < R(t) for T < T,. (Note that &, is defined from the connected
static correlation function while R is defined from the dynamic correlation function.
They measure different lengths as indicated below.) After a quench to the high
temperature phase 1" > T, the system first grows equilibrium regions until reaching
the equilibrium correlation length &, and next relaxes in equilibrium as explained
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in the previous section. The correlation length could be very short and the transient
non-equilibrium regime be quite irrelevant (7" > T.). In the critical region, instead,
the equilibrium correlation length is very long and it becomes important. In a critical
quench the system never orders sufficiently and R(T.,t) < &, for all finite times.
Finally, a quench into the subcritical region is characterized by two growth regimes:
a first one in which the critical point dominates and the growth is as in a critical
quench; a second one in which the proper sub-critical ordering is at work. The
time-dependence of the growth law is different in these two regimes as we will see
below. (Note that below T, the equilibrium correlation length &, does not measure
the size of ordered regions but the typical distance until which a fluctuation has an
effect.)

In the asymptotic time domain, when R(7T,t) has grown much larger than any
microscopic length in the system, a dynamic scaling symmetry sets in, similarly
to the usual scaling symmetry observed in equilibrium critical phenomena. Accord-
ing to this hypothesis, the growth of R(T,t) is the only relevant process and the
whole time-dependence enters only through R(7T',t).

3.7 Critical coarsening

The scaling behavior of binary systems quenched to the critical point is quite well
understood. It can be addressed with scaling arguments and renormalization group
approaches [6] which give explicit expressions for many of the quantities of interest
up to two loops order. Numerical simulations confirm the analytic results and probe
exponents and scaling functions beyond the available perturbative orders. In this
case the system builds correlated critical Fortuin-Kasteleyn clusters!* with fractal
dimension'® Dypr = (d + 2 — n)/2, where 7 is the usual static critical exponent, in
regions growing algebraically as R.(T.,t) = R.(t) ~ t'/?a; henceforth we simplify
the notation and avoid writing T, within R. [As an example, for the bidimensional
critical Ising class n = 1/4 and Dpg = (2+2 —1/4)/2 = 15/8.]

Importantly enough, the dynamic exponent z., is the same that characterises
the dynamic fluctuations of equilibrium fluctuations. Therefore, the relaxation to

14The Fortuin-Kasteleyn clusters are constructed as follows. Starting with a spin domain, one
first draws all bonds linking nearest-neighbor spin on the cluster and then erases bonds with
a temperature dependent probability e=#/. In such a way, the original bond-cluster typically
diminishes in size and may even get disconnected.

15A possible definition of the fractal dimension is given by the box counting construction in
which one counts the number of boxes of linear size € that are needed to cover the set and computes
D =lim,o[ln N(e)/In(1/€)].
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Figure 3.38: Sketch of the construction of a FK cluster. A domain is identified.
The bonds between nearest-neighbor aligned spins (represented with black dots on
the lattice sites) are erased using the FK procedure. Two FK disconnected clusters
remain. The surviving bonds are highlighted on the edges of the lattice.

equilibrium is governed by the same exponent as the de-correlation in equilibrium.
One-time quantities

A critical point can be identified by the kurtosis of the order parameter —
also called Binder parameter — that measures the deviation from Gaussianity of
its fluctuations. A time-dependent similar object is

gr(t) =2 — % (3.14)

with M(t) = ), s,(t) the total magnetisation at time ¢. Critical dynamics scaling
states that g, (f) can only depend upon the ratio between the growing length R.(t)
and the linear size of the sample L:

gr(t) =G <RT@)) (3.15)

provided that a < R.(t) < L. This proposal allows one to determine R.(t) from
the finite size analysis of the time-dependent Binder parameter.

Correlation functions

In the asymptotic time regime the space-time correlation function has the scaling
form

C(r,t) = Cey(r) Coy(r,t)  Multiplicative separation (3.16)

The first factor describes the equilibrium correlation, C,,(r) ~ r2~¢~" while the sec-
ond one takes into account the out of equilibrium relaxation and scales as f(r/R.(t)).
One has

C(r,t) = r~24=Pric) ¢ ( R; t)> (3.17)

r

C(r,t) =r>4m f (%)
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The pre-factor r~2(¢=Prx) takes into account that the growing domains have a

fractal nature (hence their density decreases as their size grows) and the fact
that the order parameter vanishes at the second order critical point. The depen-
dence on r/R.(t) in f(z) expresses the similarity of configurations at different times
once lengths are measured in units of R.(t). At distances and times such that
r/R.(t) < 1 the equilibrium power-law decay, Ce,(r) ~ >~ should be recovered,
thus f(z) ~ 1 at © — 0. f(x) falls off rapidly for > 1 to ensure that spins are
uncorrelated at distances larger than R.(t), and f(x — o0o) = 0. The actual way
in which f(z) decays to zero is non-trivial and can be computed with dynamic RG
methods.
For two-time quantities, when ¢’ is sufficiently large one has

C(t,t') = Cu(t —t') Cyy(t,t')  Multiplicative separation (3.18)

with Cg(t — t') characterising the decor relation within an equilibrated patch and
Co4 representing the out of equilibrium dynamics. One has

Re(t)
Re(t')

C(t,t') = R.(t —t')>=% f, ( ) Multiplicative separation.

Here Oy (t —t') ~ R (t — t')~2@=Prx) = R (t — )?>~47". The scaling function f.(x)
describes the non-equilibrium behavior. It satisfies f.(1) = 1 and f.(z — o0) = 0,
see the sketch in Fig. 3.39 (a). The former condition ensures that equilibrium is
established up to the length R.(f). The latter decorrelation occurs faster than
what the equilibrium relaxation tells beyond this length. In the scaling forms the
equilibrium and non-equilibrium contributions enter in a multiplicative structure.
Non-equilibrium effects are taken into account by taking ratios between the sizes of
the correlated domains at the observation times ¢’ and ¢ in the scaling functions.
Note that the reason why the equilibrium results are recovered for ¢t ~ ¢’ is that for
very similar times one does not let the system realize that it is out of equilibrium.
The limiting values of f and f. are given by

f(x):{(l] <1 v r

r>1 R.(t)
1 x—1 R.(t)
felx) = { 0 o1 "= ) (3.19)

In the case of non-conserved scalar order-parameter dynamics the growing length
behaves as

Re(t) ~ t1/7a (3.20)
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Figure 3.39: Sketch of the decay of the two-time correlation at 7, (a) and 7" < T,
(b) for different values of the waiting-time, increasing from left to right.

with 2., the equilibrium dynamics exponent (note that z., is different from z,).
We will not discuss critical dynamics in detail; this problem is treated analytically
with dynamic renormalization group techniques and it is very well discussed in the
literature [6, 7]. In short, the exponent z., is given by [43]
N +2 4 11,
Zeg =2+ ———(3ln=- — =| &+ O( 3.21

1 (N +8)2 { 3 2} (<) (3:21)
where NN is the dimension of the possibly vector field, N = 1 for a scalar one, and
€ =4 — d with d the dimension of space. Note that z, is larger than 2 for all finite
N and it approaches 2 in the large N limit (at least up to this order in perturbation
theory). In particular, one finds

2.0538 d
Zeg 4 2.0134 d
2 d

2
3
4

for N = 1. d = 4 is the upper critical dimension in this problem. Numerical
simulations indicate z., >~ 2.13 in d = 2. These results are valid for white noise
dynamics. The effect of colored noise is to change the value of the exponent z
when it is sufficiently long-range correlated (sub-Ohmic noise with a power-law decay
with an exponent smaller than a critical value that depends on the dimension of
space) [44].

The multiplicative scaling is also obtained with the dynamic RG method.
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Figure 3.40: The space-time correlation function in the 2d Ising model after a quench
to its critical point (MC data). With color data points the dynamic measurements.
With a dashed black line the equilibrium power-law decay.

3.8 Sub-critical coarsening
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Figure 3.41: The equal-time correlation as a function of distance in the 2dIM
quenched below T,.. Raw (left) and scaled (right) data. These numerical simula-
tions were performed by A. Sicilia.

3.8.1 Dynamic scaling hypothesis

The dynamic scaling hypothesis states that at late times and in the scaling
limit
r>&q(g) . R(g,t) > &qlg),  7/R(g,t) arbitrary (3.22)
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where r is the distance between two points in the sample, r» = |# — 27|, and &.,(g) is
the equilibrium correlation length that depends on all parameters (7" and possibly
others) collected in g, there exists a single characteristic length, R(g,t), such
that the domain structure is, in statistical sense, independent of time when lengths
are scaled by R(g,t). Time, denoted by t, is typically measured from the instant
when the critical point is crossed. In the following we ease the notation and write
only the time-dependence in R. This hypothesis has been proved analytically in very
simple models only, such as the one dimensional Ising chain with Glauber dynamics
or the Langevin dynamics of the d-dimensional O(N) model in the large N limit
(see Sect. 3.11). But, as in critical coarsening, this regime sets in only after an
“equilibrium-like” regime has died out. We are more precise below.

The late stage of phase-ordering in binary systems is characterized by a patch-
work of large domains the interior of which is basically thermalized in one of the two
equilibrium phases while their boundaries are slowly moving. This picture suggests
the splitting of the degrees of freedom (spins) into two categories, providing sta-
tistically independent contributions to observables such as correlation or response
functions. More precisely, a quasi-equilibrium stationary contribution arises as due
to bulk spins, while boundaries account for the non-equilibrium part. Then asymp-
totically one has

C(r,t) o Coy(r) + Cyg(r,t)  Additive separation. (3.23)

The first term describes the distance dependence of the equilibrium fluctuations in
the low temperature broken symmetry pure states

Cafr) = (1= (52 9 (). (3:21)

where (s;)¢, is the equilibrium expectation value of the local spin in one of the two
symmetry breaking states, (s;).; = m, and g(z) is a function with the limiting values
g(0) = 1, lim, 0 g(z) = 0. (We choose to have C¢,(0) = 1 — m? and we leave the
missing m? contribution to ensure C'(0) = 1 to the second term.) The second term
takes into account the motion of the domain walls through

Cag(r,t) = (si)eq [ (th>> , (3.25)

with f(0) = 1 and lim,_, f(x) = 0. Both C,, and C,, obey (separately) scaling
forms with respect to the equilibrium and the non-equilibrium lengths &., and R(t),
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respectively. In particular, eq. (3.25) expresses the fact that system configurations
at different times are statistically similar provided that lengths are measured in units
of R(t), namely the very essence of dynamical scaling.

The limiting values of the functions f and g are given by

J1 r1 T
g(w) = 0 x> 1 :C_g_eq
R

f(l’)z{(l) iii x = R((f,)) (3.26)

Monte Carlo simulations of the Ising model and other systems quenched below
criticality and undergoing domain growth demonstrate that in the long waiting-time
limit ¢’ > ¢y, the spin self-correlation (s;(t)s;(t')) separates into two additive terms

C(t,t') ~ Cu(t —t') + Cyy(t,t')  Additive separation (3.27)

see Fig. 3.42, with the first one describing equilibrium thermal fluctuations within
the domains,

Cult — 1) = (1 (s?) g (t - ”) (3.28)

Teq

and

1 zx1 t—t

and the second one describing the motion of the domain walls

Cog(t,t) = (si)2y e (}}z%((;))) (3.30)

with

1 r—1

felz) = { 0 oz (3.31)

To ease the notation we have not written the explicit T-dependence in R that, as
we will see below, is less relevant than ¢. Note that by adding the two contributions
one recovers C(t,t) = 1 as expected and C(t,t') — 0 when ¢ > t'. The first term is
identical to the one of a system in equilibrium in one of the two ordered states, see
eq. (3.8) for its asymptotic £ — ¢’ > ¢’ limit; the second one is inherent to the out of
equilibrium situation and the existence and motion of domain walls.
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Separation of time scales. The first and second term vary in completely
different two-time scales. The first one changes when the second one is fixed to
(si)2,> at times such that R(t)/R(t') ~ 1. The second one varies when the first one
decayed to zero. The mere existence of the second term is the essence of the aging
phenomenon with older systems (longer ¢') having a slower relaxation than younger
ones (shorter ¢'). The scaling of the second term as the ratio between ‘two lengths’
is a first manifestation of dynamic scaling. Recall the sketch shown in Fig. 3.39.

A decorrelation time can also be defined in this case by expandind the argument
of the scaling function around ¢’ ~ ¢. Indeed, calling At = t—t' one has R(t)/R(t') ~
R(t' + At)/R(t') ~ [R(') + R (¢)At]/R(t') ~ 1+ At/[dInR(t')/dt'|"* and one
identifies a t'-dependent decorrelation time

tg~ [dIn R(t')/dt']""  decorrelation time (3.32)

which is, in general, a growing function of #'.

The main effect of temperature is to change the value of m, that is the equilibrium
one. This can be seen in Fig. 3.42 where simulations of the 2dIm at 7" = 0.5 and
T = 2 (both below T.) are displayed. Increasing temperature the ‘extent’ of the
equilibrium relaxation is larger as the equilibrium correlation decays to a lower
value.
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Figure 3.42: The two-time self-correlation in the 2dIM with non-conserved order
parameter dynamics at several waiting-times given in the key at temperature 7" = 0.5
(left) and T = 2 (right). Data obtained with Monte Carlo simulations. Note that
the plateau is located at a lower level in the figure on the right consistently with the
fact that (¢)., decreases with increasing temperature. Data from A. Sicilia et al.

In order to fully characterise the correlation functions one then has to determine
the typical growing length, R, and the scaling functions, g, f, g., f., etc. It turns out
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that the former can be determined with semi-analytic arguments and the predictions
are well verified numerically — at least for clean system. The latter, instead, are
harder to obtain. We will give a very brief state of the art report in Sect. 3.10.8.
For a much more detailed discussion of these methods see the review articles in [4].

The time-dependent typical domain length, R(t), is determined numerically by
using several indirect criteria or analytically within certain approximations. The
most common ways of measuring R are with numerical simulations of lattice models
or the numerical integration of the continuous partial differential equation for the
evolution of the order parameter. In both cases one

— Computes the ‘inverse perimeter density’ R(t) = —(H)ey/[(H (t)) — (H)eq) with
(H(t)) the time-dependent averaged energy and (H)., the equilibrium energy both
measured at the working temperature 7.

— Puts the dynamic scaling hypothesis to the test and extracts R from the
analysis.

3.8.2 R(t) in clean one dimensional cases with non-conserved order pa-
rameter

In one dimension, a space-time graph allows one to view coarsening as the diffu-
sion and annhilitation upon collision of point-like particles that represent the domain
walls. In the Glauber Ising chain with non-conserved dynamics [45] one finds that
the typical domain length grows as t'/? while in the continuous case the growth is
only logarithmic, Int [47].

3.8.3 R(t) in non-conserved order parameter curvature dynamics in d > 2

In this case the growth law scales as A(T)t!/2 as we will show in Sec. using the
time-dependent Ginzburg-Landau equation.
There are a number of ways to find the growth law

R(t) = \ t'/7 (3.33)

with z; the dynamic exponent, in pure and isotropic systems (see [4]). The
effects of temperature enter only in the parameter A and, for clean systems, growth is
slowed down by an increasing temperature since thermal fluctuation tend to roughen
the interfaces thus opposing the curvature driven mechanism. We estimate the T’
dependence of A in Sect. 3.8.5.
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Figure 3.43: Sketch of the growth process in a second-order phase transition. The
thick line is the equilibrium correlation length &, ~ |T' — T.|7”. The thin solid
(red) arrows indicate the growing length R, in the critical coarsening regime and
the dashed (black) arrow the sub-critical growing length R in the coarsening regime.

In curvature driven Ising or Potts cases with non-conserved order parameter the
domains are sharp and z; = 2 with A a weakly T-dependent coefficient.

3.8.4 R(t) in conserved order parameter dynamics and the role of bulk
diffusion

A different type of dynamics occurs in the case of phase separation (the water
and oil mixture ignoring hydrodynamic interactions or a binary allow). In this case,
the material is locally conserved, i.e. water does not transform into oil but they just
separate. The main mechanism for the evolution is diffusion of material through the
bulk of the opposite phase. After some discussion, it was established, as late as in
the early 90s, that for scalar systems with conserved order parameter z,; = 3 [48].

3.8.5 Crossover between critical and sub-critical coarsening
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Matching critical coarsening with sub-critical one allows one to find the T-
dependent prefactor A close to T, [49]. The argument goes as follows. The out
of equilibrium growth at criticality and in the ordered phase are given by

R(t)

1/Z5€{ =
{t at T="T,, (3.34)

N(T )t/ at T <T,.

Zeq i the equilibrium dynamic critical exponent and z4 the out of equilibrium growth
exponent. Close but below criticality one should have an interpolating expression
of the kind

—a 41/z t
R e
with ¢ the T-dependent equilibrium correlation length, &.,(T") ~ (T. — T)~". The
second factor tends to one, f(x — 00) — 1, when R(t) > &, that is to say when the
argument diverges and the system enters the sub-critical coarsening regime. See the
sketch in Fig. 3.43. It is however non-trivial when R(t) ~ &, the argument is finite
and critical coarsening must be described. In particular, we determine its behavior
for x = O(1) by requiring that eq. (3.35) matches the subcritical growing length
which is achieved by (i) recovering the correct ¢ dependence, (ii) cancelling the £
factor. (i) implies

) at  T=T,—¢ (3.35)

f(x) ~ g~ t/zatl/ze for r=0(1). (3.36)
Then eq. (3.35) becomes
R(t) ~ §—G+Zeq/2’d—1 tl/zeq (337)
and to eliminate £ we need
a=2ze/7a—1. (3.38)

Comparing now the subcritical growing length and (3.35) in the very long times
limit such that R(¢) > & and f(z — oc0) — 1:

/\(T) ~ 5_‘1 ~ (TC — T)V(ZEQ_Zd)/Zd (3_39)

Note that quite generally one finds z., > z4 and A(7") vanishes at T..

3.8.6 Role of weak disorder: thermal activation

The situation becomes much less clear when there is weak quenched disorder
in the form of non-magnetic impurities in a magnetic sample, lattice dislocations,
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residual stress, etc. These are assumed not to modify the nature of the equilibrium
states with respect to the ones of the clean system. Qualitatively, the dynamics are
expected to be slower than in the pure cases since disorder pins the interfaces. In
general, based on an argument due to Larkin [50] (and in different form to Imry-
Ma [51]) one expects that in d < 4 the late epochs and large scale evolution is no
longer curvature driven but controlled by disorder. Indeed, within a phase space
view disorder generates metastable states that trap the system and thus slow down
the relaxation.

A hand-waving argument to estimate the growth law in dirty systems is the
following. Take a system in one equilibrium state with a domain of linear size R
of the opposite equilibrium state within it. This configuration could be the one of
an excited state with respect to the fully ordered one with absolute minimum free-
energy. Call AF(R) the free-energy barrier between the excited and equilibrium
states. The thermal activation argument (see Sect. 2.4) yields the activation time
scale for the decay of the excited state (i.e. erasing the domain wall)

tg~ 1 AP/ (kET) (3.40)

For a barrier growing as a power of R, AF(R) ~ Y(T,J)RY (where J represents
the disorder) one inverts (3.40) to find the linear size of the domains still existing
at time ¢, that is to say, the growth law

1/4
R(t) ~ (% In ;) . (3.41)

All smaller fluctuation would have disappeared at t while typically one would find
objects of this size. The exponent 1 is expected to depend on the dimensionality of
space but neither on temperature nor on disorder strength. In ‘normal’ systems it is
expected to be just d — 1 — the surface of the domain — but in spin-glass problems,
it might be smaller than d — 1 due to the presumed fractal nature of the walls. The
prefactor T is expected to be weakly temperature and disorder strength dependent.

