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Part I

Introduction






The ability to reduce everything to simple fundamental
laws does not imply the ability to start from those laws

and reconstruct the universe.

P.W. Anderson, More is different, 1972

Introduction to heat transport

Thermodynamics gives a macroscopic description of matter in equilibrium and is an important
ingredient for understanding diverse aspects in physics and has contributed enormously to the de-
velopment of science and engineering in the last two century. The field of equilibrium statistical
mechanics establishes a connection between the phenomenological macroscopic laws of thermo-
dynamics and the microscopic description of matter. However, in many physical situations we en-
counter systems which are out of equilibrium and there is flow of mass, energy, charge etc across the
system. Understanding the mechanisms of macroscopic transport in physical systems has been one
of the interesting endeavors in physics. Transport is typically understood in terms of phenomeno-
logical equations, common examples of which include Ohm’s law for electrical conduction and

Fourier’s law for heat conduction. However, it is not completely understood how the microscopic



dynamics, described for example by Newton’s equations of motion for a classical system, would lead
to macroscopic equations like Fourier’s law, and this has been a puzzling and important question
[1]. Enquiry into a microscopic derivation of these laws has given new results and insights over the
past decades. In this thesis we will focus on the specific problem of the microscopic understanding

of heat transport in one-dimensional systems.

1.1 Fourier law and its breakdown in one-dimensional systems

The phenomenological Fourier law has been highly successful in understanding diffusive heat
transport behavior as seen in the vast majority of real materials. The law states that the local heat
current j () at a point 7 is proportional to the local temperature gradient V7'(7), hence (j =
—kVT), where the proportionality constant x defines the thermal conductivity of the material.

For a system in one dimension, Fourier’s law along with the energy conservation equation, implies

that temperature in a system evolves diffusively, and is governed by the heat diffusion equation
0T (x,t) = DAT(x,1), (r.r1)

where D = /¢, with ¢, the specific heat capacity, & is here assumed (for simplicity) to be temper-
ature independent, and A = 92 is the Laplacian operator in one dimension.

However, a large number of numerical work as well as analytic studies over the last several decades
indicate the breakdown of Fourier’s law in classical one-dimensional systems [2, 3, 4]. These studies
suggest that energy transport in these systems is not diffusive but instead is super-diffusive. This is

referred to as anomalous transport and some of the important signatures are the following:

* Diverging system-size dependent thermal conductivity, k(NN) ~ N, where N is the number

of particles.

* Non-linear temperature profile in the non-equilibrium steady state which is present even for

small temperature difference between the boundaries.
* Slow power-law decay (in time) of the equilibrium current auto-correlation function.

* Super-diftusive spreading of perturbations in equilibrium.



Besides numerical observations in many one-dimensional systems, the diverging thermal conductiv-

ity has now been observed experimentally in a few experiments on carbon-nanotubes [s, 6]

1.2 Set-ups used to investigate anomalous transport

For the microscopic study one typically considers a system of N particles, with positions {g, } and
momenta {p, },z = 1,2,..., N, interacting with each other via a nearest neighbor potential

V (ry) where 7, = @u4+1 — @y is the local stretch. The system is described by a Hamiltonian

N 1,2
2 : Dz
H = |:? + V(Q:c—i—l - QI) ) (1'2'1)

r=1

where we have set to unity the masses of all the particles. The boundary conditions depend on the
kind of transport set-up that we want to study and this will be discussed in the following sections.
The dynamics in the bulk of the system is then given by the Hamiltonian equations of motion.

In some cases (to be discussed later) one considers additional stochastic components in the bulk
dynamics that respect the important conservation laws. We note that, associated with the above
Hamiltonian, the total momentum ) __ p, and the total energy H are conserved quantities. The
total stretch (or volume), > °_ 7, is another trivial but important conserved quantity. Generically,
one expects no other conserved quantities. However, for very special forms of the potential, a sys-
tem can have /V independent conserved quantities and such systems are called Inzegrable. One of
the aims of this thesis will be to examine the role of integrability on energy transport. We briefly
mention examples of some well-known integrable and non-integrable Hamiltonians, with momen-
tum conservation, that have been studied in the context of heat transport.

Integrable systems:
» Harmonic chain: V(r) = kr?/2
* Equal mass Hard particle gas (HPG): V(1) =0, r >0, V(r) =00, r <0.

» Toda chain: V' (r) = (a/b)e™"".



Non-integrable systems:
+ Fermi-Pasta-Ulam (FPU) chain: V(1) = kr?/2 + ar3/3 + frt/4.

* Alternate mass hard particle gas: In this model, the interaction potential is the same as for the
equal mass HPG defined above. However, instead of all particles with the same mass, one

considers a chain of particles with alternate particles having different masses, say m; and mo.

One of the approaches used to understand dynamics of non-integrable chains is to study the
closely related exactly solvable integrable systems [7]. Understanding differences in heat transport
properties in different kinds of integrable systems have been an important direction [8]. Integrable
models are not only useful as starting points for the study of non-integrable systems that are in
close proximity — they also provide some exact results which can be used to check the accuracy
of numerical codes. Studies of non-integrable systems have mainly been restricted to numerical ap-
proaches, though recently much progress have been made using the phenomenological approach
of nonlinear fluctuating hydrodynamics [9, 10, 11]. It is now well understood that momentum con-
servation causes singular advection of high wavelength modes and this leads to anomalous trans-
port. However, there are exceptions where one finds anomalous transport despite momentum non-
conservation [12].

There are two common set-ups to study thermal transport in a microscopic system, that are used

to identify anomalous features in the transport properties.

1.2.1 ISOLATED SYSTEM SET-UP

This is used to study the spatio-temporal decay of equilibrium correlations. In this set-up one usu-
ally considers a ring geometry [shown in Fig. 1.1(a)] with the /V particles evolving with the Hamilto-

nian equations of motion

Qx = Puz, p:}c = Vl(%c+1 - Qm) - Vl(%: - q‘r71> , T = 17 cee >N7 (1-2-2)

with the periodic boundary conditions x4, = ¢, + L, where L is the total length of the lattice.