One assumes that the same argument applies out of equilibrium to the recon-
formations of a portion of any domain wall or interface where R is the observation
scale.

However, already for the (relatively easy) random ferromagnet there is no con-
sensus about the actual growth law. In these problems there is a competition be-
tween the ‘pure’ part of the Hamiltonian, that tries to minimize the total (d — 1)
dimensional area of the domain wall, and the ‘impurity’ part that makes the wall
deviate from flatness and pass through the locations of lowest local energy (think of
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Jij = J +0J;; with J and 0J;; contributing to the pure and impurity parts of the
Hamiltonian, respectively). The activation argument in eq. (3.40) together with the
power-law growth of barriers in AF(R) ~ Y(T, J)RY imply a logarithmic growth of
R(t) [52]. Simulations, instead, suggest a power law with a temperature dependent
exponent. Whether the latter is a pre-asymptotic result and the trully asymptotic
one is hidden by the premature pinning of domain walls or it is a genuine behavior
invalidating AF(R) ~ Y(T,J)RY or even eq. (3.40) is still an open problem. See
the discussion below for a plausible explanation of the numerical data that does not
invalidate the theoretical expectations.

In the 3d RFIM the curvature-driven growth mechanism that leads to (3.33) is
impeded by the random field roughening of the domain walls. The dependence on
the parameters T" and h has been estimated. In the early stages of growth, one
expects the zero-field result to hold with a reduction in the amplitude R(t) ~ (A —
Bh?)t'/2. The time-window over which this law is observed numerically decreases
with increasing field strength. In the late time regime, where pinning is effective
Villain deduced a logarithmic growth [53] R(t) ~ (T/h*) Int/t, by estimating the
maximum barrier height encountered by the domain wall and using the Arrhenius
law to derive the associated time-scale.

In the case of spin-glasses, if the mean-field picture with a large number of
equilibrium states is realized in finite dimensional models, the dynamics would be
one in which all these states grow in competition. If, instead, the phenomenological
droplet model applies, there would be two types of domains growing and R(t) ~
(Int)/¥ with the exponent v satisfying 0 < 1 < d—1 [54]. Some refined arguments
that we will not discuss here indicate that the dimension of the bulk of these domains
should be compact but their surface should be rough with fractal dimension Dy >
d—1.

3.8.7 Temperature-dependent effective exponents

The fact that numerical simulations of dirty systems tend to indicate that the
growing length is a power law with a T-dependent exponent can be explained as due
to the effect of a T-dependent cross-over length Lr [55]. Indeed, if below Ly ~ T¢
the growth process is as in the clean limit while above Ly quenched disorder is felt
and the dynamics is thermally activated:

R(t)

{ tl/zd for R(t) < Lr , (3 42)

(Int)M/¥ for R(t)> Ly .

These growth-laws can be first inverted to get the time needed to grow a given
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length and then combined into a single expression that interpolates between the two
regimes:
t(R) ~ eB/I)" gea (3.43)
where the relevant T-dependent length-scale Ly has been introduced.
Now, by simply setting t(R) ~ R*™) one finds Z(T) ~ z4 + m (Rw(t)> that

Ly
replacing R ~ t*/%T) becomes Z(T) ~ zq+ 22 (%

Int
correction term and focusing on times such that ¢¥/¢/Int is almost constant and
equal to c one finds Z(T') — 24 ~ ¢ 24/ LY. Similarly, by equating t(R) ~ exp(R?™)/T)
one finds that 1(T") is a decreasing function of 7" approaching v at high T

). Using now Z(7") ~ z,4 in the

3.8.8 Logarithmic growth in clean systems

It is possible to slow down the growth of the characteristic length by introducing
competing interactions in the Hamiltonian. One such model is the 2d Ising model
with non-conserved order parameter dynamics and an additional antiferromagnetic
next nearest-neighbour interaction where the growing length is logarithmic [56]. An-
other possibility is to add frustration, as in the case of vertex models on a square
lattice with Monte Carlo single-spin flip dynamics: in coarsening in the ordered
phases is anisotropic with different growing lengths in the two perpendicular direc-
tions [57].

3.9 Discrete variables: kinetic Ising model

If one chooses to work with discrete variables, of Ising, occupation number, or
other kind but taking a finite number of values, analytic calculations can be pursued
(up to a certain point) by writing down a master equation for the probability
distribution to the configurations of the system at a given time knowing that the
system was at a given configuration at the initial time. The form of the master
equation, more precisely, of the transition probability factors in it, depends on the
type of microscopic dynamics (local conserved or not order parameter, etc.). If these
satisfy detailed balance, the dynamics eventually takes the system to its equilibrium
distribution and the asymptotic solution to the master equation is the equilibrium
probability distribution function. quite generally, the exact analysis of the master
equation is not possible for systems in dimension larger than one but it is for the Ising
chain with non-conserved order parameter dynamics [45] and to a certain extent in
the conserved ordered parameter case as well [47]. The mean-field approximation
can be applied in all cases and yields results that are summarized in [5].
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Write down the master equation for the evolution of the probability
distribution function of the configuration of an Ising model with nearest-neighbour

interactions, {s;}, with i = 1,..., N. Choose, for example, the transition probabili-
ties \
W({si} — {si}) = B {1 — tanh <§A(H — hM)>] (3.44)

where ) is a parameter that sets the time-scale, 5 = 1/(kgT) with T the temperature
of the bath, H the energy of the system, h an applied external magnetic field and M
the total magnetisation, and the variation A represents the difference between H —
hM evaluated at the final {s;} and the departing {s;} configurations. Check whether
the transition probabilities above satisfy detailed balance. Derive the evolution
equation for the thermal average of a single spin, (sx), in the sample by applying
the mean-field approximation. Determine its stationary solution and compare to
the equilibrium one under the same mean-field approximation. Derive a partial
differential equation on the continuous limit of the local spin thermal average that
takes the form of a time-dependent Ginzburg-Landau equation. Note that this
equation acts on a thermal average and as such cannot capture thermal fluctuations.
See [5] for details.

Repeat the analysis in the previous exercise for the locally conserved
order-parameter dynamics as realised by the Kawasaki exchange rule. Obtain the
Cahn-Hilliard equation [] for the time-dependent evolution of the local order param-
eter. See [5] for details.

3.10 Field Theoretical approach

3.10.1 Statics: the Ginzburg-Landau framework

Equilibrium collective behaviour at second order phase transitions are largely
independent of the microscopic details of the actual system and, as a consequence,
also of the particular model used to describe it. Such universality naturally char-
acterizes the physical behaviour close to a critical point, where the system undergoes
a continuous phase transition.

The onset of collective behaviour is revealed by the correlation length &, the typ-
ical distance over which the fluctuations of the microscopic variables are correlated.
Far away from a critical point &, is of the order of the range of the microscopic in-
teractions, whereas it diverges at the critical point. Accordingly, close enough to the
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transition point, &, becomes mesoscopic and provides the only relevant length-scale
of a critical system.

It is then possible to study the critical behaviour in terms of suitable mesoscopic
field-theoretical models, in a formal development of the Landau approach to phase
transitions. Indeed, as long as one is in mesoscopic length and time scales, an
effective Hamiltonian functional of the field, which reflects the internal symmetries
of the underlying microscopic system, can be used. Such Hamiltonian depends only
on the order parameter (the field) and on a few other slow modes, whose actual
nature is determined specifically by the system. For instance the order parameter
can be identified with the magnetization in magnetic materials close to the Curie
temperature, with the particle density in fluids etc.

By means of field-theoretical techniques it is possible to determine the non-
analytic behaviour observed in various thermodynamic quantities and structure fac-
tors upon approaching the critical point. Such non-analyticities, parameterized by
the standard critical exponents, some associated amplitude ratios and scaling func-
tions turn out to be universal quantities. The values of universal quantities and
scaling functions characterize the so-called universality class of the model.

3.10.2 Time-dependent Ginzburg-Landau description

Upon approaching a critical point the typical time scale of dynamics of the fluc-
tuations around the equilibrium state diverges as &2;” (critical slowing down), where
Zeq 1s the dynamic critical exponent. This provides the natural separation between
the relevant slow evolution due to the developing collective behaviour and the fast
one related to microscopic processes. This separation makes the mesoscopic descrip-
tion of the dynamics a particularly viable approach to the problem. Indeed it allows
one to compute systematically the non-analytic behaviours observed in dynamical
quantities, e.g., in the low-frequency limit of the dynamic structure factor. In turn
the associated universal quantities define the dynamic universality class. One
finds that each static universality class consists of several dynamic sub-universality
classes which differ, e.g., by different conserved quantities, but nonetheless exhibit
the same static universal properties.

The field theoretic approach can also be used away from the critical point to
characterise the dynamics in the sub-critical phase.

In order to treat phase-transitions and the coarsening process analytically it is
preferable to introduce a coarse-grained description in terms of a continuous coarse-
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grained field,
o(T,t) = > silt) (3.45)

1€Vz
the fluctuating magnetization density. In a first approximation a Landau-Ginzburg
free-energy functional is introduced

Flo) = [ s {5 (V0@ 0F + Vio(@.0} (3.46)

The elastic constant ¢ is usually re-absorbed with a series of re-definitions.
With the choice of the potential one distinguishes between a second order and a
first order phase transition. In the former case, the typical form is the ¢* form:

V(9) = ag" +b(g)9” . (3.47)

The first term in eq. (3.46) represents the energy cost to create a domain wall
or the elasticity of an interface. The second term depends on a parameter, g,
and changes sign from positive at ¢ > ¢. to negative at ¢ < g.. Above the
critical point determined by b(g.) = 0 it has a single minimum at ¢ = 0, at g.
it is flat at ¢ = 0 and below g¢. it has a double well structure with two min-
ima, ¢ = 4[—b(g)/(2a)]*? = (¢)e,(g), that correspond to the equilibrium states
in the ordered phase. Equation (3.46) is exact for a fully connected Ising model
where V' (¢) arises from the multiplicity of spin configurations that contribute to the
same ¢(Z) = m. The order-parameter dependent free-energy density reads f(m) =
—Jm?—hm+kgT{(14+m)/2In[(1+m)/2]+(1—m)/2In[(1—m)/2] that close to the
critical point where m ~ 0 becomes f(m) ~ (kgT — 2J)/2 m? — hm + kgT /12 m*
demonstrating the passage from a harmonic form at kgT > kg1, = 2J, to a quartic
well at T'=T,, and finally to a double-well structure at T' < T...

Prove the above.

With a six-order potential one can mimic the situation in the right panel of
Fig. 3.32. Tt suffices to take V(¢) = a + bg? + co* + d¢®. The sign of d, d > 0,
is fixed by the condition that the potential be confining at large values of |¢|. The
potential has a local minimum at ¢ = 0 for all b > 0. Next, we choose ¢ < 0 to allow
for the existence of two maxima and two minima at ¢ = %[(—c4+/c* — 3bd)/(3d)]'/2.

When discussing dynamics one should write down the stochastic evolution of
the individual spins and compute time-dependent averaged quantities as the ones
in (3.4). This is the procedure used in numerical simulations. Analytically it is
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more convenient to work with a field-theory and an evolution equation of Langevin-
type. This is the motivation for the introduction of continuous field equations that
regulate the time-evolution of the coarse-grained order parameter. Ideally these
equations should be derived from the spin stochastic dynamics but in practice they
are introduced phenomenologically. In the magnetic case as well as in many cases of
interest, the domain wall and interface dynamics can be argued to be over-damped
(ie. t>>t2).

Two very similar approaches are used. Assuming T is only relevant to de-
termine the equilibrium coarse-grained field one uses the phenomenological zero-
temperature time-dependent Ginzburg-Landau equation or model A in the
classification of Hohenberg-Halperin deterministic equation

9¢(Z,1) SF[g]

ot (T 1) (3.48)

(the friction coefficient has been absorbed in a redefinition of time). Initial conditions
are usually chosen to be random with short-range correlations

[¢(Z,0)p(2,0) J;e = Ad(Z — T) (3.49)

thus mimicking the high-temperature configuration ([...];. represent the average
over its probability distribution). The numeric solution to this equation with the
quartic potential and b < 0 shows that such a random initial condition evolves
into a field configuration with patches of ordered region in which the field takes
one of the two values [—b/(2a)]'/? separated by sharp walls. It ignores temperature
fluctuations within the domains meaning that the field is fully saturated within the
domains and, consequently, one has access to the aging part of the correlations only,
see e.g. eq. (3.23). The phase transition is controlled by the parameter b in the
potential.
Another, similar approach, is to add a thermal noise to the former
0p(Z, 1) OF ¢

5 = sy TE@Y (3.50)

This is the field-theoretical extension of the Langevin equation in which the potential
is replaced by the order-parameter-dependent functional free-energy in eq. (3.46)
with a potential form with fixed parameters (independent of T'). £ is a noise taken
to be Gaussian distributed with zero mean and correlations

(E@DEF 1)) = 2kpToU T — T)5(t — 1) . (3.51)
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The friction coefficient has been absorbed in a redefinition of time. For a quartic
potential a dynamic phase transition arises at a critical 7T,.; above T, the system
freely moves above the two minima and basically ignores the double well structure
while below T, this is important. Within the growing domains the field ¢ fluctuates
about its mean also given by [—b/(2a)]"/? and the fluctuations are determined by 7.
One can describe the rapid relaxation at times such that the domain walls do not
move with this approach.

These equations do not conserve the order parameter neither locally nor globally.
Extensions for cases in which it is conserved exist (model B). Cases with vectorial or
even tensorial order parameters can be treated similarly and are also of experimental
relevance, notably for vectorial magnets or liquid crystals.

3.10.3 Short-time dynamics

Take an initial configuration ¢(#,0) = 0 on average with small fluctuations, as
in equilibrium at very high temperature, and quench the system. At very short
time one can expand the non-linear potential and the Ginzburg-Landau equation
(3.48), for the Fourier components, ¢(k,t) = L= [ dlz ¢(Z, t)e"*¥ with k=
27/L (nq,...,nq) and ny integer, reads

Ao (K, 1)

e V(0)]p(k, t) + E(k,t) . (3.52)

If V”(0) > 0 all modes decay exponentially and no order develops. If V”(0) < 0
instead modes with —k% — V”(0) > 0 are unstable and grow exponentially until
a time t* ~ —1/V”(0) when the small ¢ expansion ceases to be justified. The
instability of the small wave-vector modes indicates that the system tends to order.
To go beyond this analysis one needs to consider the full non-linear equation.

3.10.4 The domain walls

Our analytical understanding of domain growth problems is based on the dy-
namics of the interface between spatial regions that ordered in one or another of the
equilibrium states.

The time-dependent Ginzburg-Landau model allows us to gain some insight on
the mechanism driving the domain growth and the direct computation of the aver-
aged domain length. In clean systems temperature does not play a very important
role in the domain-growth process, it just adds some thermal fluctuations within the
domains, as long as it is smaller than 7T,. In dirty cases instead temperature triggers
thermal activation.
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We focus first on clean cases at 1" = 0 and only later we discuss thermal effects.
Equation (3.48) for T = 0 is just a gradient descent in the energy landscape F'. Two
terms contribute to F: the bulk-energy term that is minimized by ¢ = ¢y and the
elastic energy (V¢)? which is minimized by flat walls if present. As a consequence
the minimization process implies that regions of constant field, ¢(Z,t) = +¢y, grow
and they get separated by flatter and flatter walls.

Take the time-dependent Ginzburg-Landau equation and look for a static solu-
tion that minimises the free-energy density. Clearly, this is given by ¢(Z,t) = £y
with ¢ the minima of the free-energy density.

But the time-dependent Ginzburg-Landau equation has another stationary so-
lution, a kink or flat interface,

KAf: K A\Z) = Oanh :l:Z—ZO 3.53
G1ca®) = xcalz) = Dot (@) (353)

with z some direction in space and zy, the centre of the kink being arbitrary. This
solution interpolates between ¢x(—00) = —¢g and ¢ (00) = ¢ for the kink and
pa(—00) = ¢o and ¢p4(00) = —¢q for the anti-kink. Both vary over a very small
region of space around its centre, where the kink passes through zero (see below),
and one identifies the kink width &g ~ V2 from this expression (the dimensional
parameters have to be recovered).

The profile of a flat domain wall

Take a flat domain wall separating regions where the configuration is the one
of the two equilibrium states, ¢(Z,t) = £¢o+Ip(Z,t). Linearizing eq. (3.48) around
+¢o and looking for static configurations, i.e. 0¢(Z,t) = do(Z) = dp(n) where n
is the distance from the wall along the normal direction one finds d?d¢(n)/dn? =
—V"(¢0)d¢(n). This equation has the solution d¢p(n) ~ e~ VV" (@) where n is the
perpendicular distance to the wall. The order parameter approaches ¢y on both
sides of the wall very rapidly. This means that the free-energy of a configuration
with an interface (sum of the elastic and potential terms) is concentrated in a very
narrow region close to it.

The excess free-energy a flat domain wall

The kink and anti-kink solutions have higher energy than the homogeneous one.
By expressing the explicit different between the free-energies of the two solutions
and using ¢% /2 — ¢%- /4 + 1/2 (dox /dz)? = cst = ¢3/2 — ¢3/4 that is obtained by
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0<0 | >0

Figure 3.44: Left: domain wall profile. Right: view from the top. (g is n.)

multiplying the equation differential equation for the kink by d¢y /dz and integrating
it over z with the boundary conditions ¢x(+00) = +¢ and lim, 1, = d¢y/dz = 0.
One computes the surface tension o as

CAF 1 [ (dog\® 1 ™ 2

—00 —00

with A the area perpendicular to the direction normal to the kink. We used adimen-
sional variables here. One generalises the above to AF = o [ dd at the late stages
of evolution when the domain walls are not completely flat.

3.10.5 Curvature driven dynamics in d > 2

Allen and Cahn showed that the local wall velocity is proportional to the local
curvature working with the Ginzburg-Landau equation at T' = 0. The proof goes as
follows. Take the Ginzburg-Landau equation and transform the derivatives to apply
in the direction normal to the wall that we call n in the direction of increasing ¢:

8(25(1_:7 t) 8¢(JZ_"7 t) on = (= _ a(b(fa t) N
a |, om |, otl,’ Vot = —5=| "
Po(a,t)| | 99(7,1)| =
2 = _ ) )
Vi@ 1) = on? |, + on |,

where the subscripts mean that the derivatives are taken at ¢, n or ¢ fixed. The GL
equation reads
9¢
on

on_
t(’?t_anz

99

VA= V(9). (3.55)

t t
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Assuming that for gently curving walls the wall profile is given by the condition

0%¢

oSl =V(0) (3.56)
(note that the derivative is taken at fixed t), one replaces it in the GL equation and
one finds the Allen-Cahn result

v=08mly=-V-n=—k (3.57)

valid in all d with s the geodesic curvature. v is the velocity of the wall in the
direction of increasing ¢. Therefore the local velocity points in the direction of the
local centre of curvature. The effect is to reduce the wall roughness by rendering
them smoother.

3.10.6 Consequences

Equation (3.57) allows one to get an intuition about the typical growth law in
such processes. Take a spherical wall in any dimension. The local curvature is
constant and k = (d — 1)/R where R is the radius of the sphere within the hull.
Equation (3.57) is recast as dR/dt = —(d —1)/R that implies R%(t) = R?(0) —2(d —
1)t.