We define the local stretch variable, 7, = ¢,41 — ¢u, and the local energy, e, = p2/2 + V (r,).
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Figure 1.1: (a) Schematic showing the isolated periodic setup. (b) Schematic showing open setup connected to heat baths with
different temperature at the ends.
. . N

The Hamiltonian dynamics exactly conserves the total energy, szl e, the total momentum,

N N . .
> o—1 Pa»> and the total stretch, Y ", 7. For non-integrable systems, these are typically the only
conserved quantities and they constitute the slowly evolving hydrodynamic variables. In this set-up
one then prepares the system in an appropriate equilibrium ensemble (at specified temperature 7',
pressure P and zero average momentum) and computes the equilibrium spatio-temporal correla-
tions of the conserved variables. These equilibrium correlations provide information on transport

properties of the system. The local energy satisfies a local continuity equation
. L 1 /
Orer + 0pJr =0, with j, = §(pm+1 + p) V' (re1), (1.2.3)

which gives us the definition of the microscopic local current density. The total current operator is
definedas JJ = ) j,.

Common signature indicating anomalous transport in the isolated set-up are:

* Super-diftusive spreading of spatio-temporal correlations of conserved quantities in equilib-

rium, for example

Cueli 1) = (ealea(0)) — {ex(O))eo(0) ~ = f (),

with 1/2 < v < 1and the width of the energy spread growing as 02(t) ~ t%, 2 > 3 > 1.
When v = 1/2, the transport is diffusive while when v = 1, the transport is ballistic.

Another indicator which is commonly used in simulations are spatio-temporal spreading of
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Figure 1.2: Equilibrium correlations in the Fermi-Pasta-Ulam chain: (a) Spread of energy correlations in equilibrium.The inset
shows the anomalous scaling of the central peak at different times withy = 3/5‘ (b) Slow decay of energy current correlations
as (Jo (t)J.(0)) ~ t=2/3,
an initial pulse. This spreading is related to the correlations of the conserved quantity when

the strength of the initial pulse is small. A typical example of the energy spread is shown in

Fig. 1.2(a).

+ Secondly one finds a slow decay of total equilibrium energy current, (J(¢).J(0)) ~ ¢t~V 0 <
d < 1 [see Fig. 1.2(b)]. This slow decay of equilibrium current correlations leads to a diverg-
ing thermal conductivity, via the Green-Kubo formula [1, 3]

lim lim — [ dt(I(6)J(0)). (12.4)

o kBTZ T—00 N—00 0

K

One can heuristically argue that the upper limit in the time-integral above can be set to the
system size N to give a size-dependent conductivity and this leads to the relation o = ¢ (we

recall that K(N) ~ N9).

1.2.2 OPEN SYSTEM SET-UP

In this case, the system of interacting particles is connected to heat baths which keep the two ends
at fixed temperatures, as shown in Fig. 1.1(b) — this makes the system boundary driven. A standard

way of modeling the baths is through adding Langevin-type terms to the equations of motion of
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Figure 1.3: NESS properties of the Fermi-Pasta-Ulam chain: (a) Diverging thermal conductivity with system size. (b) Non-linear

temperature profile for FPU- 3 chain. The black curve shows temperature profile for diffusive system. Image taken from [Dhar,
2008]

the boundary particles, so that the dynamical equations of motion are

e =Pay 1< <N
pr=V"(a—a) =V —q) — Ao+ V2 T,
Pz = V/(Q$+1 - Qm) - V/(q:v - q;v—1)7 2<x<N-1, (1'2"5)

PN =V'(gvi1 —an) — V'(gy — qv-1) — Apn + V22X TrN)R,

wheren,, © = L, R, are Gaussian white noise with (1,(¢)) = 0, (n,(t)n,(t")) = 6,,0(t — t').
Two widely used boundary conditions (BC) are: fixed BCwith gy = gn41 = 0, and free BC
with ¢o = ¢1 and gy+1 = qn. The system then evolves to a non-equilibrium steady state (NESS)
characterized by a stationary temperature profile and a non-zero current flowing in the system. The
microscopic local current operator is again given by Eq. (1.2.3) and the average NESS heat current
(7) can be computed. The thermal conductivity would be obtained as & = N (j) /0T, where we
consider a small temperature bias 07" = (T}, — Tr) > 0, and take the limit of large N.

For systems with anomalous transport, one then finds that

* the conductivity diverges with system sizeas x ~ N¢, 0 < o < 1. A typical example for

FPU chain is shown in Fig. 1.3(a).

* the temperature profile is nonlinear even for arbitrarily small 7" with singularities at the
boundaries. A typical example is shown in Fig. 1.3(b). In contrast, for a diffusive system the

steady state temperature profile is linear.



In the open system set-up, one finds that transport depends not only on the bulk properties but
also on the choice of baths and boundaries and a general framework to understand transport in

open systems is lacking.

1.3 Summary of previous work

Here we briefly discuss some of the previous work for understanding heat transport. More detailed
references in the appropriate context are provided in the respective chapters.

Integrable systems: The problem of heat conduction in a classical integrable ordered 1D harmonic
crystal was studied by Rieder, Lebowitz and Leib [13] and by Nakazawa [14] by finding the exact
non-equilibrium covariance matrix in the Gaussian NESS, and later by Roy and Dhar [15] using
the approach of non-equilibrium Green’s functions. They were able to show that the bulk tem-
perature profile was flat and given as the average of the two bath temperatures. The current in the
steady state was shown to be independent of system size in the thermodynamic limit, which is ex-
pected since there is no mechanism for scattering of phonons, and transport is ballistic. In case of
equilibrium correlations of conserved quantities, exact results for the correlations of velocity spatio-
temporal correlations were obtained in the papers by Montroll and Mazur [16] for the harmonic
chain and by Jepsen [17] for the hard particle gas. The energy current decay in the ordered Toda
chain was studied by [18, 19].

Integrable systems typically have no scattering mechanism. Introducing new scattering processes
in an integrable system manifests in many interesting phenomena. Some ways of introducing scat-
tering mechanism and breaking integrability are by — (i) introducing disorder in the system, (ii)
introducing an-harmonic interactions and (iii) introducing stochastic components in the dynamics,
in addition to the Hamiltonian evolution. Next, we review some of the previous research in these
directions for heat transport in one dimensional systems.

Disordered Harmonic chain: Heat conduction in harmonic chains with mass disorder are ex-
pected to be affected by the similar physics as of Anderson localization. Matsuda and Ishii [20]
showed that all high frequency modes in a disordered harmonic chain were exponentially localized.

The NESS of the disordered harmonic chain with different baths and boundary conditions were

10



studied by Connors and Lebowitz [21], who found £ > N~%/2, and by Rubin and Greer [22], who
obtained ks > N'/2. The study by Casher and Lebowitz[23] shows that the system approaches a
unique stationary state for a variety of baths. It was later proven rigorously that x ~ N71/2 [24]
for the Connors-Lebowitz model and £ ~ N''/2 [25] for the Rubin-Greer model. It was shown by
Dhar [26] that the conductivity in general depends strongly on boundary conditions and spectral
properties of baths, and the previous results are special cases. One of the conclusions is thus that
scattering by including disorder does not lead to normal heat transport.

Anbharmonic chains: The case of equilibrium and non-equilibrium transport in non-integrable
chains was studied by many authors before, here we give a very brief summary of the previous stud-
ies: The first study of heat conduction in anharmonic chain was explored in by Lepri [27, 28] where
they studied the Fermi-Pasta-Ulam (FPU) model in both the open non-equilibrium setup and the
isolated equilibrium set-up. In the non-equilibrium case they found that K ~ N%37 and a highly
nonlinear temperature profile for relatively small temperature differences, while the equilibrium
current correlation showed a slow decay ~ ¢~%-%3. This clearly indicated anomalous transport with
the conductivity divergence exponent o ~ 0.37. A more recent study found o ~ 0.33 [29]. Some-
what surprisingly, a study of the asymmetric &« — 3 FPU chain and other asymmetric nonlinear
potentials [30] found that in special parameter regimes, the system could exhibit normal transport.
Subsequently it was pointed out by Das, Dhar, Narayan [31] and Wang, Li, Hanggi[32] that this
could be attributed to finite size effects, and that in the large system, long time limit, one would
always find anomalous behavior. The other extensively studied model of 1D heat transport is the
alternate mass hard particle gas which was first studied by Casati [33] and then later by several other
authors [34, 35, 36, 37, 38]. Here again one finds anomalous transport, with a =~ 0.33, but the issue
of slow convergence to the asymptotic behavior and possible finite size effects is there as has been
pointed out in [38]. The conclusion from the numerical studies is therefore that one-dimensional
anharmonic systems with momentum conservation exhibit anomalous transport with a divergent
thermal conductivity £ ~ N<. Itis also found that anharmonic chains with momentum conser-
vation typically show non-linear temperature profiles which are characteristics of anomalous trans-
port. The precise value of o, the question of universality classes and of finite-size effects, are some

issues that are not clearly obtained from the numerical studies.

II



Analytical approaches for anharmonic chains:
Theoretical understanding of super-diffusive transport has been obtained using several approaches.

Some of these include:

(a) Kinetic theory which describes thermal transport by considering the dynamics of a gas of phonons
and treats the scattering between phonons by assuming that the non-linear effects are small and

can be treated perturbatively [39, 40, 41, 42, 43].

(b) Non-linear fluctuating hydrodynamics (NLFH) [9, 10, 11, 44 ] which considers the evolution
of the slow conserved fields at a coarse-grained level and, along with mode coupling theory,
makes detailed predictions on the form of equilibrium spatio-temporal correlation functions of
the conserved fields. In particular, it predicts the super-diffusive spreading of energy perturba-
tions and the slow decay of energy current auto-correlation functions. For generic anharmonic
systems with three conserved quantities (volume, momentum, energy), this theory predicts
that there are two moving sound modes with a constant velocity and one stationary heat mode.

Though this is not exhaustive, one expects two broad univerality classes :

* For symmetric potentials at zero pressure, NLFH predicts that the sound modes spread
diffusively (t'/?) and the heat mode spreads with Levy—3/2 characteristics. The current-

correlation decay exponent is found tobe § = 1/2.

* For asymmetric potentials the prediction is that the sound modes exhibit correlations as
those in the Kardar-Parisi-Zhang (KPZ) (t*/3) and the heat mode with that of Levy—5/3.

The current-correlation decay exponent is obtained to § = 1/3.

There have been several extensive numerical studies of equilibrium correlations of the con-
served quantities in the FPU system [45] and the hard-particle gas [46] to verify the predictions
of NLFH. These studies find the expected heat mode and two sound modes in the equilib-
rium correlations. It was found that the scaling exponents for the spreading of these modes had
a very good agreement with the predictions from NLFH theory. The scaling parameters and
the scaling functions were in close agreement with the theoretical expectation in some param-

eter regimes but this was not the case in all parameter regimes studied. We note that Alder and

I2



Wainwright [47, 48] numerically studied the slow decay of velocity autocorrelations in hard

spheres which was understood in the framework of fluctuating hydrodynamics in [49].

The study of specific exactly solvable stochastic models [50, 51, 52.] gives a more rigorous hold
on anomalous transport. Stochastic models were studied by [53] for uncoupled stochastic os-
cillators, where they showed that the model satisfied Fourier’s law. Similar stochastic models
[54, 55] has been used as a simple model version for understanding complex systems. In the
models for anomalous transport, one considers harmonic chains whose Hamiltonian dynamics
is perturbed by stochastic noise that breaks integrability of the system, but while maintaining
the three important conservation laws. These models thus attempt to mimic nonlinear chains
for which it is usually difficult to obtain any exact result. For these stochastic models, exact re-
sults have been obtained in the isolated system set-up, showing the slow decay of current cor-
relations as well as the super-diffusive spreading of perturbations. It was also shown that these
models lead to super-diftusive spreading of energy that is reminiscent of a Levy walk and a frac-
tional equation evolution. Some analytic results have also been obtained for the open system
[56, 57, 58, 59]. The harmonic chain with stochastic flips of velocity, which does not conserve
momentum, was studied by [60] and was shown to have diffusive transport. Another simpli-
fied model showing super-diffusive transport characterized by two conserved quantities was
introduced by Bernardin and Stoltz [52]. In this thesis we study some questions related to these

models.

1.4 Problems addressed in this thesis

In this thesis, we explore several analytically tractable models of anomalous transport — one involv-

ing transport properties of an integrable Hamiltonian system and the other on stochastic systems

which are solvable in the sense that the dynamical equations for correlations form closed sets of

equations at every order.