A closer look at the 2d equation allows one to go beyond and prove, in this case,
that all areas enclosed by domain walls irrespective of their being other structures
within (the so-called hull-enclosed areas) tend to diminish at constant rate dA/dt =
—A\ [49]. This, of course, does not mean that all domains reduce their area since a
domain can gain area from the disappearance of an internal domain of the opposite
sign, for instance. The proof is simple and just uses the Gauss-Bonnet theorem:
= §FA dl = $vdl. The local wall-velocity, ¥, is proportional to the local
geodesic curvature, s, and the Gauss-Bonnet theorem implies ¢ kdl = 2r for a
planar 2d manifold with no holes. (This result cannot be extended to d > 2 since
the topological constraint involves the Gaussian curvature as well.) Therefore, the
hull-enclosed area decreases with constant velocity for any geometry.

3.10.7 The Porod tails

The correlation function in a system with linear length L and single kink mim-
icked by a step function is

L/2 2|{L‘|

C(z) = T /L/2 dy sgn(y)sgn(y +z) =1 — A (3.58)
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This function is non-analytic at * = 0. Extended to d dimensions, one needs to
average this results over the d — 1 perpendicular directions to the x one. One finds

2 T(d/2) r r
~] - — .
¢ VrD((d+1)/2L L (3:59)
and, in the Fourier domain,
A
_7d d

with Aq = 2¢¥179/2711(d/2). This is the Porod law, found using scattering of two-
phase systems [60]. See [5].

Find the expression for A, given above from Fourier transform of (3.59).

Another derivation of the short-distance behaviour of the space correlation goes

as follows [?]. The product of the field at two points & and ¥+ 7 with { < r < L is

-1 if there is wall in between or 1 otherwise. At long times the probability of finding

more than one wall is negligible. Then, C(r,t) ~ (—1)r/L+(1—r/L) = 1—2r/L, for

r < L, since r/ L is the probability for a rod of length r to cut a wall. This expression

is non-analytic at 7/L = 0. The structure factor scales as S(k,t) ~ L~'k~(+1 for
EL > 1.

3.10.8 Scaling functions for subcritical coarsening

Even though the qualitative behavior of the solution to eq. (3.48) is easy to
grasp, it is still too difficult to solve analytically and not much is known exactly on
the scaling functions. A number of approximations have been developed but none
of them is fully satisfactorily (see [4] for a critical review of this problem).

The super-universality hypothesis [4] states that in cases in which temper-
ature and quenched disorder are ‘irrelevant’ in the sense that they do not modify
the nature of the low-temperature phase (i.e. it remains ferromagnetic in the case
of ferromagnetic Ising models) the scaling functions are not modified. Only the
growing length changes from the, say, curvature driven t'/? law to a logarithmic
one. Numerical evidence for the validity of this hypothesis in a number of two and
three dimensional models including the RBIM and the RFIM was given in [67] but
more recent numerical studies [68] claim that it does not hold, at least for the latter
model. This issue is not settled.

3.10.9 Systems with several growth laws
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Some special cases in which dynamic scaling with respect to a single growth law
does not apply have also been exhibited. Their common feature is the existence
of two (or more) growing lengths associated to different ordering mechanisms. An
example is given by the one dimensional Heisenberg model with conserved order
parameter at 7" — 0 in which the two mechanisms are related to the vectorial
ordering within domains separated by couples of parallel spins that annihilate in a
way that is similar to domain-wall annihilation in the Ising chain [69].

3.11 The large N approximation

We would like to study, in full detail, the Langevin equation for the scalar field
¢ with Ginzburg-Landau free-energy

1= A
F= /ddx {§(v¢)2 — g¢2 + Zqﬁ‘* : (3.61)

As we will soon introduce a new vector and an another set of indices, let us recall
here that space has d dimensions, the vector position is & = (z1,...,24) and the
local contribution to the elastic term is proportional to

99 0¢ 99 0%

V. 2 — Vi . Yi — —_

(3.62)
We used the standard notation for the parameters g > 0 and A > 0 in the potential,
and we chose the signs to have the double-well structure. The potential part has
two minima at

g
Pr = " (3.63)
and it can be rewritten in a convenient way
A 2
V(o) = [(6* - &) - o] (3.64)

Without loss of generality we neglect the constant term —\¢g/4. We therefore work
with

V(p) = 2 (¢ - 62)” . (3.65)

A very useful approximation is to upgrade the scalar field to a vectorial one with
N components

—

O(T,t) = ¢(Z,t) = (¢1(7, 1), ..., N (T, 1)) (3.66)
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and modify the free-energy

F:/ddx B(%’) +Aﬁ(¢0 N2 | (3.67)

with ¢2 = SV 42 and ¢2 > 0 and finite. Note that the double-well structure of
the potential is assumed from the start. The factors N” and N ~! are added to ensure
that each contribution to the free-energy F' is of order N (note that ¢? is expected
to be order ). The elastic contribution has now a double scalar product structure,
in the N -dimensional space and in the d-dimensional space. More precisely,

= = = a¢a Qboa 8¢a Qba
2 _ . — ..
(V¢) N V¢a VQba (9 a{L‘l * "t on, 8{L‘d 8:Ed
(9@251 ¢1 aﬁb/\f ¢N 8¢1 ®1 Odn On
Oz O, + Ox, Or, Tt 0xy4 0xy tot Oxg Oxg (3.68)

This problem can be studied statically within the canonical formalism and a finite
critical temperature T..(d, ¢p) is found.

3.11.1 Statics

If the volume V is kept finite the system equilibrates in a finite time ., and the
order parameter probability distribution reaches the Gibbs state [70]

Pl6R)] = 5 e _QkBlTV > (K + €1)o(R) - o(—F) (3.69)
k

where &, is the correlation length

A -
62 = —9+ 1B @) (3.70)

with (- - )., standing for the average taken with (3.69). (In this expression we have
not distinguished one vector direction to signal the symmetry breaking [71] but we
considered the symmetric measure in which one sums over all such states.) Note
that this is a Gaussian measure.

In order to analyze the properties of P.,[¢(k)] it is necessary to extract from (3.70)
the dependence of f;f on T, ¢y and V. Evaluating the average, the above equation

yields
k T
=g+ § gy b (3.71)
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The solution of this equation is well known[115] and here we summarize the main
features, as presented in [70]. Separating the & = 0 term under the sum, for very
large volume we may rewrite

kT
€2 =—g+MpTB(E2) + 525 (3.72)
Ve,
where ,
Ak e Az
B = 1i = 3.73
(5eq VEI;O % Z k2 +£ / (2m)¢ k2 + 5;12 ( )

regularizing the integral by mtroducmg the high momentum cutoff A. The function
B(x) is a non negative monotonically decreasing function with the maximum value
atx =0

Ak e 3 ;2
B(0)= [ ———— = (4m) 2 ——A%?% . .74
0= [ G - n iy (3.74)

By graphical analysis one can easily show that (3.72) admits a finite solution for all
kgT. However, there exists the critical value of the temperature T, defined by

—g+ MepT.B(0) = 0 (3.75)

such that for T > T, the solution is independent of the volume, while for T' < T, it
depends on the volume. Using

d d x d x
B(z) = (4r) 2z2ten2T (1 — =, — :
() = (4m) 222 ( 2,A2> (3.76)
where T'(1 — —, 1z) is the incomplete gamma function, for 0 < % < 1 one finds

Eeqg ~ (%) , i.e. close but above T,, where v = 1/2 for d > 4 and v = 1/(d — 2)
in d < 4, with logarithrgic corrections for d = 4. At 7. one has &, ~ V> with
A=1/4ford > 4and A = 1/d for d < 4 again with logarithmic corrections in
d = 4. Finally, below T, one finds ¢2, = 2% where M? = ¢ (TT: T) and ¢2 = g/\.

Let us now see what are the 1mphcat10ns for the equilibrium state. As Eq. (3.69)

shows, the individual Fourier components are independent random variables, Gaus-
sianly distributed with zero average. The variance is given by

1 oo =~ o .
\Ok) - O(=R))eg = VS(R) (3.77)
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where T
S(k) = —2—— 3.78
B =t (375)
is the equilibrium structure factor. For T' > T,, all k modes behave in the same
way, with the variance growing linearly with the volume. For 7' < T, instead, 5;12

is negligible with respect to k% except at k= 0, yielding

S(k) = {

where ¢ is a constant. This produces a volume dependence in the variance of the
k = 0 mode growing faster than linear. Therefore, for 7" < T, the k = 0 mode
behaves differently from all the other modes with k # 0. For T' < T, the probability
distribution (3.69) takes the form

(1= 070) + cVPoz for T =T, ,

(1 — (5];:0) + M2V51270 for T < TC , (379)

T=TIS

P[d(B)] = e sibvre o B A0 (3.80)
Therefore, crossing T, there is a transition from the usual disordered high temper-
ature phase to a low temperature phase characterized by a macroscopic variance in
the distribution of the ¥ = 0 mode. The distinction between this phase and the
mixture of pure states, obtained below T, when A is kept finite can be discussed
but we will not discuss it here.

Although the effective Hamiltonian is ‘almost’ quadratic, the phase transition
in the form of a Bose-Einstein-like condensation on the k¥ = 0 mode is due to the
self-consistent constraint.

3.11.2 Dynamics

The (over-damped) Langevin equation then becomes
0o (T, t) = V2Pa(T,1) + ¢a(T,1) (05 — NT'9*(Z, )] + Ea(T, 1) , (3.81)

where the friction coefficient has been absorbed in a redefinition of time, the constant
A has been conveniently set to one, and the initial condition is taken from a Gaussian
distribution with zero-mean and correlations

[6a(7,0)05(",0)]ic = A (T — T)dap - (3.82)
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We take the noise to be delta correlated in space and time. It will turn out to
be convenient (to avoid short distance divergencies) to introduce a short-distance
cut-oft:

(a(@ )E4(T 1)) = 2kgTboge TN/ 51 — ¢/ | (3.83)
(Ealk, )E5(K 1)) = 2kpT (2m)00pe ™™/ S(k+ k) 6(t—t') . (3.84)

In the limit N — oo while keeping the dimension of real space fixed to d, the
factor that couples the different components in the cubic term in the right-hand-side
can be replaced by

N7 (@, t) = N7 ([0%(Z,1) |ie) = alt) (3.85)

since N ~1¢?(#,t) does not fluctuate, it is equal to its average over the initial con-
ditions and temperature, and it is therefore not expected to depend on the spatial
position if the initial conditions are chosen from a distribution that is statistically
translational invariant. For the scalar field theory the replacement (3.85) is just the
Hartree approximation. The dynamic equation is now linear in the field ¢, (Z, t)
that we rename ¢(7,t) (and it is now order 1):

0:p(Z,t) = [V* + a(t)]o(Z,1) + §(7,1) (3.86)
where the time-dependent harmonic constant
a(t) = [d5 — ([0°(@ )ic)] = [d5 — a(t)] (3.87)

has to be determined self-consistently. The factor 1/N disappeared since we are
now working with a single component of the N -vector 5

Consistently with the decoupling performed above, the dynamics is isotropic
in the N-dimensional space implying that all @ components have the same self-
correlation and that they are not correlated between themselves:

Cop(Z,t; 7, 1') = 0,5C (2, ;7' t') . (3.88)
Equation (3.86) can be Fourier transformed
Do, t) = [=1* + a(t))o(Fk, ) + £ (1) | (3.89)

and it takes now the form of almost independent oscillators under different time-
dependent harmonic potentials coupled only through the self-consistent condition on
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a(t). The stability properties of the oscillators depend on the sign of the prefactor
—k? + a(t) in the rhs. The solution is

t
o(k,t) = ¢(k,0) ekt [y dt' at) +/ At e~ K@=t + [y dt"a(t") f(k,t') (3.90)

0

and the equation on a(t) reads:

9 2ft dt'a(t') 27 d/2 t 2 d/2 ft dt"a(t")
t) = o5 — A e“Jo®? — —kgT | dt | —— v e 3.91
o) =i =a e () [ (575 ) -

where one used [¢*(Z,1)];c = [¢*(0,1)];c and a delta-correlated Gaussian distribution
of initial conditions with strength A. The self-consistency equation is not singular
at t = 0 since there is an underlying cut-off in the integration over k corresponding
to the inverse of the lattice spacing, this implies that times should be translated as
t — t+ 1/A? with A = 1/a the lattice spacing.

Without giving all the details of the calculation, eq. (3.91) can be solved at all
temperatures [70]. One finds that there exists a finite 7,(d), the same that is found
with the equilibrium analysis of the static free-energy, and

Upper-critical quench

a(t) - =&, <0 (3.92)

with &, the equilibrium correlation length, and the ‘mass’ (in field theoretical terms)

or the harmonic constant saturates to a finite value: —k* + a(t) = —k* — £2°.

Critical quench

The time-dependent contribution to the harmonic term vanishes asymptotically

alt) — —% with w=0 for d>4 and w=(d—4)/2 for d<4. (3.93)
The dynamics is trivial for d > 4 but there is critical coarsening in d < 4. 2., equals
2 in agreement with the result from the e expansion once evaluated at N' — oo. The
averaged field is

— —

(@(E, 1)) == ¢(k,0) e™F* =/ (3.94)

Zero-temperature sub-critical coarsening
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The zero-T equation admits a simple solution. In the long times limit in which
the system tends to decrease its elastic and potential energies [ $*(Z, t) ;. must con-
verge to ¢7 # 0 below criticality and this imposes 2 [J dt’ a(t') ~ ¢ In(t/ty) with
to=7/2 (A/¢2)?/? at large times, i.e.

d

a(t) ~ pm

and the time-dependent contribution to the spring constant vanishes asymptotically.

Knowing the long-time behavior of a(t) implies that each mode [¢(k,t)];. with
k # 0 vanishes exponentially both in critical and sub-critical quenches but the k=0
mode grows as t¥*. The growth of the k = 0 reflects the domain growth process
whereby all modulations tend to disappear and the configuration gets more and
more uniform as time passes. The averaged field is

for t >t (3.95)

(d(k, 1)) ~ ¢(k,0)e "t /4 (3.96)

We focus now on two interesting cases: quenches to T'= T, and 7' = 0 (in this
way the equilibrium relaxation is set to one in the correlation). We study the two
space and two time correlation.

C(Z,7';t,1) = [{(Z, )T, 1)) Jie (3.97)

This general correlation becomes the space-time one for ¢ = ¢’ and the two-time one
for ¥ = 7.

Crritical quench

The asymptotic behavior of the space-time correlation function is

= =1\ 2
(000 0D e = e 250) oxp | -] o)
for a quench to T.. We focus on d < 4. Note that ¢ is still present
In critical quenches the two-time dependent pre-factor is of the form expected
from dynamic scaling of C(r,t) or C(t,t') as discussed in egs. (3.17) and (3.18)
above.
The correlation decays to zero due to the prefactor that goes as t( and
vanishes in all d > 2. The aging curves have an envelope that approaches zero as a
power law. d = 2 is the lower critical dimension in this problem.

2—d)/2

Sub-critical quench
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The asymptotic behavior of the space-time correlation function after a quench
toT =01is

[&(Z,6)p(T, 1) )i = 0 {(tf—iﬁ)?} . exp [—M] , (3.99)

for ¢t > t’ for a quench to T' < T..

The expression above has to be complemented with an additive contribution
for quenches to finite temperature, 0 < 7' < T,. We are showing here the
ageing contribution only. This stationary term will go from 1 — ¢ to 0 for
t—t — oc.

For any finite and fixed (& — "), in the long times limit the exponential factor
approaches one and one obtains a function of ¢/t only.

Due to the exponential factor, for fixed but very large time ¢ and ¢’ the corre-
lation falls off to zero over a distance |¥ — @’| o v/t + ¢’. This means that, at
time ¢, the typical size of the equilibrated regions is R(t) o t1/2. This holds
for critical and sub-critical quenches as well and it is a peculiar property of
the large N O(N) model that has z., = zq4.

For fixed |# — 7’|, the correlation always falls to zero over a time separation
t —t" which is larger than t'. This means that the time it takes to the system
to decorrelate from its configuration at time t’ is of the order of t' itself,
tq ~ t'. The age of the system is the characteristic time-scale for the dynamical
evolution: the older is the system, the slower is its dynamics. After a time
of the order of the age of the system any point 7 will be swept by different
domain walls and the correlation will be lost.

For any finite and fixed (¥ —2"), in the long ¢’ and ¢ limit such that ¢/t — 1 the
time dependence disappears and the correlation between two points converges
to ¢3. This means that, typically, if one looks at a finite spatial region on a
finite time-scale this region will be in one of the two states +¢y, i.e. within a
domain.

Note that we have obtained the field and then computed correlations from the
time-dependent configuration. We have not needed to compute the linear response.
We will see later that in other more complex glassy systems one cannot follow this
simple route and one needs to know how the linear response behave. We refer to
the reviews in [118] for detailed accounts on the behavior of the linear response in
critical dynamics.
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3.12 The Ohta-Jasnow-Kawasaki approximation

An approximate analysis of the scalar stochastic field equation was given by
Ohta-Jasnow-Kawasaki [61]. In a few words, the approximation amounts to writing
the field as the sign (assumption of infinitely thin interfaces) of an auxiliary field that
satisfies a diffusion equation. Details on how it is implemented can be found in [?,
5]. As a consequence, the correlation functions are non-trivial. Two importance
successes of this approach are the fact that the correlation functions satisfy scaling
with a growing length ¢'/2 and that, better than the O(N) approximation, it has
the correct Porod tail in the structure factor though with a different pre factor
Aoyi # Aq with respect to the one mentioned above [62].

Oono and Puri showed that a finite thickness of the interfaces has a non-trivial
effect on the short-distance correlation function at finite time. The Porod law is
recovered only at ¢t — oo [63].

Another approximation scheme, in which the field is given by another non-linear
function of the auxiliary Gaussian field, was developed by Kawasaki, Yalabik and
Gunton [64], gives the same correlation functions. The morphology of the network
of defects (domain walls) given by this approximation is very different, though,
from the one obtained from the numerical integration of the actual time-dependent
Ginzburg-Landau equation.

In cases with vector order parameter and topological defects n < d, the Porod
law is shown to be modified to k= (4™ for p = kL. The KJG approximation has
been extended to systems with vector order parameter by Bray and Puri [65] and
Toyoki [66].

3.13 The 2d xy model

3.13.1 Statics

The classical xy, rotator or O(2) model is a special case of the O(N) model.
This model is quite special in d = 2. Although there is no exact solution, contrary
to the Ising case, several very convincing arguments and approximate calculations
allowed one to reach a good understanding of its static behaviour. The model has
a Kosterlitz-Thouless transition at Ti; that separates a disordered high-T" from a
critical low-T" phase, both of them with vanishing order parameter, m = 0.'® This

16N. D. Mermin and H. Wagner, Absence of Ferromagnetism or Antiferromagnetism in One- or
Two-Dimensional Isotropic Heisenberg Models, Phys. Rev. Lett. 17, 1133 - 1136 (1966).
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phase transition is not accompanied by symmetry breaking. Topological defects
proliferate in the disordered phase and they bind in pairs in the one with quasi long-
range order and correlation functions that decay algebraically. Physical realisations
are two-dimensional planar ferromagnets, superconducting films, Josephson-junction
arrays, especially tailored nematic liquid crystals and toy models for two-dimensional
turbulence. The 2d xy model is the paradigm in this class of topological phase
transitions.