In the first part of the thesis (Chapter 2 and Chapter 3), we study transport in Hamiltonian inte-

grable one-dimensional systems. We first study the equilibrium spatio-temporal correlations of con-

served quantities in an interacting integrable system (Toda chain) in the #solated set-up. In special

3



limiting cases, the Toda chain reduces to either the Harmonic chain or the hard particle gas. In these
cases, we find exact expressions for the spatio-temporal correlations of the three standard conserved
quantities. We find that in general the correlations have the scaling form as (1/¢) f(x/t), which is a
signature of ballistic transport. We then explore the differences in equilibrium spatio-temporal cor-
relations between integrable Toda chain and the non-integrable truncated Toda chain. In contrast
to the integrable system, the equilibrium correlations in the non-integrable systems have a slower
spreading with a scaling form (1/¢7) f(x/t), with 1/2 < v < 1. Despite these differences, we find
that some of the tools from hydrodynamic theory used for non-integrable transport can be useful
to study integrable transport. Next, we study the Toda system in an open set-up. It is believed that
ballistic transport in this setup would manifest through a system-size independent current and a flat
temperature profile across the system. This is consistent with our studies in the open Toda chain at
various limits, which thus confirms ballistic transport.

In the second part of the thesis (Chapter 4 and Chapter s), we study two exactly solvable stochas-
tic models which show super-diffusive transport. These stochastic models, introduced to mimic the
anomalous behavior of the non-integrable FPU-like models, have a linear Hamiltonian part with
added stochastic noise which conserves energy, momentum and volume but otherwise destroys
integrability [4, 52, 61]. For the case where transport in the system is diffusive, the heat equation
provides an understanding of macroscopic description for the time-evolution of the temperature
profile both in the open and closed system framework. We ask as to whether a similar equation ex-
ists for anomalous systems described by these stochastic models. The analytical tractability of these
models arises from the fact that two-point correlations form closed set of equations.

Here we consider two such models in the open set-up — the Harmonic Chain with Momen-
tum Exchange (HCME) and the Harmonic Chain with Volume Exchange (HCVE), and show that
a non-local fractional diffusion equation emerges as a suitable replacement to the heat diffusion
equation for describing super-diffusive energy transport in these models. The fractional equation
in both the systems, is then solved to recover closed expressions for the temperature profile and cur-
rent in NESS and is also used to describe the energy relaxation starting from arbitrary initial condi-
tions. In the HCVE model, the evolution of correlation functions is also studied. All results are ex-

tensively verified with microscopic simulation of the system. In the case of HCME, we also consider
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the question of writing a fractional equation with Langevin-type noise, to describe fluctuations in

the system.
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Transport and correlations in Integrable

Systems
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Equilibrium correlations in classically

Integrable Toda chain

2.1 Introduction

There has been a lot of recent interest in equilibrium correlations of conserved quantities in one-
dimensional Hamiltonian systems, in particular in the form of their spatio-temporal evolution. Re-
markable predictions have been obtained for the form of spatio-temporal correlations in systems of
one-dimensional fluids and anharmonic chains, using the framework of fluctuating hydrodynam-
ics [9, 10, 11, 44]. For generic nonlinear systems with three conserved quantities (mass, momentum,
energy), it has been predicted that there are two sound modes which exhibit correlations as those in
the Kardar-Parisi-Zhang (KPZ) equation, and a single heat mode showing characteristics of a Levy
walk. These predictions have been verified in many systems [4s, 46, 62]. These studies of equilib-
rium fluctuations of conserved quantities have led to some progress in resolving the long standing
puzzle of anomalous heat transport in one dimensional systems [2, 3, 4]. The general consensus
now is that in one dimensional momentum conserving non-integrable systems, heat transport is
anomalous, and the heat conductivity x diverges with system size as K ~ N, with 0 < o < 1. The
decay of equilibrium fluctuations shows similar anomalous features which lead to a understanding
of the non-equilibrium state via linear response.

An important aspect, which affects transport and fluctuations in a many-body system, is the in-
tegrability of the Hamiltonian. In this chapter we are going to study transport in one-dimensional

interacting integrable system and make comparisons with the non-integrable systems. In particu-
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lar we study the well known Toda chain [63], first introduced in 1967 as example of an integrable
one-dimensional (1D) system. The chain is characterized by non-linear interactions of exponential
type between nearest neighbors. The exact solvability of the model was studied in [64, 65] where it
was reported how to construct a full set of conserved quantities using the Lax pair formalism. The
periodic lattice was studied in [66, 67] using the inverse scattering method. In the limit of large an-
harmonicity the chain is characterized by soliton solutions, which are stable wave packets localized
in real space. For infinite chains the isolated soliton solution was found by Toda [63]. For periodic
finite chains one can find exact solutions, the so-called cnoidal waves, which are periodic trains of
solitons [63, 18]. The equilibrium thermodynamic properties such as specific heat, etc [68] can be
studied by performing exact integrals with respect to Gibbs distribution. Although special exact
classes of solutions are known for the Toda chain, finite temperature dynamical properties such as
correlation functions are hard to access analytically. There have been some attempts to study fi-
nite temperature dynamical properties of Toda chain through non-interacting soliton gas analogy
[69, 70, 71] and through taking classical limit of a quantum Toda chain [72]. The quantum Toda
chain was solved using Bethe ansatz in [73, 74]. A review of various static and dynamic properties of
the Toda chain can be found in [75].

Energy transport in the Toda chain was studied in [19], where the decay of current correlations
and overlap of currents with other conserved quantities were studied in the context of Mazur in-
equalities. A careful numerical study was carried out in [18] looking at the decay of current corre-
lations in finite systems prepared in canonical equilibrium. It was pointed out that the Mazur rela-
tions needed to be modified and that one needed to take projections of the current to not just the
conserved quantities but also to their bilinear combinations. Among the other results in [18], the
existence of special “cnoidal” solutions in the periodic Toda chain was noted and the effect of cubic
and quartic perturbations on the decay of conserved quantities was studied.

To test the role of integrability in heat transport, it is interesting to study transport in perturbed
integrable systems. The effect of solitons on the heat transport in Toda chain and its perturba-
tions was studied in [76]. The diatomic alternate mass Toda chain which is non-integrable was
studied in [77] where it was found that the thermal conductivity  diverges with system size N as

ask ~ N34 Heat transport in Toda chain perturbed with conservative noise was studied in
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[78, 79] where again it was seen that the current decays with system size (anomalously). In [80] it
was pointed out that the Fermi-Pasta-Ulam (FPU) chain can be studied as a perturbation of Toda
chain and that they exhibit similar behavior at short times.