For any translational invariant two-body interaction J;; = J(i — j) and a site-
dependent external field h;, the Hamiltonian is

H = =Y Jys 55— his (3.100)

i#j i
= — Z Jijcos(b; —6;) — Z hi cos(0; — 6,) (3.101)
ij i

The model is fully solvable in the spin-wave approximation in which the field is
supposed to vary smoothly in space and, hence, vortices are neglected. Indeed, at
low temperature one can assume that the spins vary little from site to site the cos
function can be expanded to second order and, in the absence of external fields, the
Hamiltonian becomes

H ~ —ZJZ-]- l1 - %(ei - @-)2} : (3.102)

In the continuum limit the two-component spin is parametrized as
§(Z) = cosO(Z) e, + sinf(Z) e, (3.103)

where the modulus |§(Z)| has been fixed to one at all space points ¥ and the angle
0 € (—m, 7] is measured between the local spin and a chosen fixed axis. Taking
now an homogeneous case, J;; = J for all 75 pairs, the functional Ginzburg-Landau
free-energy is proposed to be

'] 2 = —\\ 2
P / iz (V0(7)) (3.104)

where an irrelevant additive constant has been neglected. With the Fourier trans-

-,

form 6(Z) = (27)~2 [ dkeFO(K) one has

J [ &k,
F=3 / G FI0G) (3.105)
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and the modes are now manifestly decoupled. Within this approximation, there is
no spontaneous magnetisation at any temperature in d < 2 as one easily shows that

(5) = 0.

Within the same approximation, the spin-spin correlation function is 7

1

C(r) = {cos(6(r) — B(0))) = 5 (OO0 4

! (e~ 10000y _ =3((20%) (3 106)

where AfO(r) = 6(r) — 0(0). The angle displacement function in equilibrium is
(AO(r)?) = kgT/(Ja*>~%) I(r) with

Ak 1 — e*T
I(r) = / O (3.107)

where the integral over each k component runs from 7/L to 7/a with L the size of
the system and a a microscopic length scale (that can be associated to the lattice
spacing). I(r) behaves asymptotically, for r — oo, as

(= ) d>2
I(r) = QL In(r/L) d=2
r d=1
Therefore,
cT d>2
((A0(r))*) ~ ¢ “2Lin = d=2
kBT / (J a)r d=1
We see from these expressions that for d > 2 correlations persist, with C(r) ap-
proaching a constant asymptotically. For d = 1 the correlation decays to zero
exponentially. While d = 2 is a special case and
kpT/(2mJ) n(T)
O@r) = (9) ’ - (9> (3.108)
r r

a power-law decay typical of a critical point, though in this model this decay applies
to all temperatures, with a temperature dependent exponent n(7T"). Spin-waves are
non-local and extensive excitations.

The high-temperature series analysis of the partition function of the original XY
spin model shows that the correlation function decays exponentially in this limit,

17We used here (e%) = ¢{2*)/2 valid for a Gaussian variable, in this case z = £iA§(r).
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C(r) ~ e "/ with a correlation length &.,(T) o a/In(kgT/J) that tends to zero
only at T" — oo and diverges at T" — 0.

The different decays found at low and high 7" imply that there should be a phase
transition in between. When the effect of vortices is included this finite temperature
phase transition is found. Vortices cannot be eliminated by simple perturbations but
they annihilate when a vortex and an anti-vortex encounter. The correct treatment
of vortices by Kosterlitz and Thouless'® shows that the model has a phase transition
at kgTxr = mJ/2. The power-law scaling of correlation functions survives in the
low T phase with n(T") continuously varying from 0 at T'=0 to 1/4 at T' = Tk.

3.13.2 Dynamics

One assumes that the angle 6 is governed by an over-damped Langevin equation,
0:0(7,t) = V20(7,t) + £(T, 1) , (3.109)
where a white-noise scalar noise is proposed to act additively on the angle 6 and
the friction coefficient has been set to one. This equation can be readily solved in
Fourier space
t
0(k,t) =0(k,0)e " + / dt’ e ) gkt (3.110)
0
The noise-noise correlation is usually taken to be delta-correlated in space and time.

As for the large N field it is convenient to use a microscopic short-distance cut-off,
a, inherited from the lattice spacing that translates into a large k cut-off A and will
help regularise the behaviour of correlation functions at equal times:

(R, OER ) = (2m) 2kpT e ¥ /N5(k+K)s(t —t') . (3.111)

The angle 6(k,t) in Fourier space is a Gaussian variable with zero mean. Going
back to real space, §(Z,t) remains a Gaussian variable with zero mean.
The space-time spin correlation function is

C(r,t) = (5(Z,t) - 50, 1)) = (cos[0(F, ) — 6(0,1)]) = e~ 2{(20EN)?) (3.112)

The average in the exponential is

otz 0 = ([ [ 2 v o) - [ 2 o))

_ / % [ei"f'-f—1] / % [eiEl'f—l] OF, HOE 1)) (3.113)

183, M. Kosterlitz and D. J. Thouless, Ordering, metastability and phase transitions in 2 dimen-
sional systems J. Phys. C. - Solid State Physics 6, 1181 (1973).
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Uniform initial conditions.

For simplicity, let us take 6(&,0) = 0 for all . This implies H(E, 0) = 0. The
average above then becomes

d .= t 2 ’ 2
(AB(Z,1))?) = 2(2kgT) / d—kd [e“”” — 1} / dt’ e /AT 114)
@ 0

After some calculations one finds that the spin-spin correlation function takes the
scaling form predicted [72]:

v*/8 1y
C(r,t) ~ p2=d=n flr/R.(t)) with fly) = /0 %(1 —e ) (3.115)

and R.(t) ~ tY/? with 2., = 2.
The global correlation and linear response, C(t,t') = V! [ d?x (5(@,t) - §(Z, 1))
N — Y1 [ g2, S(EED)
andR(t,t)—V fd?” W
t—t' > A

h=

take the following scaling forms in the limit
0

Ct,t) ~ 1 P ( R (t) ) (3.116)

(t — ¢z =¢

R(t,t) ~ ! Pr (Rc(t)) (3.117)

47Tp(T> (t _ t’)1+77(T)/2

with ®¢ and ®x two scaling functions and R, (t) the growing correlation length (that
should not be confused with the linear response). The first remarkable property of
these functions is that they are both decomposed in the product of a function of
the time-difference ¢ — ¢’ and a function of the ratio A = R.(t')/R.(t), like in the
general critical coarsening case. When ¢t — ¢’ < [dIn R.(')/dt']7!, the argument of
the scaling functions gets close to one, A ~ 1, and the decay is stationary

Clt,t) ~ (t—t) D2 Rt ) ~ (t—t) 1T/2

and the fdr equals one. This limit defines a quasi-equilibrium regime. When the
time difference increases and A becomes larger than one the relaxation enters an
aging regime in which the decay of the correlation and response depends on the
waiting-time ¢’. The behavior in the aging regime depends on the initial conditions
as discussed below.
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The uniform initial condition contains no free vortices and none are generated by
thermal fluctuations at any T' < Ti;. The evolution is well captured by the simple
spin-wave approximation and after a simple calculation one finds

e (g(f/))) = {GLM]WW : R.(t) =t'/2. (3.118)

Beyond the crossover time ¢t — ¢ ~ ¢/, when C(2t',¢') ~ t"~"7)/2 and A becomes
smaller than one, the correlation and response decay to zero as power laws of the
waiting-time t’. There is no clear-cut separation of time-scales characterised by
the correlation reaching a constant value independently of the waiting-times but
only a t’' dependent pseudo-plateau where the behavior of the two-time correla-
tion changes. This is to be confronted to the behavior of ferromagnetic coarsening
systems quenched to the low-temperature phase for which the crossover occurs at
c@2tt) = mgq. Above this plateau, the relaxation corresponds to the equilibrium
fluctuations of short wave-length while below the plateau the decorrelation is due
to the domain-wall motion that manifests into a scaling in terms of A = ¢'/¢ only.
In the 2d xy case the order parameter vanishes and there is no plateau at any finite
value of C.

In the aging regime the fluctuation — dissipation ratio is larger than one. This a
priori surprising result can be understood when interpreted in terms of the effective
— temperature. The completely order configuration is the equilibrium state at zero
temperature. The evolution of this initial state at finite temperature can be thought
of as representing a sudden inverse quench of the system from 7'= 0 to T" > 0. If
the fdr is related to a remembrance of the temperature of the initial condition,
in this case this is lower than the working temperature 7" and thus, the effective
temperature also turns out to be lower than T

Random initial conditions.

When random initial conditions with only short-ranged spatial correlations are
considered, free vortices and antivortices are present initially. The relaxation occurs
via the annihilation of vortex-antivortex pairs and this coarsening process is much
slower than the relaxation of spin-waves. The simple Gaussian theory is no more
suited to describe this dynamics and a full analytic treatment is too hard to imple-
ment. With scaling and numeric analysis the dynamic correlation length has been
estimated to be [4]

R.(t) ~ (t/1In t)'/2 .
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The numerical simulations of Berthier, Holdsworth and Sellitto [73] have proven
that the two-time correlation and response are correctly described by the scaling
form (3.116) and (3.117) with this length scale and the full decay looks like the
one shown in the sketch above. The fdr is rather different from the one following
the evolution of a uniform initial condition. The non-equilibrium susceptibility is
now smaller than the equilibrium value, and in terms of the effective temperature
this means that the fluctuations of the wave-lengths longer than R.(t) occur at a
T.g > T and hence keep a memory of the initial temperature T" = co. The effective
temperature will be discussed later.

3.14 Annealing: crossover from critical to subcritical coars-
ening

There has been recent interest in understanding how a finite rate cooling affects
the defect density found right after the quench. A scaling form involving equilibrium
critical exponents was proposed by Zurek [74] following work by Kibble [75]. The
interest is triggered by the similarity with the problem of quantum quenches in
atomic gases, for instance. An interplay between critical coarsening (the dynamics
that occurs close in the critical region) that is usually ignored (!) and sub-critical
coarsening (once the critical region is left) is the mechanism determining the density
of defects right after the end of the cooling procedure.

The usual protocol is such that the control parameter is tuned linearly in time
with a convention such that at time zero the system crossed the critical point. In
this way, at negative times the system is in the disordered phase while at positive
times it enters the ordered one. In short,

T(t) =T, (1 _ i) , (3.119)
7Q
with 7 the annealing time.

We assume that, for positive time ¢, the dynamic growing length that, for infinite
rapid quenches, is a function of time and the control parameter, R(¢,T'), becomes,
for very slow quenches a function of time in the form R(¢,7°(t)). Then it is natural
to propose a new scaling behaviour for the growing length [76]

R(t,e(t)) ~ e(t) flte=(1)] e(t) = T(t) = Te|/T.

€eg(T (1)) f {ml (3.120)
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Figure 3.45: The number of interfaces after an annealing (quench at finite rate) as
defined in (3.119) through the critical point, measured at time ¢ = 7¢, i.e. at T = 0,
in a 2dIM.

with the limiting values

f(z) — ct r << —1 Equilibrium at high T’
xl/za r>1 Coarsening at low T

t is measured from the instant when the critical point is crossed and = € (—1,1) is
the critical region.

Dynamic scaling allows one to relate the growing length to the number of defects,
na(t, 7q) ~ R™%(t, 7o) and one finds

na(t, mq) = 7o e )/Fa gl ey —2a)) 2 (3.121)
that is to say a function of both ¢ and 7. In particular, for t ~ 75 one has
Nyt =~ 70, 70) = ng(t ~ 79, 7q)L* ~ Tél (3.122)

which is very different from the behaviour found assuming there is no more dy-
namics after the system falls out of equilibrium in the disordered phase (Ngkz =~
rov/Advzed) 750'31). In particular, Ny < Ngz.

A careful analysis of this problem can be found in [76] and the extension to the
Kosterlitz-Thouless transition [77].

3.15 Summary
In the table below we summarize the results describe above.
In short, critical and sub-critical coarsening occurs in models with conventional

second order phase transitions (or for systems with first order phase transitions
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9e 9 <9
Order param. 0 £0
t1/7:a  clean £1/2 sc. NCOP
3 1/3
Growing length | R.(t) ~ 1 t; —  2dxy R(t) ~ tt/ | sC COP
S L
?  disordered <1n % ) dis.
V= RPE (1) DY <d DY = d
S ~ RPZ(t) D3 <d—1 Di=d—1
C(r,t) p2dn (L Cat(r) + Cag [ ——
’ R.(1) 9\ R.(1)
RC t/ Rc tl
C(tt’) Rgfdfn(t_t/) g (R( )) Cst(t_t/>+cag ( ( ))

R.(t)

Table 1: This table summarizes the behavior of growing structures and correlation
functions in critical and sub-critical quenches. V and S are the volume and surface
of the equilibrium growing structures (FK clusters and geometric domains in critical
and sub-critical quenches respectively). D} and D7 are their fractal dimension. In-
teresting information is also contained in the behavior of the linear response function

but we will discuss it later.
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when one quenches well below the region of metastability). Close to the critical
point the dynamics is characterized by critical slowing down with the relaxation
time diverging as a power law of the distance to criticality. Growth of order is
characterized by a growing length that depends on time as a power law at criticality
and with a different power below the transition (in the absence of disorder). The
dynamic mechanisms are well understood but quantitative results are hard to obtain
since the equation to solve are highly non-linear and there is no small parameter to
expand around.

In structural glasses the slowing down is not of power law type so such a simple
coarsening description seems to be excluded for these systems.

For spin-glasses this modeling has been pushed by Bray, Moore, Fisher and
Huse. It is not clear whether it is correct as no clearcut experimental evidence for
the coarsening type of scaling has been presented yet.

3.16 Nucleation and growth

In a first-order phase transition the equilibrium state of the system changes
abruptly. Right at the transition the free-energies of the two states involved are
identical and the transition is driven by lowering the free-energy as the new phase
forms, see Fig. 3.32. The original phase remains meta-stable close to the transi-
tion. The nucleation of a sufficiently large bubble of the truly stable phase into the
metastable one needs to be thermally activated to trigger the growth process [3].
The rate of the process can be very low or very fast depending on the height of the
free-energy barrier between the two states and the ambient temperature.

Two types of nucleation are usually distinguished: homogeneous (occurring at
the bulk of the meta-stable phase) and heterogeneous (driven by impurities or at
the surface). The more intuitive examples of the former, on which we focus here,
are the condensation of liquid droplets from vapor and the crystallization of a solid
from the melt.

The classical theory of nucleation applies to cases in which the identification
of the nucleus is easy. It is based on a number of assumptions that we now list. First,
one associates a number of particles to the nucleus (although in some interesting
cases this is not possible and a different approach is needed). Second, one assumes
that there is no memory for the evolution of the number densities of clusters of
a given size in time (concretely, a Markov master equation is used). Third, one
assumes that clusters grow or shrink by attachment or loss of a single particle,
that is to say, coalescence and fission of clusters are neglected. Thus, the length-
scale over which the slow part of the dynamics takes place is the one of the critical
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droplet size, the first one to nucleate. Fourth, the transition rates satisfy detail
balance and are independent of the droplet form. They just depend on the free-
energy of the droplet with two terms: a contribution proportional to the droplet
volume and the chemical potential difference between the stable and the metastable
states, A f, and a contribution proportional to the bubble surface that is equal to the
surface area times the surface tension, o, that is assumed to be the one of coexisting
states in equilibrium - that is to say the energy of a flat domain wall induced by
twisted boundary conditions. Fifth, the bubble is taken to be spherical-like and thus
dependent of a single parameter, the radius. Thus

AF[R] =0 Q41 R™' — |Af] Q4 R? (3.123)

for d > 1. €y is the volume of the unit sphere in d dimensions. For small radii
the surface term dominates and it is preferable to make the droplet disappear. In
contrast, for large radii the bulk term dominates and the growth of the bubble is
favored by a decreasing free-energy. Thus the free-energy difference has a maximum
at

(d — 1) Qd_1 o
dQq |Af]
and the system has to thermally surmount the barrier AF* = AF[R*]. The Kramers

escape theory, see Sect. 2.4, implies that the nucleation rate or the average number
of nucleations per unit of volume and time is suppressed by the Arrhenius factor

R =

o o|Af| (3.124)

d—1)41 Q4 o

-1 — * : * (
ra=1," ~ePAF with AF* = 7 Qi1 Al
d

(3.125)

As expected, AF* increases with increasing o and/or |Af|~! and r~! vanishes for

T — 0 when thermal agitation is switched off. The implicit assumption is that the
time to create randomly the critical droplet is much longer than the time involved
in the subsequent growth. The relaxation of the entire system is thus expected
to be given by the inverse probability of escape from the metastable well. The
determination of the pre-factor [that is ignored in eq. (3.125)] is a hard task.

3.17 Elastic manifold dynamics

An interface is a frontier separating two regions of space with two phases. It
could be the border between water and oil in a liquid mixture, the border between
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regions with positive and negative magnetization in a magnet, the limit of a fluid
invading porous media, etc. The static and dynamic properties of interfaces have
many points in common with the ones of (sometimes directed) manifolds with d
internal dimensions embedded in NV + d dimensional spaces with NV the dimension of
the transverse space. In this way, one includes cases such as directed lines (d = 1)
that mimic vortex lines in N 4d = 3 dimensional high-T, superconductors, polymers
n (N 4 d = 2 or 3-dimensional) random media, etc. [16]

IR R
R kR
PEEEE AR

T T (**random bond™)
R R Ry

A e A e A T

,,,,,,,,,,,, T~ — — —  “tandom field"’

Figure 3.46: Left: an experimental view of a domain wall. Right: a sketch of a
domain wall in a 2d Ising magnet.

A slightly different situation is the one of growth phenomena, as for instance,
the burning front in a forrest, the advance of a crack in a rock, fluid invasion in
porous media, the growth of a surface on a substrate due to material deposition
combined (or not) with transverse diffusion of the material that reaches the surface,
or even the growth of bacterial colony. The surface is usually defined by a height field
h(Z,t) defined with respect to an origin level ‘zero’ on the d-dimensional substrate.
We will assume that A is a single-valued function of . N = 1 in the parametrization
described above.

As a physicist one would like to characterize the static and dynamic properties of
these interfaces and surfaces. The analysis os the static properties of domain walls
and interfaces corresponds, typically, to determining their equilibrium conforma-
tions (geometric properties, numbers, degeneracies, etc.) The study of the dynamic
properties of domain walls and interfaces includes the analysis of their relaxation to
equilibrium, response to external driving forces, creep motion and depinning tran-
sition.
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Domain growth and interface growth in the presence of quenched disorder is
sometimes considered to be a ‘baby’ spin-glass problem due to the presence of frus-
tration given by the competition between the elastic energy that tends to reduce the
deformations and quenched disorder that tends to distort the structure.

3.17.1 Scale invariance

In general, the morphology of an interface depends on the length scale of obser-
vation: the Alps look rough on Earth but they look smooth seen from the Moon.
However, a number of surfaces called self-similar do not depend on the scale of
observation; they are characterized by the absence of a characteristic scale. Such
scale-invariance is ubiquitous in nature, with the classical example of critical phe-
nomena, and it is characterized by the existence of power laws that characterize
many quantities over many orders of magnitude.

Figure 3.47: Schematic evolution of a pinned object on well separated time scales.
On scale t(¢1), the object reconforms by flipping a small portion of size ¢; from
one favourable configuration to another (a — b). On a much longer time scale
t(l) > t(¢y), the conformation on scale ¢y (dotted lines) has evolved (b — c).
The dynamics of the short wavelengths happens on a time scale such that long
wavelengths are effectively frozen.

3.17.2 Solid-on-solid models of surface growth

These models are discrete and microscopic; they represent a truly experimental
situation, such as atom deposition as in film growth by molecular beam epitaxy, and
they are also advantageous to do numerical simulations.

A substrate d dimensional surface of size L? is divided into cells that can be
occupied by columns of falling particles. Particles fall on this substrate and stick
to it according to different rules that define different models. The height of the
surface is a discrete variable h; where ¢ labels the cell on the substrate. In restricted
SOS models the height is also constrained to satisfy |h; — h;| < 1 with ¢ and j
nearest-neighboring cells on the substrate.
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Figure 3.48: Balistic deposition

Figure 3.49: Snow fall

In ballistic deposition particles are released from a randomly chosen position
above the surface, they follow a vertical trajectory, and they simply stick to the
nearest or next-nearest neighbor encountered, see Figs. 3.48 and 3.49.

In random deposition the particle falls vertically until reaching the top of its
column.

In random deposition with surface relazation, after reaching the top of its column
the particle further diffuses along the surface until it finds the position with the
lowest height.

3.17.3 Continuous models

Continuous models often describe the surfaces at larger length-scales. A coars-
ening process is employed in such a way that the surface can be described by a
continuous function.

The Edwards- Wilkinson model

The simplest model for the growth and rearrangement of a surface is due to
Edwards and Wilkinson who showed that the continuum limit of the process of
sedimentation of granular particles under gravity on an initial flat substrate and
their further diffusion on the surface leads to [78§]

On(Z, 1)

27 -
e vV h(Z,t) + £(Z,t) (3.1)
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where ¥ is a d-dimensional spatial vector denoting position on the substrate, t is
time and h is a scalar function taking real values and measuring the height with
respect to its average value. The last term is a thermal noise, typically chosen to
have a Gaussian probability distribution a zero average and correlations

(L@, )@, t)) =2T6(F —&)o(t —t') . (3.2)

Equation (3.3) is a stochastic field equation. The first term on the rhs of eqn (3.3)
penalizes rapid variations of the surface in space and v is then a measure of the
surface tension. The noise term describes the randomness in the deposition process.
Note that the Edwards-Wilkinson equation can in fact be seen as describing the
equilibrium fluctuations of an interface (for example liquid vapor), with the noise
term describing the thermal fluctuations. The stochastic equation (3.3) is linear and
can be easily solved using a Fourier transform of the space coordinate Z.

The Kardar-Parisi-Zhang model

More generally, one can expect that the deterministic ‘force’ acting on the surface
may depend on other kinds of local terms, such as H itself, 6h, and higher power
of this and V2h. Fortunately, the use of symmetries and conservation laws allows
one to reduce the number of allowed terms to just a few ones.

For example, one expects the dynamics to be translational invariant, meaning
that a symmetry breaking term such as ch, with ¢ a constant, or any other term
depending directly on h, is not allowed. The next term one can consider is one
proportional to the local slope. Now, by symmetry, one expects that positive and
negative slopes should lead to the same result. Thus, this term should appear
squared: [Vh(Z,t)]%. Indeed, the effect of this term has a simple geometric inter-
pretation sketched in Fig. 3.50. One can then assume that higher order derivatives
V"h are less relevant that the first two ones, n = 1,2, and neglect them all (one can
actually prove that they do not change the scaling properties at long times and large
length scales). This leads to the well-studied Kardar-Parisi-Zhang equation [79]

Oh(Z,t)
ot
that seems to describe most of the random growth problems encountered in nature.

The new term is proportional to the slope of the surface and pushes it to grow in
the directions of large slope (see Fig. 3.50).

— vV2h(Z,t) + A[VRh]> + £(Z,1) (3.3)

3.17.4 Dynamic scaling at work
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Figure 3.50: Sketch of the KPZ growth

For concreteness let us use the continuous notation. The following definitions
carry through to the discrete case with minor modifications.

A simple quantity that describes whether the surface is actually growing is the
averaged height

(h(E 1)) = % /0 '3 h(F,1) (3.4)

Here and in what follows the angular brackets represent a spatial average over the
substrate coordinates or else an average over thermal noise or random initial condi-
tions.

The kinetics of the surface is characterized by its width, defined as the mean-
squared displacement of the total height

W(L,t) = ((WZ,t) — (h(Z,1)))*)? . (3.5)

The surface is said to be rough when W (L,t) diverges with the system size L. In
rough surfaces the height is uncorrelated over long distances while in smooth ones
the height is correlated.
In the rough case, asymptotically W (L, t) has the Family-Vicsek scaling limit
given by [80]
W(L,t) = L*F(tL?) (3.6)

where the roughness exponent «, the dynamical exponent z and the scaling function
F are defined by the above equation in the large L limit. The scaling function F is
such that

/2 for short times
W(L,t) ~{ % for intermediate times (3.7)
L~ for very long times

The dynamic exponent describes the evolution of correlated regions with time; ini-
tially, different ‘sites’ on the substrate are not correlated but correlation develop over
time with correlated regions growing as R(t) ~ t'/*. In each correlated region the
width of the surface grows as the observation scale raised to the roughness exponent
a. R(t) is time-dependent correlation length. In the literature one finds the name
associated to a/z.
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The above definition leads to what can be called a “global” characterization of
the roughness of the interface, averaged over the whole surface. Another, more local,
characterization of the roughness of the surface, is defined as

W2(Z, & tt) = (W@, 1) — W@, ) = [F—Z|* F(t—t|F—7), (3.8

where we are now looking at the limit A~ < |Z—7"| < L. Often, the exponents and
the scaling function defined globally over the whole surface [as in eq. (3.6)] coincide
with their local counterpart, but this is not always the case. Note that in (3.8) one
measures at two different times ¢ and ¢

Scale invariance

The Family-Vicsek scaling is a manifestation of the scale invariance of the growth
process. Indeed, if one assumes that in the very long time limit ¢ — oo under the
rescaling of space

T — b, (3.9)

the field changes in such a way that
h(Z,t — 00) ~ b"*h(bZ,t — 00) (3.10)
one has
W2(L,t —o00) = L™ / dxh?(Z,t — co) ~ L™ / dxb™**h? (b, t — 00)
= b 2*W3(bL,t — o) . (3.11)

Now, taking b = L' in such a way that the last factor is just a numerical constant,
one has
W2(L,t — o0) ~ L** (3.12)

and the roughness exponent is related to the scale invariant properties of the sta-
tionary surface, see eq. (3.10). Note that one transforms differently the longitudinal
() and transverse (h) directions.

Moreover, the Family-Vicsek scaling means that the statistical properties of the
roughness are invariant under the changes

T —br, t— bt h — b%h . (3.13)

b is a dilation parameter.

Unwversality classes
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It has been proposed to use the exponents a and [ to classify growing surfaces
in universality classes. Although the microscopic processes leading to the interface
morphology can be very different, one finds that indeed they group in classes, deter-
mined by the symmetry properties of the continuous stochastic equations defining
different growth processes.. This is so since the asymptotic (long times, large scales)
morphologies depend only on mesoscopic aspects such as the diffusion process, the
random character of the process, the presence of non-linear terms, etc. Let us give
a few examples below.

A simple random deposition process is characterised by 0h = 7, which is the
random walk Langevin equation (h is here just a function of time). The roughness
W is here the mean square displacement of the walk and, consequently, § = 1/2
and « and z are not defined independently.

An Edwards-Wilkinson surface has

a=2-d)/2, f=(2-d)/4, z=a/f =2, d—dim EW (3.14)

(z = 2 shows the the diffusive character of the process in all dimensions) The EW
equation is invariant under

7T+ Az, t—t+ At
h — h+ Ah, r— -7, (3.15)
h— —h,

Note the similarity between this problem and the one of the fluctuations of the
global magnetization in the critical 2d XY model that we discussed in Sect. . Indeed,
the two problems are intimately connected since the dynamics of the 2d XY model
in the spin-wave approximation is given by eq. (3.3).

The d-dimensional KPZ surface has

a=1/2, B=1/3, =2=3/2, d=1,
a=038, B=024, z=158, d=2, (3.16)

note that z = /8. The KPZ exponents in generic d are known numerically. Note
that the KPZ suface does not evolve through normal diffusion z < 2). Moreover, the
height reversal invariance, h — —h, is not preserved by the KPZ equation, reflecting
the fact that growing surfaces in which atoms fall from above should not have this
symmetry.

At nonzero temperature an equilibrium domain wall in a pure system — as im-
posed, for example, by twisting boundary conditions — is rough for d < 3 because
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Figure 3.51: Family-Vicsek scaling.

of thermal fluctuations. In the presence of weak-disorder, RG arguments suggest
that disorder becomes relevant in d > 5/3. In a random ferromagnet in d = 2
one has a@ = 4/3 (through a connection with the continuum model and then the
KPZ-equation, see below), while in d > 2 a = 0.416(4 — d).

Recently, there has been growing interest in characterizing the complete dynamic
probability distribution Pr(W?,t) since it has been suggested that it might be used
to define universality classes for non-equilibrium steady states via the scaling func-
tion:

(V)1 Pu 0720 = @ (e — )

3.17.5 Non-equilibrium relaxation

The analysis of the out of equilibrium relaxation of a one-dimensional EW elastic
line with finite length L that from an initial condition in equilibrium at a temperature
Ty is, at time called ¢ = 0, instantaneously quenched to another temperature 7', can
be performed exactly [81]. The out of equilibrium dynamics in this, and other finite
dimensional elastic lines, appear as a dynamic crossover. There is an equilibration
time ¢, (L) such that for longer times the line attains equilibrium. For waiting times
that are shorter than t,.(L) one has to distinguish time delays that are closer than
t.(L) and show aging from those that go beyond this characteristic time and show
saturation.

3.17.6 Roughening transition

It is a transition between a smooth and a rough phase. It is usually accompanied
by a diverging correlation length in the d-dimensional substrate space. In the smooth
phase the surface is typically rough over this (finite) length-scale while it is smooth
at longer length-scales.

Transitions between phases with different roughness properties are also possi-
ble, especially when adding quenched disordered potential. One observes a high-
temperature phase where disorder is irrelevant and the roughness properties are
those of the clean limit — e.g. the EW thermal exponent appears — and a low-
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temperature phase where the surface is rougher and its roughness is characterized
by a disorder-controlled exponent that takes a large value than the thermal one.

3.18 Driven systems

In the Introduction we mentioned a number of systems of interest that are driven
out of equilibrium by external forces. There is a large variety of phenomenological
nonequilibrium phase transitions in nature, ranging from morphological transitions
of growing surfaces to traffic jams. The universality classes of nonequilibrium critical
phenomena are expected to be very diverse as they are governed by various symmetry
properties of the evolution dynamics. On the other hand, the experimental evidence
for universality of nonequilibrium phase transitions is still very poor, calling for
intensified experimental efforts.

Let us mention here one some examples and how it is modelled along the lines
described in this chapter.

Lattice gases [82, 83, 84, 85| are models of indistinguishable classical parti-
cles moving on a d dimensional hypercubic lattice. Hard-core constraints inhibit
the double occupancy of sites. The dynamics consists in particle exchange over
nearest-neighbor sites (Kawasaki rule). The total number of particles is therefore
conserved. Stochastic dynamics satisfying detailed balance at temperature T" ensure
the approach to equilibrium characterized by an anergy function that is the one of
the Ising model after the usual spin - occupancy change of variables.

A uniform force in space and time force can be added to drive the system if
periodic boundary conditions are used. Particle current wrapping around the system
is thus enforced by choosing this force, say E= Ez, to point along one of the axes
of the lattice. A non-equilibrium steady state establishes. A continuous phase
transition 7,(FE) has been found numerically, with 7.(F) an increasing function of
E that saturates at a finite value for £ — oco. The nature of the phase transition has
been, though, a much debated issue. The difficulty in characterising it resides in the
much peculiar behaviour of the space and time-delayed correlation functions, and
its anisotropic effects, on the numerical side. On the theoretical side, the problem
is that it has not been possible to derive the field theory in the vanishing lattice
size limit. Instead, it has been postulated in the form of a Langevin dynamics
for the order parameter that respects all the symmetries of the microscopic lattice
model, and several proposal exist in the market. Moreover, for such essentially non-
equilibrium critical phenomena the meaning of universality is still not clear and how
small changes in the theory may affect the ultimate behaviour remains to be better
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understood.

Particle hopping models and reaction-diffusion models under different external
forces are also very interesting in this respect. The dynamic properties of a reaction-
diffusion model on a lattice are fully specified by its master equation but these are
only rarely solvable. Progress in one dimensional cases has been achieved from the
formal mapping to quantum spin models, allowing exact methods of many-body
quantum mechanics such as the Bethe ansatz and free-fermion techniques to be
applied in nonequilibrium physics.

In the context of coarsening problems, such forces can be shearing ones, that
can, for instance, impose a given length in one direction and let the system coarsen
in the orthogonal one. Note that a shear is a force that does not derive from a
potential.

Another external effect of interest is the one induced by a gravitational force that
may act differently on different species in the problem provoking phase separation
in the vertical direction.

Intriguing coarsening effects, in the form of phase separation, also exist in other
areas of science. Ecology is one of them. Phase separation exists in models a la
Lotka-Volterra of different species in interaction in a given space. Interactions can
be of predator-prey type and the effect of the environment is taken into account
via some reaction rates. Sociology is another one where, for instance, models with
discrete variables taking three values (+,0), the so-called Blume-Capel model, is
used to mimic neighbour segregation in towns.

3.19 Phase separation

The phase diagram is shown in Fig. 3.52 and snapshots obtained after different
running times from a random initial conditions in Fig. 3.53. One should distinguish
between shallow quenches (just below the coexistence curve) and deep quenches
(far below the coexistence curve). For shallow quenches, in the region between
the coexistence and the spinodal lines the homogeneous system is metastable and
decomposes by the nucleation and growth of droplets. For deep quenches, into the
region below the spinodal lines, the homogeneous system spontaneously decomposes
into A-rich and B-rich regions, a process referred to as spinodal decomposition.
However, there is no sharp physical distinction between the nucleation and growth
and spinodal decomposition regions of the phase diagram.
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Figure 3.52: Phase diagram of a binary (AB) mixture. The system parameters are
the concentration of the A species (c4 = 1 — ¢g) and the temperature (7). The
point (¢4 = 0.5,7/T, = 1) corresponds to a second-order critical point. Above the
coexistence curve (solid line), the system is in a homogeneous or disordered state.
Below the coexistence curve, the system is in a segregated or phase-separated state,
characterized by A-rich and B-rich regions. The dashed lines denote spinodal curves.
The homogeneous system is metastable between the coexistence and spinodal curves
and unstable below the spinodal lines. From [5].

The Porod law and short-distance behaviour of correlation functions are the
same as in the case of non-conserved order parameter but the growth law, as already
stated, becomes ¢'/3. The conservation law constraints [ d%r C(r,t) = 0 or S(0,t) =
0 and the small wave vector behaviour of the structure factor as ~ p?.

The closure techniques a la OJK, KYG, etc. have not given good results under
the conservation of the order parameter condition though, surprisingly, they work
better for vector order parameter than for the scalar case.

3.20 Concluding remarks

From a mathematical point of view coarsening dynamics are gradient flow dy-
namics described (at zero temperature) with partial differential equations acting
on a field. Properties of the solutions to these equations have been analysed with
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Figure 3.53: Left: Evolution of a homogeneous binary (AB) mixture, which is
quenched below the coexistence curve at time ¢ = 0. Numerical solution to the field
equation with discretization mesh sizes were At = 0.01 and Ax = 1, and lattice size
N = 2562. The random initial condition consisted of small-amplitude fluctuations
about ¢ = 0, corresponding with a mixture with equal amounts of A and B (critical
composition). Regions with ¢ > 0 (A-rich) and ¢ < 0 (B-rich) are marked in black
and white, respectively. Right: Off-critical binary mixture. The initial condition

consisted of small-amplitude fluctuations about ¢ = 0.4, corresponding to a mixture
with 30% A and 70% B.

formal mathematical methods.
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4 Dynamic generating functional and symmetries

Until here we used the Langevin equation and, in white noise cases, the corre-
sponding Fokker-Planck equation to analyze stochastic processes. Yet, within the
study of Markov but also non-Markov stochastic processes there exists also the
possibility of approaching the problem via the path integral formulation of gener-
ating functionals [86]. The use of generating functionals is an elegant and powerful
method to derive generic properties of dynamical systems. A path-integral is handy
for computing moments, probability distribution functions, transition probabilities
and responses. It is also particularly well suited when it comes to perturbation
theory and renormalization group analysis, as one can easily set up a diagrammatic
expansion.

In this Section we introduce the classical path integral formalism for stochastic
processes governed by the Langevin equation [87, 88, 89, 90]. We limit ourselves
to one degree of freedom, the generalization to several degrees of freedom or fields
being immediate. We discuss some of the subtleties appearing in processes with
multiplicative white noise [90, 91, 92, 93]. The symmetry arguments follow closely
the discussion in [94].

4.1 The generating functional

In Sect. 2.4 we showed a proof of the (generally non-Markov) Langevin equation
based on the integration over a large ensemble of harmonic oscillators that act as a
bath with which the system is set in contact.

The thermal and/or initial condition averages of observables which are functions
of the solution to the Langevin equation can also be computed by using a dynamic
generating functional. As usual when one constructs a functional integral for a
generating functional (as in quantum mechanics) time should be discretized: ¢, =
to+ k(T —to)/N with k =0,...,N and N' — oo while (T — t) is kept finite. The
time-step is then € = (T — t9)/N and t; varies between ¢, and T.

The generating functional reads [87]

Zaln] = N! / De dP(ty) e o™ Lo Lico ST e t)E )T nt)ae(te)
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The Gaussian factor is proportional to P[] the functional probability measure of
the noise

P[g] _ N—l /Df e—ﬁ Z'ifc\/:o Z{iog(tk)ril(tk—tl)f(tl) (41)

with N=1 a factor that depends upon the kernel I' and kg7 and ensures normalization
[ D¢ Pl¢] = 1. The measure is DE = Hﬁfzo d&(tx). The inverse kernel I'™! is defined
within the interval [to, T]: S5V T(te — t)T 2 (t — t) = Gntr, = Okm. e(ty) is
the solution to the Langevin equation with initial condition xy = z(to), 2o = Z(to)
at the initial time ty. The factor dP(ty) is the measure of the initial condition,
dP(ty) = dxodig Plzg, Zo]. The integral symbol involves an integral over the initial
values as well.

The Langevin equation is a stochastic differential equation and one can give a
rigorous meaning to it by specifying a particular discretization scheme for the time
derivatives

w(t) = [p(tha) —x(te)] /e, (4.2)
B(t) = [o(thre) — 20(tie) +2(t)]/€ (4.3)

and the evaluation of the products of functions of the stochastic variable x and the
noise, &:

g(x) — g(T)E(tr) with T = az(tir1) + (1 — a)z(ty) - (4.4)

« is a real parameter, a € [0, 1]. a = 0 is called the It6 prescription and o = 1/2 the
Stratonovich one. As explained in Sec. the Stratonovich calculus is the one with
the usual rules (for instance, the chain rule is d;V' = 9,V &) while all other calculii
have unusual rules (the chain rule has to be modified). For this reason, analytic
calculations are more conveniently done with the Stratonovich prescription (while
[t6 is preferred for numerical simulations).

4.1.1 Additive generic noise

We focus here on the additive noise case, as the construction of a generating func-
tional for Langevin processes with multiplicative noise is slightly more involved [91]
and we will discuss it separately.

With an abuse of notation in which the continuum time limit is implicitly taken
without further details that will be given below, one has

Zan] = /D5 P[] dP(to) elio 4t n(®)ze(t')
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and the inverse is ftOT dt" T(t —t" T t" —t') = §(t — t'). In the following we adopt
the continuous time notation and we come back to the discrete one when necessary.

A very useful expression for Zy[n], usually called the Martin-Siggia-Rose gener-
ating functional (actually derived by Janssen [88]), is obtained by introducing the
identity

-
Eq[z(t)] = ma(t) + / dt' v(t =tz (t') + V'[z(t)] — (1) =0 (4.5)

to

valid at each time ¢, with the functional delta function (to be interpreted as the
product of ordinary delta functions on each discrete time)

detw‘ , (4.6)

1= [ Do b (Eale(0)] oS

with Dz = Hﬁle dx(t). The factor |det...| is the determinant of the operator
{md? + V"[x(t)]}0(t — ') + y(t — t')Dy and ensures that the integral equals one.'
As we will be interested in the forward (causal) solution to the Langevin equation
for each noise realization, one can forget the modulus in this expression as it only
involves a sign that will go into the normalization. The delta function can be
exponentiated with an auxiliary time-dependent variable Z(¢) (using the Fourier
representation of the d-function?). Di = [[o, d2(t).