Another motivation for our study is from the context of recent studies on thermalization in in-
tegrable quantum systems. It has been shown that integrable quantum systems prepared in special
initial conditions, relax to a state that can be described by a Generalized Gibbs Ensemble (GGE),
i.e. thermal equilibrium state is described by a distribution P = e~ 2 nln / Z({)\, 1), where I,
are the conserved quantities of the system, A, are corresponding Lagrange multipliers and Z is the
appropriate partition function [81]. On the other hand, typical states and also typical energy eigen-
states are described by the usual Gibbs ensemble (with only temperature specified) [82, 83]. An
interesting question then is to see how integrability shows up in the dynamics of the system when it
is prepared in an initial thermal Gibbs state.

In this chapter we investigate the spatio-temporal equilibrium correlations of fluctuations of the
three conserved quantities: stretch, momentum and energy in the Toda chain. The equilibrium
state is chosen to correspond to the one with specified temperature (7°) and pressure (P) with zero

average momentum. Our main results are as follows:

* In all parameter regimes we find from numerical simulations that the correlations exhibit bal-
listic scaling, which means that all correlation functions have the form C'(z, t) = (1/t) f(z /1),
where f is some scaling function (non-universal). In contrast, we show that with non-integrable
perturbations of the Toda chain, correlation functions scale as C'(x, t) = (1/t%)f(x/t%),

with 1/2 < o < 1, where f is universal scaling function.

* In two limiting cases, the Toda system reduces to the harmonic chain and the hard particle
gas respectively. In these cases we are able to compute all correlation functions exactly. We
show that there is excellent agreement between direct simulations of the Toda chain with

these exact results.

* We follow the prescription used in the theory of fluctuating hydrodynamics of non-integrable
anharmonic chains and carry out a transformation to the three “normal” modes correspond-

ing to the three conserved quantities. We find that one can then again see a separation of the
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heat and sound modes, but unlike the non-integrable case, here the cross correlations be-

tween different modes are non-vanishing even at long times.

* Finally we study the differences of non-equilibrium transport in open system connect to
heat baths in integrable and non-integrable system. We find that integrable Toda chain can-
not support a temperature gradient and the temperature profile is flat. However, the bulk
temperature in different limits of Toda chain are different. We also find that the thermal con-
ductivity diverges linearly with system size. When a non-integrable perturbation is added to

the Toda chain, a non-linear temperature profile develops suggesting anomalous transport.

The plan of the chapter is as follows. In Sec. (2.2) we precisely define the Toda chain model and
give a summary of some known exact results. In Sec. (2.3) we present analytical and numerical re-
sults for spatio-temporal correlations in two special limiting cases of the Toda system, namely the
harmonic chain and the hard particle gas. The numerical results for spatio-temporal correlations of
the three conserved quantities in the Toda chain are presented in Sec. (2.4). We also discuss the form
of correlation functions of integrable Toda chain in the normal-mode basis and compare differences
of spatio-temporal correlations in integrable and non-integrable systems. In Sec. (2.5) we discuss
the non-equilibrium transport in open Toda system connected to heat baths and study the effect
of non-integrable perturbation of Toda potential on the NESS profiles. We summarize the main

findings of this chapter in Sec. (2.6).

2.2 Toda chain: Model, definitions and summary of some exact results

We first define the Toda model on a ring geometry. We consider IV particles with position ¢, mo-
mentum p, withx = 1,..., N. We define a “stretch” variable r, = ¢, 11 — ¢,. The Toda Hamil-

tonian is given by

N
H= Z % +V(r.), (2.2.1)
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and we take periodic boundary conditions gx41 = Zivzl re. =q + L,q0 = qnv — L, where L is

the length of the lattice. The equations of motion are

qu — _a[efb((Iz*q:cfl) _ e*b(chJrl*CIz) ] , T = 17 L. ’N . (2_2_2)

2.2.0 LAX PAIRS AND CONSERVATION LAWS IN TODA CHAIN

Toda chain is defined as
Viry) = %e_b” = Ce b, (2.2.3)

Equations of motion are:

7.':13 = Pz+1 — Pz, pm = Ob(eibu_l - eib”)

Y

With a change of variables a, = p,/2andd, = /V (r;)/2 = e /2 /2 and using the notation
a, = bay and czx = v Cb2d,, the equations of motion (EOM) can be written as

dx = Jx(a’x - dx—i—l)a a:c = 2(d~521;—1 - ngzc) (2“2'-4>

These EOM can be cast in the form of 2 = [L, A], where L and A are Lax pair matrices with

elements
Lij = dz(sa:y + dvac(szc,y—l—l + dx—léa:,y—la Aij = dvac(sac,y—l—l - Cix—l(sac,y—la (2'2"5)

The Lax solution is written as % = [L, A]. It can be shown [64] that the which says eigenvalues
of L are constant in time and so are any of their symmetric combinations. The conserved quantities
are given as

m

2
I, =—TrL™. (2.2.6)
m
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The first few conserved quantities are,

I = Zﬁx = bzp:m

IQ Zn:px+v7"x = s

pr+ —V(rg)

n 3 3 n 3
Pz ~ ~ v LU a
I3 = Z g + (pa: + px-i—l)v(rz-i-l) = 3 Z ? + (pa: + px-i-l)gv(rx-i-l)] ) (2"2"7>
=1 =1
b |- pt a a?
Iy = 4 [Z 1T (P2 + PaPat1 +pi+1)gv(7’x+1) - 2_b2v( o) +y b2 V(Tx)V(Tx_H) '
=1

.. .. . . N
In addition we have a trivial but important conserved quantity I = )

»—1 T in the case of peri-

odic boundaries. As we can see, the higher order conservation laws become more non-local in space.

Limiting cases: If one takes the limitb — 0,a — oo withab = w? constant, then one gets a
harmonic chain with spring constant w?. In addition there is a large linear term which can be can-
celed with an appropriate “pressure” term [adding a term Pr to the potential V' (r) with P = a].
On the other hand in the limit b — oo the potential vanishes for » > 0 and is infinite at 7 < 0,
thus mimicking a hard-particle gas. As we will see later, in these limiting cases, all dynamical cor-
relations can be exactly computed. In both these cases, some equilibrium dynamical results were
already known [17, 16, 84, 85] and even many exact properties of the non-equilibrium steady state
are known [13, 15, 3].