The determinant can be exponentiated with time-dependent anticommunting
variables — opening the way to the use of super-symmetry [96, 92], a subject that we
will not touch in these notes. The expression of the Jacobian using these variables
is given in App. .

A formal manipulation of the Jacobian goes as follows. We distinguish the under-
damped dynamics (m # 0) from the over-damped limit (no inertia), and the white
from the colored thermal noises.

Over-damped dynamics with white noise
In this case

SEqz(t)]  d SV [x(t)] :< d

se@ = a0 T 70£+v"[x(t)]) St—t).  (47)

9Tts origin is in the change of variables. In the same way as in the one dimensional integral,
[dz S[g(z)] = [dz1/]g'[g7 (2)]] 6(2) = 1/]g'[g7(0)]], to get 1 as a result one includes the inverse
of the Jacobian within the integral: [ dz d[g(z)] |¢'(z)] = 1.

206(x) = (2m) =t [ dk ke

159



The idea is to factorize this operator as product of two in such as way that
Ot t) = / dt" O1(t, t")Os(t", ') (4.8)
det O(t,t') = det Oy(¢,t") det Ox(t", t) (4.9)

For the operator in (4.7) the factorization is

52‘;{5/(;)] /dt// o0 (t — t”)% [5(75” . tl) + 7616<t// . t’)V”[x(t’)]] (4.10)
therefore
J = det % = det [%5(75 - t’%} det [6(t — ') + 751 0(t — )V 2 ()] -

The second factor is of the form det(1+ B) = expTrin(1+B) =expTr) ~ B" =
expTrB as TrB" = 0 for all n > 2 (since [ dt’ 6(t —¢")0(¢' —t) = 0). Then

-
J = det {70(5(25 — t’)%] eXp{’yOl@(O)/t dt'" V"x(t)]} . (4.11)

The first factor is just an (infinite) irrelevant constant. There is some ambiguity in
the second factor, linked to the value of the theta-function at zero, say 6(0) = .
One can show that this is related to the discrete meaning given to the product of
functions of the stochastic variable x and the noise, Eq. (4.4). It can also be related
to the choice of operator-ordering in an equivalent ‘quantum-mechanical’ formalism
that one can use to express the equivalent Fokker-Planck equation [90].

Under-damped dynamics with white noise
A similar expansion of the Jacobian leads to
oV (t)]
dz(t')

with G (¢t — ') the retarded Green function of the operator (md? +v,0;)d(t —t') that
is given by

J = det [(md} +700,)0(t —t')] det |6(t —t') + G(t — 1) (4.12)

Gt —t') =45 t[1 — e 0 Mgt — ¢y (4.13)

The same expansion of the second factor as above yields now no contribution, as
G(0) = 0 (because of m # 0). Therefore,

J = det[(md? + 700,)6(t — )] (4.14)

160



and is independent of x.
Coloured noise

In this case one cannot give a simple expression for the Jacobian as done in the
white noise limit. See the Appendices for a representation using Grassman variables.

Accordingly, Z, reads

Z4[n,n] /Dﬂ)aﬂ)gﬁ dP(ty) P[¢] en T

s ¢ g 4B [mEW)+ [ de” (¢ =)+ ()] =€)
el d () (t)+A()i(t)]

where we have introduced a new source 7)(t), coupled to the auxiliary field iz(t).
Note that the sign in the exponential in the second line is irrelevant since one can
change & — —iZ at no cost. The integration over the noise £(t) is Gaussian and it
can be readily done; it yields

kBT T T
exp{T / dt’ / dt" iz ()Tt —t") ijy(t”)} (4.15)
to to

and, for a coloured bath, the environment generates a retarded interaction in
the effective action. In the usual white noise case, I'(t —t') = 2700(¢t — t’), this term
reduces to, kT ft;r dt' [iz(t")]?, a local expression. In the end, the generating func-
tion and resulting Martin-Siggia-Rose-Janssen-deDominicis (MSRJD) action
reads

Zaln, 0] = / DaDi dP(ty) el
Sz, iz, n,n) = — /dt’ iz (t') {mi(t') + /dt" vt —t"z(t") + V'[x(t’)]}
kT / W on (gl / AN
t— dt’ [ dt"iz(t"I(t" —t")iz(t") + In J + sources . (4.16)
All integrals run over [ty, T]. Causality in the integral over ¢” in the second line is
ensured by the fact that v is proportional to 6.
The MSRJD action has two kinds of contributions: the ones that depend on the

characteristics of the bath (through I') and the ones that do not. The latter also exist
in a functional representation of Newton dynamics and we call them Sget + Sjac (for
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deterministic and Jacobian) while the former contain all information about thermal
fluctuations and dissipation and we call it Sgiss (for dissipation):

S[malianazﬁ] = SdiSS['zaii';F] + Sdet[l',iii',ﬁ,iﬁ] + Sjac[x] : (417)

If the distribution of the initial condition were to be included in the action as an
additional term, In P.[xg, iZ¢], it would be part of Sget.

Interestingly enough, the dynamic generating functional at zero sources
is identical to one for any model:

Zaln=0,7=0=1 (4.18)

as can be concluded from its very first definition. In particular, it does not depend
on the coupling constants of the chosen model. This property will be utilised in
disordered systems to render the dynamic calculations relatively easier than the
static ones.

One can extract from the construction above the probability distribution of the
stochastic variable x

Plz] o / Di P(xg, d) e (4.19)
where S[z,iz] = S[z,iz, 0, 0].

4.1.2 Multiplicative white noise

We start from the Langevin equation

dyx(t) = f(x) + g(x)€(1) (4.20)

with multiplicative white noise, ({(t)) = 0 and ({(¢)¢(t')) = 2Do(t — t'). Using
the Fokker-Planck formalism we have proven that this equation takes to the Gibbs-
Boltzmann measure independently of o and g(x) if the force is chosen as

fz) = —g*()V'(z) + 2D (1 - @) g(z)g'(z)|. (4.21)

In the construction below we keep the force f generic.
The probability distribution for a given trajectory of x ruled by Eq. (4.20) is

Pla] oc (|71 6 (Eqlz, £]) ) o< (|T] /Di’ e J il (4.22)
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where we introduced the auxiliary field iz to exponentiate the -function, and the
Jacobian J is given by

7 = det {—5Eq?§2,’>§(t)q . (4.23)
where
Eq[z(t),£(t)] = dix — f(x) — g(2)&(t) =0, (4.24)

and we made explicit the dependence on the noise £ since this will be important.
The explicit calculation of the operator yields

J =det [did(t —t) + Az, £)d(t —t')] (4.25)

with A(x,&) = —f'(x) — ¢ (2)&(t), f'(x) = df(x) and ¢'(x) = d.g(x). Note that
if g(x) # ct the noise appears explicitly in the functional under det;,. After some
simple algebra, J can be factorized as

J = det [did(t — ¢)] det [5(t — ¥') + 0t — ) A(,€)] . (4.26)

and the first factor can be discarded in the normalization. We can now re-write the
second factor with the help of the identity det(1 + C¢) = exp Trin(1 + C¢) with the
causal function Ce¢(z,t,t') = 0(t—1t')A(x, ), where we highlighted the dependence of
C¢ on the noise by adding a subscript £ to C. The In(1+ C¢) can now be expanded
in Taylor series. In the additive noise case C¢ is independent of the noise and its
causal structure truncates the series at first order in C'. However, in this explicitly
noise dependent case one needs to be careful and also keep the quadratic order [95]:

7 o exp Ty [G(t YA€) — %C’g(az,t,t’)}
~ exp / dt [O(O)A(x,g) - %Cg(a:,t,t)] (4.27)

where CZ(x,t, ') = [dt” O(t —t")A(x(t),£(t)) 0(t" — t')A(x(t"),£(t")). Using now

0(0) = o, and simplifying notations such as & = dyz, ¢'(z(t)) = ¢, CZ(x,t,t') = C¢

and [dt = [, Plz] reads (where again we lift the modulus)

Plz] / DEDi ) Awt) =3 Try CF = [idli—f—ot]—3p [ € (4.28)
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Before performing the integration over ¢ that involves
/Df o~ 10 J €[ (—itgtag)E—5Tr,,CZ : (4.29)

we translate the noise by a function of the variables x and iz, £ — £—2D (—izg + ag’),
in the functional integral. [Notice that £ € R but iz € iR. In principle we can re-
store the original integration domain using the analyticity of the exponential that
is zero on the boundary thanks to the term —(4D)~! [ ¢2.] The functional integral
in (4.29) transforms into a new path integral

D [(-itgtag")? / De o 0 €T iagra) (4.30)

Keeping the terms in 052 that are quadratic in the noise and yield a

—2D(—itg+ag’)
d(t—1') contribution within the Tr;y under the noise average, and using the notation

(...)= [Dlg] e P J€ . one has
—3Tr, C? —3(Tr,, C2?

572D(7i§;g+ag’)> —e E*ZD(*iai'g+ag/)>

— o3 JAtOE—t)0(t' ~t)g (z(1))g' (z(t)(EMEW)) _ o—Da® [g*

(e

Altogether we obtain
Plx] /Dﬁv eSlwidl (4.31)
with the action [90, 91]
Sz, iz] = / [D (—idg + ag)’ — af —id(i — f) — Dazglz] +In P,
= / [—it(i — f 4+ 2Dag'g) + D(i2)*¢* — af'] + n B . (4.32)

where we used the short-hand notation [ for the time integrals to make the expres-
sions shorter.
After replacing f by —g*V’' + 2D(1 — a)gg’, the action reads

Slz, i) = / {—izli + ¢°V' — 2D(1 — 2a)gg'] + D(it)*g”

—ad,[—¢°V' +2D(1 — a)gg']} +In P, . (4.33)
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Let us rewrite the action as
S|z, i2] = Sqet|x, i2] + Saiss|T, iZ] + Sjac|] (4.34)
with
Saet|x,i2] = /—iigf‘/y +1n P,
Suiwelr,id] = / iy (dyre — 2D(1 — 20)gugl) + D(idy)2g?]

Siaclz] = —a/@x[—gfw +2D(1 — a)g14,] (4.35)

4.2 Generic correlation and response.

The mean value at time ¢ of a generic observable A is
(A(t)) = / DxDi dP(ty) Alz(t)] eS| (4.36)

where S[z,iz] is a short-hand notation for S[z,iz,n = 0,7 = 0]. The average
we compute in this way is the average over thermal histories (noise and initial
conditions) but we use the probability weight give by ¢ to do the calculation. The
self-correlation of x is given by

o 1 522d[7]7ﬁ] o 5ZZd[7777ﬂ

= - . = v (4.37)
Za[n, M) on(t)on(t)|,—4m0  ON(E)ON() ], —50

We insist upon the fact that no normalization is needed in the last member as

the zero-source generating functional is identical to one. Similarly, we define the
two-time correlation between two generic observables A and B,

C(t, 1) = (z(t)z(t"))

Cap(t,t) = / DaDi dP(ty) Alx(t)|Bl(t))] %8 = (A[lx(t)] Bla(t)])  (4.38)

The simplest linear response is defined and given by

Riet) = S ) e = (s
1 52Zd[7]77ﬂ . 62Zd[777ﬁ]

(4.39)

 Zaln.a) n(t)ont)|,_mo  O®)INE) |5
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with A(t') a small field applied at time ¢’ that modifies the potential energy according
toV — V — h(t)x(t'). The iz auxiliary function is sometimes called the response
field since it allows one to compute the linear response by taking its correlations
with x.

The linear response of A at time ¢ to an infinitesimal perturbation linearly applied
to B at time t’ < t,

§(A[z(D)]) 15
Sfp(t)

with V(z) — V(z) — fgB(z). The function B(z) depends only on x (or on an even
number of time derivatives, that is to say, it is even with respect to t — —t). By
plugging eq. (4.36) in this definition we get the classical Kubo formula for generic
observables:

RAB(t,t/) = , (440)

fB=0

0S|z, iz, .
Ras(t,t) = (Al(0] I8 i) BE@) (@)
ofp (t ) fB=0
with B'[z(t')] = 0, B[z(t')]. This relation is also causal and hence proportional to
O(t — t'); it is valid in and out of equilibrium. For Blx| = x it reduces to the

correlation between x and iz.
For a multiplicative noise process the linear response is also defined as

R(t, 1) = 5&((?;’1 - @(t)% ) (4.42)
where the action has been modified as
Shlz, i) = Sz, i4] — / [—idg2h + adu(gPhy)] (4.43)
and, as the perturbing field is independent of x,
Splw,iz] = Slx,i2] — / he [—idg; + 2ag19;] - (4.44)
With this, we find that the linear response is given by
R(t, V) = —(w[~itv g + 2a90g,]) (4.45)

where the average has to be taken with the functional integral and the measure
given by the unperturbed action.
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If the system has quenched random exchanges or any kind of disorder, one
may be interested in calculating the averaged correlations and responses over differ-
ent realizations of disorder. Surprisingly, this average is very easy to perform in a
dynamic calculation [89]. The normalization factors 1/Z4[n, 7] in (4.37) and (4.39)
have to be evaluated at zero external sources in which they are trivially independent
of the random interactions. Hence, it is sufficient to average Z4[n, 7] over disorder
and then take variations with respect to the sources to derive the thermal and disor-
der averaged two-point functions. This property contrasts with an equilibrium cal-
culation where the expectation values are given by [(4)] = [1/Z ). Aexp(—FH)],
with [-] denoting the disorder average. In this case, the partition function Z depends
explicitly on the random exchanges and one has to introduce replicas [117] to deal
with the normalization factor and do the averaging.

Having assumed the initial equilibration of the environment ensures that a nor-
mal system will eventually equilibrate with it. The interaction with the bath allows
the system to dissipate its energy and to relax until thermalization is reached. How-
ever, in some interesting cases, as the dyamics across phase transitions and glassy
models, the time needed to equilibrate is a fast growing function of N, the number
of dynamic degrees of freedom. Thus, the evolution of the system in the thermo-
dynamic limit occurs out of equilibrium. In real systems, a similar situation occurs
when the equilibration time crosses over the observation time and falls out of the
experimental time-window.

A final interesting remark on the relevance of quenched disorder is the following.
When a system with quenched disorder evolves out of equilibrium at finite tem-
perature, the correlation function and the response function do not depend on the
realization of disorder if the size of the system is large enough (the realization of dis-
order has to be a typical one). These quantities are self-averaging. This statement
is easily checked in a simulation. When times get sufficiently long as to start seeing
the approach to equilibrium, dependencies on the realizations of disorder appear.

4.2.1 The linear response as a variable-noise correlation

Additive noise

The correlation between x(

t) and a generic colored noise can be obtained from
the variation with respect to A(¢

,t') of the generating functional once the source

/dt/ldt/// )\(t//,t///) I(t/l)g(t//l> (446)
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has been added. Integrating first over the noise and keeping only the linear terms
in A in the effective action since all others will vanish when setting A = 0

kT
Linear terms = g dtydtadtsdty [Nty o)z (t)D (t, t3)id (t4)6(ts — t3)

+12(t1)0(t — t2)L (L2, t3)A(ta, t3)z(t4)] - (4.47)

The variation with respect to A(¢,t') yields (kgT)/2 [ dt" [T(¢',t") + (", ¢)]
(x(t)iz(t")) and the searched result

kT / 4t T 4 (2 (0)ia (")) = kT / 4t T VR = (2(DEWX))  (4.48)

or, equivalently,

R(t,t") = (kgT)™' [ dt” D7t ") (x(t")ER)) (4.49)

In the white noise limit this relation becomes 2kpTo(x(t)iz(t')) = 2kgTyR(t,t') =

(w(@)e) >

4.3 Onsager-Machlup

The probability density in the space of paths is obtained by integrating away the
auxiliary function iz (t), a calculation that can be carried out since the functional
integral is Gaussian. In the additive white noise case the Onsager-Machlup action
reads (79 = 1)

1
Som = In P + /{—m (miy + Yo + V'(2)) + ocV”[:z:t]} : (4.50)
t

In the additive colored noise

1 . . _

X (mit/ + / 'yt’t”’ftt”’ + V”(l’y)) } + lllj . (451)
t///

21This result can be easily checked in the random walk case. The calculation of R from its
definition as the variation of (z(t)) with respect to h(t') yields R(t,t') = 5 '0(t — ') while the
correlation between position and noise is (z(t)¢()) = 2kpTO(t — ).
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In the multiplicative white noise case

1 1
=InP - —— Sy - 2D N2 —af' 't 4.52
Som = In 4kBT/t{g,?(xt fi+2Dogigi)’) aft} 52

4.4 Fluctuations

The stochastic nature of the dynamics is responsible for fluctuations of the field
(here z;) and more generally of all the possible physical observables that depend
on this field [i.e., any A(x)]. Amongst the few universal results that apply to these
dynamics, there is a class of exact relations between the path probabilities that are
very precious since they lead to strong relations between observables. In a functional
formalism, these relations can be proven by 1) making use of physical symmetries
or broken symmetries of the system or its dynamics, 2) exploiting the invariance of
the generating functional under a dummy linear change of integration variables. In
this Subsection, we shall discuss these relations in the context of stochastic Markov
processes with multiplicative white noise as defined in Eq. (2.215).

4.4.1 Relation between path probabilities

Let us consider the cases in which the force f depends on a set of externally
controlled, possibly time-dependent, parameters )\;. The stochastic process is char-
acterised by the path integral that expresses the joint probability distribution,
Plz,iz; a, A], of the time series {x;, i#;} of the physical and the auxiliary fields,
in the a-prescription, and under the set of parameters \;. Following Crooks [109],
we ask how does P[z,i%; a, A] compare to the probability distribution of the trans-
formed time-dependent variables {7z, Ti%;} in another discretisation prescription,
@, and, possibly, under a transformed set of parameters, ;. By choosing adequately
the transformation rules 7z, TiZ, @ and A we will obtain relations of the type

P[T[L’, Tl:i‘? Q, X] o eAS[az,i:i;oc,)\]

4.
Plz,iz; o, Al (4.53)

We have distinguished the notation for the transformation of the dynamical fields,
Tx, Tit, from the changes in the discretisation parameter, @, and the external time-
dependent parameter, A;.
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The relation (4.53) implies, for the average of a generic function A of the physical
and auxiliary fields (but, for simplicity, not of their time-derivatives)

/ Dle, i) Alw,id] Ple, iz @, N
_ / DT, T4 ATe, Tid] P[Tx, Tit;a, N
_ / DITx, T ATz, Tid] Pla, it , N ed5eioedl  (454)

Moreover, if the measure over the transformed fields can be related to the one over
the original ones with a unit Jacobian, and if the domain of integration at each time
slice, here the real axis, is unchanged or can be taken back to the real axis, then the
relation above becomes

/D[x,:f:] Alz, 4] Pla, id: @, N
_ / Dle, ] A[Tx, Tid] 25Ei#0N ply iz o ). (4.55)

Writing A[T z, Tiz] as a new function of the original fields « and iz, say B[z,iz] =
A[Tx,Tiz], one has a generic relation between averages of different functions:

/ Dle, #] Alr,i4] Pla, i @, N
_ / Dlz, 4] Blz, it] 25540 Py i3:q A | (4.56)

With different choices of the function A, and their associated B, one can derive
various relation. In particular, choosing A = 1,

1 — <eAS[$,ii‘;a,)\}> . (457)

We will identify the transformation 7., associated with the time-reversal invari-
ance of equilibrium dynamics, that leaves the probability density invariant (AS = 0)
whenever the system is subject to equilibrium conditions, meaning initial conditions
drawn from the Gibbs-Boltzmann distribution Pgg o e~"/? and dynamics given
by the Langevin equation Eq. (2.215), with a drift force deriving from the same
potential V', and in contact with a thermal bath at the same temperature such that
kgT = D. We later use this invariance to derive generic properties of equilibrium
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dynamics, such as the fluctuation-dissipation theorem. Out of equilibrium, AS # 0,
and we will derive various fluctuation relations that have been extensively studied
in recent years [97, 98, 99, 100, 101, 102, 103].