Solitons and phonons: As noted in [18] the Toda chain on the ring has a family of the so-called
“Cnoidal” wave solutions that are periodic in time and space, very similar to the normal modes of a
harmonic chain. For harmonic lattice the overall amplitude of the normal modes is a free parame-
ter and apart from this freedom, there are exactly /V independent periodic solutions each specified
by a wave-vector k£ and a corresponding frequency wy, (independent of amplitudes). For the non-
linear Toda lattice, one can again construct N solutions specified by wave-vectors & but there is a
free “non-linearity” parameter depending on the amplitude A of the solution and in this case, the
frequencies depend on A. The explicit solutions are stated in [18]. Here we note the observation
made there, that for small amplitudes, the Cnoidal waves look like sinusoidal waves or phonons

(the normal modes of a harmonic lattice) while for large amplitudes, they look like trains of solitons
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(localized excitations).

In the hard particle gas limit, the dynamics consist of particles moving ballistically and exchang-
ing velocities on collision. A velocity pulse would simply pass un-scattered through this system.
Thus this limit is characterized by “non-interacting” solitons. So we see that the two limiting cases
discussed above correspond to excitations being either phonon-like or soliton-like and for general

parameters, we expect a mixture of these two.

2.2.2  DEFINITIONS FOR EQUILIBRIUM SPATIO-TEMPORAL CORRELATIONS

Specification of the equilibrium state and definition of correlation functions: The Toda chain has

a large number of conserved quantities, and accordingly one can construct generalized ensembles
which are invariant distributions. Such general ensembles are specified by a set of N Lagrange mul-
tipliers corresponding to the IV conserved quantities. Here we restrict our discussion to the special
case where the initial state is prepared such that only the conserved quantities energy, stretch and
momentum are specified while all other Lagrange multipliers are set to zero. More specifically we
prepare the system initially in a state described by the following canonical ensemble (with zero aver-

age momentum) and at specified temperature 7" and pressure P:

o~ B0 [P2/24V (ra)+Pra]

Z Y

Prob({ry,p.}) = (2.2.8)

where the partition function is simply given by Z = [ [~_dp [*_dre™” (0*/24V (r)+ PN
Corresponding to the three global conserved quantities (1, /1, I5), we can define the local con-
served fields 7, (¢), p.(t), x(t) = p2/2 4+ V(rs). Itis easy to see that they satisfy the continuity

equations

atrx = Pz+1 — Pz
Oipz = V' (13) = V' (ra—1) (2.2.9)

atea: = p:erlV/(Tx) - pr/(Tg:fl) .

Defining a local pressure variable P = —V(r), and the discrete derivative 0, f (z) = f(x + 1) —
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f(x) we see that the above equations can be written in the following form

Oyry(t) + Opjr(z,t) =0, (2.2.10)
atp:c(t) + axjp(xy t) = O )
Oer(t) + Opje(x,t) =0, where

[jr(x> t)vjp<x> t>7j6($’ t)] = [—px(t), Px—l(t)vpx(t)Px—l(t)]

Next, we define the fluctuations of the fields from their equilibrium values as

ur(z,t) = re(t) — (r), ug(z,t) = pa(t), us(z,t) = e.(t) — (e), (2.2.10)

where (. ..) denote average over the initial equilibrium state. We will look at the following dynamic
correlation functions:

Cop(z,t) = (ua(x,t)u,(0,0)), (2.2.12)

with o, v = 1, 2, 3. The average is over initial conditions chosen from Eq. (2.2.8) and the dynamics
in Eq. (2.2.2) [or equivalently the first two equations in Eq. (2.2.9)].
Sum rules: We note here [11, 4] that the correlation functions of conserved quantities satisfy the

following exact sum rules (see appendix for derivation), in the limit N — oo

Z CP(x,t) = Z C*(x,0), (2.2.13)
%Zxcaﬂ(x,t) = (J*(0)u(0,0)),
% D a2’ C(w,t) = 2(J°()%(0,0)) (2.2.14)

where J(t) = Zj(x, t).

These sum rules serve as useful check of numeric simulations. Further they provide useful infor-
mation on transport properties. For example, the last of the above equation enables one to relate
total current correlations to spreading of correlation functions of corresponding conserved quanti-

ties. One can then try to say something about non-equilibrium transport via linear response theory
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[86, 87]. For the case of the integrable models studied here, we see ballistic scaling of correlations
of all conserved currents, and this immediately implies that the corresponding total currents do not

decay to zero in the infinite time limit.

2.3 Correlation functions in the special limiting cases of Toda lattice

Exact results for the correlations of velocity (p,()po(0)) were obtained in the papers by Mon-
troll and Mazur [16] for the harmonic chain and by Jepsen [17] for the hard particle gas. The dy-
namics of harmonic crystal being linear and the initial conditions taken from Gaussian distribution
makes it simple to obtain exactly the full set of correlations Cy5(2, t). It turns out that for the hard-
particle gas, one can use a recently developed formalism [84], to again compute the full set of corre-
lation functions. Here we outline the computation for the harmonic case and summarize the results

for the HPG (see next chapter for details).

2.3.1 EQUILIBRIUM CORRELATIONS IN HARMONIC CHAIN

The Hamiltonian for the harmonic chain is given by

l\?
Rl\?

(2.3.1)

N
=2 By
po 2
where r, = ¢z4+1 — ¢, and we assume periodic boundary conditions 7y = ry and py41 = p1. The

variables {r,, p, } satisfy the equations of motion

Oy = Pat1— Pa > (2.3.2)

atp:r = WQ(TQC - 7'171) .

. . . - N ~ N .
Defining Fourier transform variables 7, = Y., e *r, pp = > " e *%p, these satisfy the
equations
Tk | Tk . . 0 eth/?
O =T , where T' = 2isin(k/2)

ﬁk ﬁk w2€—ik/2 0

27



Let S be the matrix which diagonalizes T,ie, S7ITS = i\, where A = diag(—\, \) with A =

2wsin(k/2). Then the solution of the above equation is given by

= GehMgt (2.3.3)
Pr(t) Pr(0)
cos(At) 2 sin(At) | [ 74(0)
iwe” " /2gin(\)  cos(\t) p(0)

The translational invariance of the problem means that the correlation matrix

C(a:,t) _ <Tac(t)r0(0)> <T:v(t)p0(0)> : (2.3.4>

(P2 (t)r0(0))  (p=(t)po(0))

is given by

Using the solution in Eq. (2.3.3) and the fact that (since the initial distribution is taken from a Gibbs

ensemble with temperature T')

we get

. cos(At) fw? 22 gin(\t
I
<2 gin(M\)  cos(At)

)

w
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Doing inverse Fourier transform gives C'(x, t) [Eq. (2.3.5)]. After straightforward manipulations

and going to large IV limit we get the following explicit correlation matrix:

Crr(z,t) = Tj2|m|(2wt)/w2, (2.3.7)
Colrt) = (-2 gy | Fret B ),
Oty = T~ LA (g Pt Bl g

Cpp(x, t) = Tj2|m| (th),

where J,,(2) is the Bessel function of first kind and O () is the Heaviside theta function. Since
the process is Gaussian, the energy correlation is derived using expressing higher order moments in
terms of two-point correlation functions, thus Ce(z, 1) = [CF.(x,t) + CF (2, t) + Cp.(x,t) +

C2(,t)]/2.