4.5 An equilibrium symmetry

For convenience, we symmetrize the time-interval of integration. We call —7 the
initial time and 7 the final time.

4.5.1 Time-reversal

Since it will be used in the rest of this chapter, we introduce the time-reversed
variable T by Z(t) = x(—t) for all t. The time-reversed observable is defined as

Ad([z], 1) = A([2], —1). (4.58)

It has the effect of changing the sign of all odd time-derivatives in the expression of
local observables, e.g. if A[z(t)] = 0;x(t) then A,[z(t)] = —0ix(—t). As an example
for non-local observables, the time-reversed Langevin equation reads

Eq.([z],t) = m&(t) — Fi([z],t) — / du y(u —t)i(u) . (4.59)
-T
where all forces, deterministic and stochastic, have been collected in F;. Notice the
change of sign in front of the friction term that is no longer dissipative in this new
equation.

4.5.2 The transformation in the additive noise case

If the initial time ¢, is set to tp = —7T and the system is in equilibrium at this
instant, P_7 is given by the Maxwell-Boltzmann measure. One can then check that
the zero-source action, S|z, iz], is fully invariant under the transformation 7.:

ol T
¢ iy > 1Ty + Bdyr_y .

We introduced x; = z(t) so as to make the notation more compact. Note that
dyr_, = —d_,x_,. This transformation does not involve the kernel I" and it includes
a time-reversal. The invariance is achieved independently by the deterministic (Sqet)
and dissipative (Sgigs) terms in the action. The former includes the contribution from
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the initial condition, In P_y. Moreover, the path-integral measure is invariant since
the Jacobian associated to this transformation is also block triangular with ones on
the diagonal. The proof goes as follows. (In the over-damped white noise limit we
use the Stratonovich convention; for the generalization to other rules of calculus see
the discussion of the multiplicative noise case.)

Invariance of the measure

The Jacobian Jo, of the transformation 7., is the determinant of a triangular
matrix:

Jeq = detM = det,} 6;6‘;’“ N = (det,, [0 ])2 =1
ca O(Teqt, Teqi) 0 | 2= fie e

and it is thus identical to one.
Invariance of the integration domain

Before and after the transformation, the functional integration on the field x; is
performed for values of x; on the real axis. However, the new domain of integration
for the field z is complex. For all times, Z; is now integrated over the complex line
with a constant imaginary part —i30;x;. One can return to an integration over the
real axis by closing the contour at both infinities. Indeed the integrand, e, goes
to zero sufficiently fast at x; — +oo for neglecting the vertical ends of the contour
thanks to the term 37 '44(i#;)? in the white noise limit (or the correspondong ones
in colored noise cases) in the action. Furthermore the new field is also integrated
with the boundary conditions Z(—7) = Z(7T) = 0.

Invariance of the action functional

The deterministic contribution satisfies

Sdet [7;q$a 7ﬂeq2i’] = In Pi(QTT, ZET) - / [Zi_u + B@ux_u] [m@ix_u + V/(l'_u)]

u

=In P(x1,37) — /wf:u [ma, + V'(z,)] + 5 / Ty [Mmy + V(2]

u

=In P(z7,27) — /ziu [(ma, + V' (z,)] + 5 / Oy In P(y, 2y,)

U
- Sdet[xa 7“%] )

where we used the initial equilibrium measure In P,(z,%) = —f (3ma® + V(z)) —
InZ. In the first line we just applied the transformation; in the second line we
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made the substitution v — —u; in the third line we wrote the last integrand as a
total derivative, the integral of which cancels the first term and recreates the initial
measure at —7. Note that in this last step we assumed that we are using the
Stratonovich convention (o = 1/2) since we used the usual rules of calculus.

Secondly, we show that the dissipative contribution is also invariant under 7g,.
We have

Sdiss [7;(1‘%', %qu] - / [Zj:—u + ﬁaux—u] /B_l Yu—v Z.:%—v
= /[Zju _/Bjju]/’}/v—uﬁ_lzzv
= Sdiss[l'y ZZ):"] .

In the first line we just applied the transformation, in the second line we made the
substitution v — —u and v — —v and in the last step we exchanged u and v.

Invariance of the Jacobian (Grassmann variables)

Finally we show that the Jacobian term in the action is invariant once it is
expressed in terms of a Gaussian integral over conjugate Grassmann fields (¢ and
¢*) and provided that the transformation 7, is extended to act on these as follows??

Ty > T_ Cu — CF
Tea = " o . o (4.60)
1Ty > 1T_y + BOux_y ¢ = —Cy .

u

We start {from
Sdet [C’ 6*7 J}] = //C;kt [maz(su_v + au’yu_v} Cy + /CZV/,(xu)Cu (46].)

and we have

Sdet (cha qc 7

= //c m82 Ou—v + OuYu U] *v—l—/cu [—V"(z_.)] ",
— // m(‘?2 Op—u, —8u%_u} cu+/CZV”(xu)cu

= Siac(c, ¢, x) .

22More generally, the transformation on ¢ and ¢* is ¢, — ac*,, and ¢’ — —a~'c_, with a € C*.
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In the first line we just applied the transformation, in the second line we exchanged
the anti-commuting Grassmann variables and made the substitutions v +— —u and
v — —u, finally in the last step we used 0,v,_w = —0,7u_» and we exchanged u and
v. Finally the set of boundary conditions [¢(—=T) = ¢(=T) = ¢*(T) = ¢*(T)] is left

invariant.

4.5.3 The transformation in the multiplicative white noise case

This part follows article [?]. We still have to make the iZ sign notation homo-
geoeus; here it is the one in [?]

We look for the invariance of the generating functional that corresponds to the
time-reversal invariance of the equilibrium dynamics. Although the action func-
tional in Eq. (4.33) is relatively cumbersome, the identification of the correct field
transformation that leaves it invariant can be simplified by the fact that one expects
the time-reversal invariance to hold for the system and its environment separately.
In other words, we expect the terms in the action that have their origin in the cou-
pling to the bath to transform independently from the rest of the action. We collect
them in

Sdiss| T, 12] = / —idy[—Diz,g? — dga)xt] (4.62)
where, to simplify notations, we defined
A2, = da, —2D(1 — 2a) g, (4.63)

and, we recall, D = kgT = 37!. For a field x; corresponding to a physical quantity
x that is even under time-reversal transformation (such as the particle’s position),
the transformation of the physical field must naturally be z; — x_;. The expression
of Sgiss in Eq. (4.62) suggests that we look for a transformation such that dga)xt
behaves as a usual time derivative under time reversal, i.e.

dga)xt — —d(_o?:L‘_t . (464)

This is only true if we simultaneously transform the discretisation parameter oo — 1—
a. Altogether, we are led to propose the following transformation of the dynamical
field x; and its associated auxiliary field iz;

Ty = Ty,

(¢ - oA N — fe% 465
Teq { iz, — 1:c,t—|—D_1g,th(,t)a:,t , (4.65)
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complemented with the transformation of the discretisation parameter
a—a=1—-a. (4.66)

It is easy to check that Sy is indeed invariant under this transformation: Have
to correct signs below to make them be the same as in the additive noise case

Suiss [ Teq, Teqid; @) = / {[i:f;_t ~ D124 e )
[z, + D g* i, — Dg%tﬁgifd(f?xft]}
_ / {lie - D920 0] D g%ia .}
= [{ip gtite— dnd i} = Sueloitzal . (467
We now have to check that the remaining terms in the action functional are also
invariant under the proposed transformation. In the potential case with no time-

dependent parameter (\; = ct) and a drift force ensuring the convergence to the
usual Gibbs-Boltzmann equilibrium measure, the remaining terms are gathered into

Sdet+jac|T,1Z; o] = In P(z_7) —/iigfl/;' - a/ 0u[—g2V! +2D(1 — a)g,9,]
and they transform as

Sdet+jac [7;(:137; ﬁqii; a]

= InP(x7) + / [(—ii_t + D g2 )V, + (1 — )0, (gth_'t)]
—2Da(1 — a)/@x(g_tg'_t)

—tuPar) + [ [<iagtV+ DA n] 4 (1= )05
~2Da(1 - a) [ dulo) (4.68)

We recognise that the first boundary term, In P.(z7), needs to be taken back to the
initial time, —7, if one wants to recover the original Sget+jac[iZ, z; a]; the second
and last terms are already part of Sgettjac[iZ, z; f]; rewriting 1 — o = a+ (1 — 2a),
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the fourth term produces the last piece needed to fully reconstruct the original
Sdettjac[1Z, z; @]. All in all, we have

Sdet—i—jac ['Eqﬂ?, 7deqi§:; a] = Sdet+jac [.CE, 1£a a] + D_l /dga)xt ‘/t/ (469)

+(1-20) [ 0,(63V) + W R(op) - Play)

Using the explicit form of dga)mt in Eq. (4.63), we can simplify this expression as
follows

Sdet—l—jac[treqxa %qii‘;a] = Sdet+jac[xa li', CY] + D_l /dt$t V; (470)
+ (1 —2a) /gt2 V/"+InP(xy) —InP(x_7) .

Replacing the term in d;z; V; above by using the chain-rule of stochastic calculus,
dV; = dyxy V/ + (1 — 20) Dgi V', (4.71)

we obtain

A

Sdet+jac [%q-@ 7;q117; 05] = Sdet+jac [xa i; 05]

+ D! /dtV} +InP(z7) —InP(x_7) . (4.72)

Finally, with initial conditions drawn from the Gibbs-Boltzmann distribution

Rloy)=2" e P V@), (4.73)

we end the proof of the full invariance of the equilibrium action functional in
Eq. (4.33) under the transformation Tq, given in Eq. (4.65):

S[Teq, Tegit; @) = S|z, it; a] (4.74)

and AS = 0. Note that to achieve this invariance, there was a subtle interplay
between the contributions coming from the deterministic part of the action and the
ones coming from the a-dependent Jacobian.

This invariance of the action functional yields the following relation between
path probabilities

Plx,iz; o] Dz, 2] = P[Teq, TeqlZ; @) D[Teq, Teqll] - (4.75)
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After the transformation 7., the domain of integration of #; at each time slice of
the generating functional is shifted from the real axis to the complex line with a
constant imaginary part iD~'d;z;. Using the analyticity of exp S[z;i#; a], one can
return to an integration over the real axis by closing the contour at both infinities
and by dropping the contributions of the vertical ends that vanish owing to the
term D(iZ;)?. Note also that the Jacobian associated to the change of variables
{z,i2} = {Teq®, Tegi®} is unity. Finally, D[z, 2| = D[Teqx, TeqiZ] and we obtain the
following relation between the forward and backward path probabilities

PB [.Z', l.i'}
=1 4.76
PF [33, 1.1'} ’ ( )
where we defined
Pglz,iz] = Plz,iz, ] , Pglz,i2] = P[Teqr, TeqiZ, @] . (4.77)

The relation (4.76) is valid whenever the system is in thermal equilibrium.

4.6 Consequences of the transformation

We now use the transformation 7., to derive a number of exact results: the
equilibrium fluctuation-dissipation theorem and the out of equilibrium fluctuation
theorems.

The equilibrium fluctuation-dissipation theorem is a model independent re-
lation between induced and spontaneous fluctuations characterized by the linear
response function to an infinitesimal perturbation and the correlation function. It
applies to systems in equilibrium with a probability measure given by the Gibbs-
Boltzmann form.

The out of equilibrium fluctuation theorems are exact and model independent
relations linking the probability distribution of the positive and negative measure-
ment of a quantity such as the entropy production rate, the work done by some
external non-potential force, etc. Quite generally, either the positive or negative
value is given by a rare event. These take negligible values when the observation
are done on macroscopic length and /or time scales. However, microscopic scales are
becoming accessible in different areas of physics and biology where these relations
may be relevant.

A fluctuation theorem first appeared in a simulation of sheared fluids by Evans
et al. [97]. Shortly afterwards, Gallavotti and Cohen [98] proved rigorously a closely
related FT for deterministic dynamics and Jarzynski [99] showed how to relate
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non-equilibrium properties to equilibrium quantities. These results were proven for

deterministic dynamics and under some restrictive conditions on it. Later, a fluctu-

ation theorem was proven for the single-particle stochastic Langevin dynamics [100]

and an extension to fairly general Markov processes [101]. Several reviews of the

theoretical foundations of this topic have been published [102, 103, 104].
Experimental tests of fluctuation theorems have faced many technical difficulties.

Asymptotic theorems need the measurements of fluctuations over very long times, a

limit in which rare events become less and less probable; the evaluation of transient

theorems are confronted to the difficulty of identifying thermodynamic quantities

such as work or heat. Some of the experiments done to test or use these relations

used:

- a thermal conductors with the extremes connected to two heat reservoirs at differ-

ent temperature;

- an electrical conductor maintained at constant temperature by an external bath

and connected to a voltage drop [105];

- colloidal particles in time-dependent traps [105];

- single molecule manipulation such as pulling molecules with optical tweezers or

atomic force microscopes [106];

- tracers immersed in granular gases [107].

4.6.1 The fluctuation-dissipation theorem

Additive noise

This symmetry implies

(@402 ) szia) = (TeweTeiy) s(7.0,Toid)
= (X_iZ_p)S[a) + B{TtdyT_v) s[zia) (4.78)
that, using time-translational invariance and 7 = ¢ — ¢/, becomes
R(t) — R(—1) = —pd,C(—1)=—0d.C(1) . (4.79)

For generic observables one can similarly apply the 7. transformation to expres-
sion (4.41) of the linear response

Rag(T) — Ra,B,(—7) = —Bd;Cap(—7) = —pd.Cap(1) . (4.80)
where we defined A, and B, as

A, ([z],t) = A([z], —1) . (4.81)
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Take for mstance a function Ax(t),t] = [duf(z u t)+ [duf x(u)) (u—1t)+
[ duf(@(u))o(u—t)+.. thenA[ (t),t] = Alx (— = [duf(z(—u))d(u+t)+
fduf(j:(—u)) (u+1t)+ fduf —u))d(u+t)+..

Relations between higher order correlation functions evaluated at different times
ty,ts,...t, are easy to obtain within this formalism.

Multiplicative noise

The fluctuation-dissipation theorem is a model-independent relation between
the linear response and the correlation of spontaneous equilibrium fluctuations of a
given observable. The linear response of = with respect to a previous perturbation
is defined as

S (t))n
R,(t, 1) =
() Sh(t')
where the infinitesimal perturbation h couples linearly to the field x in such a way
that the potential V' — Vj, = V — ha and, therefore, V' — V, = V' — h. In the
path-integral formulation, the linear response is given by

: (4.82)
h=0

) i
ot 1) /D r,iz] zy ———— 05hx, i#; a] eSlwitial (4.83)
Ohy he0
where the action has been modified as
Splz,iz; ] = S|z, iT; o] + /ht lizg; — 20g09;] - (4.84)

Therefore, the linear response is expressed as a correlation function reading
Ra(t, t/) = <It[li’t’gt2/ — 2agt’g£’]>5[w,i§:;a} (485)

where the average has to be taken with the measure given by the unperturbed action
Slx,i%; o). The subindex « expresses the fact that the stochastic process is defined
with a discretisation parameter ov. Exchanging momentarily o by 1 — « one has

Ri_o(t, V) = (m[idp gy — 2(1 — @)y gy ) Siwizii—a] - (4.86)

Take now the expression in Eq. (4.86) and perform the change variables in the path
integral from {z,1%+} to {Teqt, TeqiZt}:

lea(m t/) = <7;xt[7eqii't’7qut2’ - 2(1 - O‘)ﬁqgt’ﬁqu’]>S[7;qa:,7'eqi§:;1—a] (487)
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where Teqg = ¢(Teqx:) and similarly for Te,¢’. Using that S[Teqz, TeqiZ; 1 — o] =
S|x,i%; o, and applying the transformation 7¢, to the function of x, and iZy to be
averaged, one has

Rl—a<t7 t/) = <I'_t {[ii'_t/ — D_lg:t?,d(_oz)/l'_t/]gzt/
_2(1 - a)gft’g/—t’]}>5[i§:,x;a}
= <$—t[if—t'93f/ —2(1 - Oé)g—t'gl_t'>5[igz,x;a]
—D N d)a_y)) spis 10
= (v[iT_vg”y — 209-19" ) sfis w0l
—(_42(1 — 20)9-v 9" ) Sfi,z:0] — D_l<l‘_td(,o?/$_t']>5[i§:,x;a]
Identifying R, (—t, —t') in the first term in the rhs and using now d(_oi)x_t =d_x_;—
2D(1 —2a) 914",
Rl—a(ta t,) = Ra(_t, _t/) + D_1<37—tdt’$—t’>5[ia},x;a} . (488)

Using the fact that the physics cannot depend on the discretisation parameter [see
the discussion below the drifted Fokker-Planck Eq. (2.213)], we can drop the irrele-
vant index « (or 1 — «) in the linear response and the correlation function and

R(t,t) = R(—t,—t') + D7'0,C(—t, —t) . (4.89)

We apply the transformation 7¢, once again on the correlation function in the rhs
to show C(—t,—t") = C(¢,t'). Owing to the time-translational invariance of equi-
librium dynamics, C(t,t') = C(7) and R(t,t') = R(7) where 7 =t — t', and to the
causality of the response R(7) = 0 for 7 < 0, we obtain the celebrated fluctuation-
dissipation theorem (FDT)

R(1) = =D '9(1)d,C(1) = —B0(7)d,C(7) . (4.90)

Here 6(7) is the Heaviside step function.

4.6.2 Fluctuation theorems

Let us assume that the system is initially prepared in thermal equilibrium with
respect to the potential V(z, A\_7)?3. The expression for the deterministic part of

23This is in fact a restriction on the initial velocities, ©_7, that are to be taken from the
Maxwell distribution with temperature 87!, independently of the positions z_7. These latter can
be chosen from a generic distribution since the initial potential can be tailored at will through the
A dependence of V.
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the MSRJD action functional is
Sdet[x7 ; )‘a f] = _ﬂ%([x—T]a )‘—T) - an(A—T)
_ /mu i+ V' (2, 2) — B[]

u

where H([z], \) = 3ma} + V(z,, A) and f is a non-conservative force applied on

the system. The external work done on the system along a given trajectory between
times —7 and 7 is given by

B
W[.T, )\,f] = / dE = /&At a)\V(.’L't, At) + /zxtf[a?t,t] (491)
A t t

where we take into account the time variation of the parameter \.

Fluctuation Theorem 1.

The transformation 7o, does not leave Sge; invariant but yields

Saet|, N, ] 5 Sael, 23 M, ] — BAF — BW [z A, £, (4.92)

where Sgei[7, 2; A, f;] is the MSRJD action of the system that is prepared (in equi-

librium) and evolves under the time-reversed protocol (A(u) = A(—u)) and ex-
ternal forces (fi([z],u) = {([z], —u)). AF is the change in free energy: SAF =
InZ(A(=T)) — In Z(\(T)) between the initial and the final ‘virtual’ equilibrium
states. W is defined above. The dissipative part of the action, Sg;ss does not involve
A and it is still invariant under 7¢y. This means that, contrary to the external forces,
the interaction with the bath is not time-reversed: the friction is still dissipative after
the transformation. This immediately yields

<A[x’ £]>SC [a:,j:;)\,f] = eiBA‘F<A[7;qx’ Eq£]675W[x;)\yfr]>Sc [m1j§5\,fr] (493>

for any functional A of x and Z. In particular for a local functional of the field,
Alz(t)], it leads to the Crooks relation [108]

(Alx(t)]) seiwang = € P2 (Ada(=t)]e PVEMD) G s (4.94)
or also

(Alz@O)]Blz ()]} sefw.zin )
= e P (Afw () Bila ()] VM) g sney. (4.95)
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Setting A[z, ] = 1, we obtain the Jarzynski equality [99]

1 = 6'8A]:<€_'8W[z;>\’f]>Sc[x7i,;)\7ﬂ . (496)
Setting Az, z] = §(W — W/x; A, f]) we obtain the transient fluctuation theorem
P(W) = P(=W) fWV=25) (4.97)

where P(W) is the probability for the external work done between —7 and T to
be W given the protocol A(t) and the non-conservative force f([z],t). P(W) is the
same probability, given the time-reversed protocol A and time-reversed force f;.

Fluctuation Theorem 2.

The result we prove in the following lines is not restricted to Langevin processes
with an equilibrium dissipative bath. It applies to generic classical equations of
motion, with or without stochastic noise. In short, the proof consists in applying
time-reversal on the system and yields an equality between observables and their
time-reversed counterparts in a so-called backward (B) process in which the system
is prepared in equilibrium with respect to the final conditions of the forward process
and is evolved according to the time-reversed equations of motions and protocol.
Let us rewrite the action as

SN = ~BH(aoriir Ar)~ [ i Balln) M)

1
+3 / / ity B Dy 12y — In Z(A_7) ,
and apply the following time-reversal of the fields
T = { Tu 7 Ty (4.98)
iTy > ATy .
This yields

SC[IP%’ )‘] = _6H([IT]’;\7) _/lj:qur([xu]uj‘u)

1
+§//i§7u BTy idy —In Z(A_7)

or, by introducing zeroes:

AW, — BH(lz—r). Ar) / i, Eq (2], )

u

1 _
+3 / / i#y B 'Tuy ity — BAF —In Z(A_7) | (4.99)
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where AF = F(Ay) — F(A_7) is the free-energy difference between the two ‘virtual’
equilibrium states corresponding to Ay and A\_7. W, = H([z7], A\r) —H([z_7], A7)
is the work applied on the system that evolves with the time-reversed equation of
motion Eq, and under the time-reversed protocol A. In particular and contrary to
the previous paragraph, the friction is no longer dissipative after the transformation.
This defines the backward (B) process. Finally, for any observable Alx, 2| we get
the relation

(Alz, 2])r = e P27 (Az, 2]e ") 5 . (4.100)
In particular, for two-time correlations, it reads
(AlzO]Blz(t)])r = e P2 (Al (=] Bila(~t)]e™™") 5 . (4.101)
Setting Alz, z] = 6(W — Wx; A, f]) we obtain the transient fluctuation theorem
Pr(W) = Pg(—=W) PW=27) (4.102)
where Pr(W) is the probability for the external work done between —7 and 7 to be

W in the forward process. Pg(WV) is the same probability in the backward process.

4.7 Equations on correlations and linear responses

Take any Langevin process in the MSRJD path-integral formalism. From the
following four identities

0z (t ox(t ox(t oz (t
BN _(ON sy (000N JOEON g
diz(t') Sz (t') diz(t") dz(t')
where the angular brackets indicate an average with the MSRJD weight, after an
integration by parts, one derives four equations

<x(t) &f(St,)> =5t —1t), <i:i:(t) 5i§t,)> = S5t —t), (4.104)
<x(t) 5ii?t,)> =0, <z':i'(t) 6§Z,)> =0. (4.105)

183



The second and third one read

<7;£(t) {m:}i(t’) + / dt" y(t' —t") &(t") +V’[x(t’)]}>
)

<x(t) {msc'(t’) +/dt” vt —t") z(t") +V/[x(t’)]}>
0

kT / at" T(F — 1) (x(t)iz (")) =0 . (4.106)
while the other ones, once causality is used (basically (x(t')iz(t)) = 0 for ¢t > ¢’ and
(iz(t)iz(t')) = 0) do not yield further information. All terms are easily identified
with the four types of two-time correlations apart from the ones that involve the
potential and are not necessarily quadratic in the fields. The linear terms in two-time
functions can be put together after identifying the free-operator

d? 0

dt”2 + ’}/(t/ — t”)w (4107)

Go_l(t/,t”) — (5(75’ . t”)m

The non-linear terms can be approximated in a number of ways: perturbation theory
in a small parameter, Gaussian approximation of the MSRJD action, self-consistent
approximations, etc. The choice should be dictated by some knowledge on the
system’s behavior one wishes to reproduce. In short then

0= / QG AV t) + (V' 2(#)]) + kT / AT — ") R(t 1)

S(t— ) / GG VR 1) + (150 [2()]) . (4.108)

4.8 The instanton calculation

The path-integral formalism yields an alternative calculation of the Kramers
escape time, the Arrhenius exponential law and its prefactor that, in principle, is
easier to generalize to multidimensional cases. For the sake of simplicity let us focus
on the over-damped limit in which we neglect inertia. We first rederive the Arrhenius
exponential using a simplified saddle-point argument, and then show how Kramers
calculation can be recovered by correctly computing the fluctuations around this
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saddle point. We start from the following representation of the probability to reach

the top of the barrier from the potential well:
OE
dot (CEAEION T\
dz(t) .

then, for a Gaussian white noise £, we integrate over the noise and the auxiliary
variable iZ to find [111, 112]:

(t)=Tmax
P(Zmax, t|Tmin) = / Dz 6(§ — Eq[z])

(O) =Zmin

2(t)=Tmax n t ot N2y 1t 3T
Dy ¢ 5T fo dt'(2+V'(z))"+3 fo at’'v’ (z)

P(mmaxvtlxmin> :/
x(o):'rmin

the Onsager-Machlup form, in the Stratonovich convention. In the low T limit the

term coming from the determinant is negligible. Expanding the square, we find a

total derivative contribution to the integral equal to

Lst contribution = 2[V(2max) — V (Zmin)] (4.109)

plus the sum of two squares: [ dt’ [#% + (V'(z))?], i.e a positive definite term. For
small T', the path, z*, contributing the most to the transition probability is such
that this integral is minimized. Using standard rules of functional derivation one
finds

d*x*

dt/Q
The result is found by multiplying the equation by & in such as way that one con-
structs

=V'(z)V"(z*) = *==xV'(a").

) 1012
di” _ dVi(@)l” (4.110)
dt dt

and setting #(t) = 0 and V'(z*(t)) = 0 at the maximum of the barrier, i.e. at time

t, to eliminate the constant of integration. Moreover, in order to be compatible

with the boundary conditions z*(0) = zpi, and x(t) = Tyayx, the + solution must be

chosen,

it =V'(x) (4.111)

for which both terms are positive in the relevant region of variation of x. This
trajectory corresponds to an equivalent mechanical problem in which one has over-
damped zero-temperature motion in the inverted potential —V'(z). The ‘action’ of
this trajectory is

/ dt’ [#2 + (V!(z"))?] =2 / AV (1) = 2]V (Zmas) — V (Zmin)]

0 0
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where in each term we replaced one factor using the equation of motion for the
solution x*, that doubles the contribution of the total derivative above. Hence,

P(mmax> t’xmln) ~ e_ﬁ[V(ImaX)_V(xmin)}7

independently of ¢, as in eq. (2.173).

The Gaussian fluctuations around this saddle-point calculation yield an estimate
for the prefactor.

This type of calculation can be readily extended to cases in which the noise &
has temporal correlations, or non Gaussian tails, and to see how these effects change
the Arrhenius result. The calculation of the attempt frequency is done using the
standard dilute gas instanton approximation developed by several authors but we
will not discuss it here.

The path-integral that we have just computed is a sum over the subset of noise
trajectories that lead from the initial condition to a particular final condition that we
imposed. Imposing a boundary condition in the future destroys the causal character
of the theory.

In a one dimensional problem as the one treated in this Section there is only
one possible ‘reaction path’. In a multidimensional problem, instead, a system can
transit from one state to another following different paths that go through different
saddle-points. The lowest saddle-point might not be the most convenient way to go
and which is the most favorable path is, in general, difficult to establish.
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A Conventions

A.1 Fourier transform

The convention for the Fourier transform is

) = [ Sreiw). (A1)
flw) = / dr e™7 f(1) . (A.2)
The Fourier transform of the theta function reads
Ow) = ivpé + 7o) . (A.3)
The convolution is
do' . ,
£ 90@) = F99(w) = [ Gof)gl - w). (A4)

A.2 Discretized delta function

Let us discretize time t, = ek with £ an integer and e the time-step. A discrete
representation of the Dirac delta function is

5e(t)={ (1)/(6) —€/2 <t<e¢/2 (A5)

otherwise
One easily checks that lim,_,q 0(t) = oo for t — 0 and lim,_, 0.(f) = 0 otherwise,
and [7_dt'é.(t') = 1.

B Additive noise: Stratonovich prescription

The Langevin equation is a stochastic differential equation and one can give a
rigorous meaning to it by specifying a particular discretization scheme. We adopt
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here the Stratonovitch prescription where the rules of conventional differential cal-
culus can be used. This corresponds to a mid-point discretization scheme and is
coherent with the convention #(0) = 1/2 in the continuum limit. The presentation
is taken from [94].

Let us divide the time interval [=7,7] into N + 1 infinitesimal slices of width
€ = 2T /(N 4+ 1). The discretized times are t, = —7T + ke with k = 0,..., N + 1.
The discretized version of z(t) is zx = (t;). The continuum limit is achieved by
sending N to infinity and keeping (N + 1)e = 27 constant. Given some initial
conditions x; and ;, we set 1 = x; and xg = x; — €f; meaning that the first two
times (fo and ¢;) are reserved for the integration over the initial conditions whereas
the N following ones correspond to the stochastic dynamics given by the discretized
Langevin equation:

Ty — 2Tpg1 @y,
Eqk = m 62 — Fk+2(f1)k+2, Lh+1, )

k
+ Z%l(l‘zw - Iz+1) =&kt 5 (B~1)

=1

defined for k = 0, ..., N — 1. The notation 7, stands for v, = ¢! foe, duy(ty —t;+u)
The & (k = 1,...,N) are independent Gaussian random variables with variance
(&x&) = BTy where Ty = Y + Yin- Inspecting the equation above, we notice
that the value of x; depends on the realization of the previous noise realisation &1
so that there is no need to specify & and &y. In the Markovian limit, one has
Yt = € Y00, (Ex&)) = 2708 e 16 where § is the Kronecker delta, and

. Tpp2 — 2T Tk —
Eqk' = m 62 — Fk+2($k+27$k+17...)

T -z
—i—’m% = &pt1 - (B-Q)

B.1 Construction of the MSRJD action

The probability density P for a complete field history (xg, 1, ..., Zx+1) is set by
the relation

P(CL’(], L1y ooy $N+1>dl’0d$1...d$N+1
= Pi(x;, &)dxidd; Po(&1, 6o, ..., En)d&1dEs. . dEn (B.3)

188



P is the initial probability distribution of the field. The probability for a given noise
history to occur between times t; and ¢y is given by

Po(6r, o €n) = My e 2 2him b A & (B.4)
. . . (27T)N 1/2
with the normalization My = (—71> . From eq. (B.3), one gets
det.sry,
I1 — Zo
P(ﬂﬁo,l‘h ---:37N+1) = ’jN|Pi<5U17 )Pn<EQO7 ---;EQNA) ) (B'5)

with the Jacobian

a(x‘ia j:ia 517 <o 7£N) _ deta(xia *tia qu, v 7EqN—1)
8(330,$1,---,$N+1) a(x0,$1,.-.,xN+1>

Jn = det , (B.6)

The expression (B.4) for the noise history probability reads, after a Hubbard-
Stratonovitch transformation that introduces the auxiliary variables 23 (k = 1,..., N),

Pn(fla"vf]\f) = Njgl /di'l...di']\[eZkiikékJr%Zklijkﬁ_lelijl

. 1 N A A N — > idpBay_+2 12 BT i
_ NN /dl?o-ude—i-l(S(xO)(s(xN—i-l) e~ 2k i@kEag_1+5 28 18k8T T v

with Ny = (27)Y. In the last step, we replaced & by Eq,_; and we allowed
integrations over Iy and T 1 at the cost of introducing delta functions. Notice that
the Hubbard-Stratonovitch transformation allows for some freedom in the choice of
the sign in front of iZy in the exponent. Together with eq. (B.5) this gives

1 a ~
P(QT(),[L‘l, ~-~>$N+1) = NN |jN| /dl‘o...dﬂ?N_H (B?)
e~ S iekBay 1 +5 Sy i@kB  Thyid+n Py (1, 21220
that in the continuum limit becomes

Y

P[.CL'] _ fleln P+1n|J[z]| /D[:i,]efdu Z:E(u)Eq([x],u)+% J duwviz(u) BT (u—v)iz(v)

with the boundary conditions Z(—7) = (7)) = 0 and where all the integrals over
time run from —7 to 7. In the following, unless otherwise stated, we will simply
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denote them by [. The infinite prefactor N' = lim (27)" can be absorbed in the

o N—oo
definition of the measure:

N+1

Diz,z] = ]\}gr(l)o )Y ,!_I dxydTy, . (B.8)

=0

B.2 Evaluation of the Jacobian

In this section we take the continuum limit of the Jacobian defined in eq. (B.6).
In the additive noise case, we start from

O(xi, &1, Eqq, . .., Edy_1)

jN = det
8(%,1‘17 ce 7$N+1)
0 1 0... i
—1/e 1/e O...
OEqq OEqy  9Eqq 0
oxo Ox1 Oxo e
= det OFq,  OBq; OBq  0Bq
Oxo Ox1 Oxo Ox3 T
. 0
OEqN_1 OEqN_1
L Oxo T Ozny1
9Eq, 0
sbe oEq N-1
u %y ) 1 ok
qk
= —det 02 Oz = - (B.9)
€ . 0 € 0T yo
k=0 +
OEqn_4 OEqn_4 -
8502 T 85131\]+1

We can safely drop the overall 1/e factor since it can be included in the normaliza-
tion. Notice that causality manifests itself in the lower triangular structure of the
last matrix involved. In the continuous notation, A}im Jn reads

— 00

Jlz] = dety, {%fv};u)] : (B.10)

B.2.1 Markov case

Let us first consider the Markovian case in which the friction term has no mem-
ory and the force F' is a local functional of  which can carry a time-dependence.
Defining F" as 0F,[x,]|/dx, = F.[z,)0(u — v), the Jacobian reads

J[z] = dety, [(m2 + 700, — Fl[24]) du—s] - (B.11)
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Now let us write det,, [(md? + Y90, — F![xy]) du_s]

— detu, [(mO + 300)0us] detu, [@H_ / Gu_wF;J[xw]cSw_v}

= detyy [(MI2 + Y00u)0u—v] €xp TryyIn [6y—y — Guey Fl[2]]

= det 92 + 700,)0 1 MoMo...oM B.12

— euv[(mu+70 ) u_v] exp—zlg ’ oMo...o , (B.12)
n= n times un

where we used the matrix notation M,, = G,_,F[z,] and product o. G is the
retarded Green function solution of

(M2 + 700.]) G(u—v) = 6(u—v) , (B.13)
which reads 1
G(t) = - [1—e™™]0(t) . (B.14)

Since O(u — v)@(v —u) = 0, V u # v, the n > 2 terms do not contribute to the sum
in eq. (B.12). Furthermore, G(¢t = 0) = 0 for finite values of m?!, implying that the
n = 1 term is zero as well. Therefore we established

J [z] = dety, [m: + 700, 6(u —v) . (B.15)

This means that the functional determinant is simply a field independent constant.
One can easily generalize this result for time dependent and non potential forces.

B.2.2 Non Markov case

Within the Stratonovich prescription, the determinant can be seen as the result
of a Gaussian integration over Grassmannian conjugate fields ¢ and ¢*. Let us first
recall the discretized expression of the Jacobian obtained in eq. (B.9):

(B.16)

241f we send m — 0 at the end of the calculation, we still get G(0) = 0 and a constant Jacobian.
However, if m is set to 0 from the begining then G(t) = 0(t)/v and G(0) = 1/(2vy) in our
conventions. This leads to the so-called Jacobian extra-term in the action: —1/(2v0) [, Fi[z.]. It
is invariant under time-reversal of the field x,, — z_,, as long as F” is itself time-reversal invariant.
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where k£ and [ run from 0 to N — 1. Introducing ghosts, it can be put in the form

SON—1 5N+l « 0Eqy
k=0 ¢

1 c
INn = —/dCQdCS...ch+1dcfv_1 e =2 %k o (B.17)
€

1 * * iv_-H ZI\L-H ZaEchz * ok
= = deodcy...deyprdey  e=F=0 =1=0 917 CoC1CNCN 41 5

where in the last step, we allowed integration over ¢, ci, ¢y and ¢}y, at the cost
of introducing delta functions (remember that for a Grassmann number ¢, the delta
function is achieved by c itself). In the continuum limit, dropping the overall 1/¢
constant (and infinite) factor, this yields

_ /D[C, C*]eK[c,c*,x} (B18>
with
Kle, " x] = /_T dduvc” (u) %(xv])’u)c(v) : (B.19)

and with the extra boundary conditions: ¢(—=T) = ¢(—=T) = ¢*(T) = ¢*(T) = 0.
Plugging the Langevin equation (2.10), we have

Baulel | oes —5F“[x]+/7_a5_.

0T, 0,

The kinetic term in Klc, ¢*, ] can be re-written

. 1
//c 82uvcv—/ucuagcu 2[cc—cc] + 5g[cc]TT.

The last two terms in the rhs vanishes by use of the boundary conditions (c¢_p =
¢_p = ¢ = & = 0). The retarded friction can be re-written

//C au'yu vCy — % /CZ [’Yu-i-T C—T — Yu-T CT] 3

where the second line vanishes identically for two reasons: the boundary condition
(c_p = 0) kills the first part and the causality of the friction kernel (v, = 0 Vu < 0)
suppresses the second one. Notice that if there is a Dirac contribution to v centered
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at u = 0 like in the Markovian case, the other boundary condition (¢* = 0) finishes
to cancel the second part. Finally we have

Kle,c*z] = / &t 82c, + / / {u% - ];z[xqc (B.20)

B.3 Multiplicative noise

The discretized Langevin equation reads:

Ty — 201
Eqk‘ = m 62 — Fk+2<xk+27xk+17...)

k

M (24) Y M (@) (@2 — 7141) = M ()€, (B.21)
=1

with the mid-point % = (z41 + x1)/2. The Jacobian is:

1 OE M"(z ) +0
Ty = = dety { 9 (Tr) Eq, k+11+2 kl+2

8xl+2 M’(i’k) 2 ’ (B22)

where k£ and [ run from 0 to N — 1. Introducing ghosts, it can be put in the form

Inv = /dcodcf;...dc]\prldc"j\,+1 CoC1CNChiy €N,
with
N+1N+1 N+1
aEqk Ck+1 + Ck
kg 0 lg 0 E ck M’ 5 . (B.23)

In the continuum limit,

, . 0Eq,[z M"(x,)
K = lim Ky = - y E B.24
Nl—r>noo N // 5xv /ucu M/(l'u) qu [IB] Cy 5 ( )

with the boundary conditions ¢(—=7) = ¢(=7) =0 and ¢*(T) = ¢*(T) = 0.
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