2.3.2  EQUILIBRIUM CORRELATIONS IN HARD PARTICLE GAS

The explicit correlations for the hard particle gas is derived in the next chapter (Chapter 3). Here
we summarize the results. For the HPG, the equilibrium Gibbs distribution means that initial ve-
locities of all particles are chosen from the Maxwell distribution with variance 2 = T, while the
positions of the N particles are chosen from a uniform distribution within a finite region of length
L. In the thermodynamic limit with N, L — oo with finite density p = N/ L, the correlations in

the bulk of the system are given by:

Crr(z,t) = _ (2.3.8)

72 [z \2e 26V
ey - S (2

Ok z \* z\?
Coclz,t) = =) —2( =) 41
@) 4poy (P%) (PUt>

where 0, = vt.
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Figure 2.1: (a,b) Toda chain with parametersa = 20.0,b = 0.05, P = 20.0,T = 1.0, N = 256 attimet = 80. This
corresponds to the harmonic limit. The simulations of the Toda are compared with the exact harmonic chain correlation functions
(red dashed lines) as given in text. Here w? = 1, hence C,., = Cpp. (c) Toda chain with parametersa = 0.1,b = 10.0, P =
0.1,7 = 1.0, N = 1024 corresponding to hard-particle limit, at time ¢ = 400. The solid black lines are the values of exact
correlation function, as given in text (with oy = pvt).

2.4  Equilibrium correlations of Toda chain

We now first present results from direct simulations on the form of these different correlation func-
tions. In our simulations we explore different parameter regimes and in the two limiting cases, com-

pare our results with the exact results of the previous section.

2.4.1 NUMERICAL RESULTS FOR CORRELATIONS OF CONSERVED QUANTITIES

Numerical details: The Toda-chain is simulated by numerically evaluating Eq. (2.2.2) using the
velocity-Verlet algorithm. We choose a small time-step (d¢ < 0.01) in the simulations which
keeps the total energy and momentum constant to a high accuracy ( relative error less than 10~°
for energy and 10~* in I3 ). To capture the equilibrium correlations, we prepare the system in
an initial state in a canonical (7', P) ensemble by drawing random numbers p, r for each particle
from the distribution e =#®*/2+V()+P1) | 7 through inverse transform sampling. For the parti-
tion function to be bounded, we require that pressure is non-zero for Toda Lattice. The full set of
spatio-temporal correlation functions, defined in Eq. (2.2.12) are computed by taking averages over
105 — 107 initial conditions.

We present numerical results and discuss their scaling in three different parameter regimes. These

correspond to the harmonic and hard particle limits and an intermediate regime. In the former
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Figure 2.2: Diagonal correlation functions Eq. (2.2.12) for Toda lattice for two different times (dashed line indicates later time).
The black dashed line show position of sound velocity as predicted from Eq. (2.4.3) at the two times (a) Harmonic Limit at time

t = 80, 120 [parameters of Fig. 2.1(a)]. (b) Toda chain with parametera = 1,6 = 1, P = 1,7 = 1, N = 1024 attime
t = 200, 300. (c) Hard-Particle limit [parameters of Fig. 2.1(c)] at time ¢ = 200, 400.

cases, comparisons are made with the exact results stated in the previous section. For the three con-
served quantities we will use the notation 7 <+ 1, p <+ 2, e <+ 3.

Casel: a = 20,0 = 0.05, P = 20.0,7" = 1.0 — In this limit, the Toda lattice is expected to

show similar characteristics of the harmonic lattice. In Fig. 2.1(a) and 2.1(b) we show results for the
diagonal correlations C.,, C. in the Toda lattice respectively and compare them with exact har-
monic chain results as given in Eqgs. (2.3.8). We find an excellent agreement. For our parameters,

the effective spring constant w? = landhence C,, = Cpp- The correlations are extended and
oscillatory. In Fig. 2.2(a), the momentum and energy spatio-temporal correlations are shown for
two different times illustrating how they spread with time. The speed of sound hereisc ~ 1. In
Fig. 2.3(a) and 2.3(b), we plot the same data after scaling the x and y axes by factors of 1/t and ¢ re-
spectively (ballistic scaling). We see a good collapse in the bulk with some deviations near the sound
peaks, which occur near the edge.

Casell:a = 1.0,b = 1.0, P = 1.0, T = 1.0 — This corresponds to the intermediate regime

and we no longer see the oscillations in the correlations. In Fig. 2.2(b), the momentum and energy
correlations are shown for two different times. The speed of sound hereisc = 0.8833.... The
stretch and momentum correlations only have peaks at the edges, while the energy correlation has
an additional small peak in the middle. In Fig. 2.3(b) we see that there is a very good ballistic scaling

of the correlation functions.

CaseIll:a = 0.1,b = 10.0, P = 0.1, 7" = 1.0 — This corresponds to the hard particle gas limit

and again we see no oscillations. In Fig. 2.1(c) the results for correlation functions from direct simu-

lations of the Toda chain are compared with the exact results for the hard particle gas in Eq. (3.3.5).
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Figure 2.3: The diagonal correlation functions Eq. (2.2.12) for Toda lattice in various limits for two different times are plotted
with ballistic scaling. (a) and (b) shows collapse momentum and energy correlations respectively in harmonic limit with param-
eters that of Fig. 2.2(a). Although the scaling is good in the bulk, the edges show significant deviations. (c) shows ballistic scaling
for Toda with parameters as that of Fig. 2.2(b). In (d) we show ballistic scaling in the hard particle limit with parameters as in

Fig. 2.2(c).

We again see excellent agreement with the numerical data. We now see that the nature of correla-
tions are very different. The stretch correlation has a single peak at the center and energy correlation

has a relatively large central peak. In Fig. 2.2(c) the correlations are shown at two different times.

The speed of sound is ¢ = 0.1709... while Fig. 2.3(c) shows the expected ballistic scaling.

2.4.2 NORMAL MODE DESCRIPTION OF CORRELATIONS

In the usual hydrodynamic theory of anharmonic chains [11], it is convenient to go to a descrip-
tion in terms of “normal” hydrodynamic modes of the system. The normal modes, which we will
denote by (¢, ¢, ¢_) consist of linear combinations of the original field (u1, u2, u3) chosen in
such a way that the correlation matrix becomes approximately diagonal at long times, i.e, the cross
correlations between different modes become negligible at long times. At the level of linearized
hydrodynamics, for the diagonal elements of the correlation matrix, well-separated peaks for each
mode is seen. Specifically one finds (at the linear level) a single diffusively spreading heat mode and
two propagating sound modes moving with speeds £c. While it is not obvious what such a normal
mode transformation will achieve for our integrable system, we nevertheless proceed to construct
such a transformation (using the three variable description) and analyze the correlations in this ba-
sis.

We briefly review the construction of the normal mode transformation, starting with the mi-

croscopic continuity equations given by Eq. (2.2.10). The conserved currents j, are then expanded
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about their equilibrium value up to linear order in the fields leading to the linear equations
Ot (2, 1) + 0, (AP ug(x,t)) = 0, (2.4.1)

where

0 -1 0
A=1 9P 0 O.P
0 P 0

The partial derivatives above are computed using the equilibrium equation of state P = P(l, )
wherel = (r),e = (e). The diagonalization of the matrix A leads to the form RAR™! =
diag(—c, 0, ¢), where the matrix R is completely fixed by the normalization condition RC(t =
0)RT = 1, with C' the correlation matrix. We refer the reader to [11] for explicit expressions. The
constant ¢ corresponds to the sound velocity and can be computed explicitly from equilibrium cor-
relation functions through the formula [11]

1/ 1
2 —(— Py;V + P 4.
c F(252+<V+ y; V + y>>, (2.4.2)

with I' = B((y; y)(V; V) = (1: V)?) + 22, and where (A; B) = (AB) — (A)(B). For the Toda

potential one can simplify Eq.(2.4.2) to get the form
, 02 (22%0W(2) — 22+ 1)

T e - 49

where z = ﬂ—f and 1)(Y(2) is Polygamma function which is defined as ¢! (2) = % log(T'(2))
and I'(z) is the standard Gamma-function. It is interesting to note that for the special case with
P = b, the above formula is very close to one derived in [70].

Forsmallband P = a, Eq. (2.4.3) can be expanded to give the expected speed of sound in a
harmonic chain ¢ = v/ab. In the other limit, when b — oo and the external pressure is P the
above formula gives the hard particle limit ¢ = /33P. These two limits can also be obtained in
the high temperature (corresponding to large b) and low temperature limits (small b) by expanding

with respect to 2, leading to the same expressions for speed of sound to the leading order.
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Figure 2.4: Normal mode representation- Case | with parametersa = 1,0 = 1, P = 1,7 = land N = 1024. (a) Heat
and sound modes plotted together at times ¢ = 200 (red), ¢ = 300 (blue) and ¢ = 350 (green). The two sound modes move to
left and to the right with velocities F-c (vertical dashed lines indicate the distance ct). (b) The sound modes at the three times are
scaled ballistically and we see a good collapse even at small times. (c) The heat modes are scaled ballistically.

The normal mode transformation is then defined by ¢y = > Ry aUa, for s = 4,0, —. We can

then compute correlations for these normal modes

Crs = <¢r(l‘7 t>¢s<07 O)) s (244)

forr,s = +,0, —. As we will see this normal mode transformation separates the two sound modes
s = 4+, — moving with velocity 3=c respectively and the heat mode s = 0. All the modes continue
to show ballistic scaling. We now show numerical data of the correlations in normal modes for the

Toda chain in various parameter regimes.

Casel:a =1.0,0=1.0,P = 1.0,7 = 1.0 — In Fig. 2.4(a) we show the sound and heat modes

plotted together at three different times ¢ = 200, 300, 350. The speed of sound is ¢ = 0.883....
The scaled right moving sound modes and the scaled heat modes are plotted in Fig. 2.4(b) and

Fig. 2.4(c) respectively. The scaling collapse is very good even for short times. The sound mode is
broad and asymmetric. The heat mode on the other hand has a broad central peak and also signifi-
cant side peaks. The amplitude of heat mode is much less than that of sound mode, which implies
less scattering. In Figs. 2.4(b) and 2.4(c) we show the ballistic scaling of the right moving sound
mode and the heat mode. Note that the shift by ct for the sound mode is not really necessary to see
scaling collapse for the ballistic case. Typically we find that the off-diagonal correlations are of same
magnitude as that of the diagonal correlations.

Casell:a = 1.0,b=1.0,T7 = 5.0, P = 1.0 — In Fig. 2.5(a) we show the three normal modes

correlations plotted together. The speed of sound in this case is 0.6232.... At high temperatures the

dynamics is controlled by solitons, which are moving slower than their phonon counterparts. At
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Figure 2.5: Normal mode representation - Case |l with parameters parametersa = 1.0,b = 1.0, P = 1.0,T = 5.0and

N = 1024. (a) Heat and sound modes plotted together, at timest = 200 (red), = 300 (blue) andt = 450 (green). The

two sound modes move to the left and to the right with speed c (vertical dashed lines indicate the position ct). (b) This shows the

ballistic scaling of the sound modes at the three different times. These are now almost Gaussian (shown by black solid line with

standard deviation o = 0.1982...). (c) This shows the ballistically scaled heat mode. The amplitude of the heat and sound modes

are now comparable.

0.015]

t' Coola,t)

C(z,t)

— L L L L -1 L L 2 L
0.005——=5 50 50 150 ~0.4 0.2 0.0 0.2 0.4 ~0.4 0.2 0.0 0.2 0.4
(z+et)/t! a/t!

Figure 2.6: Normal mode representation - Case Il with parametersa = 0.1,0 = 10.0,P = 0.1,7 = 1.0and N =
1024, corresponding to the large anharmonicity limit. (a) This shows the heat and the two sound modes at times ¢ = 300 (red),
t = 400 (blue) andt = 500 (green). The distances x = =ct are marked with vertical dashed lines. (b) This shows the ballistic

scaling of the sound modes. (c) This shows ballistic scaling of the heat mode.

this temperature the phonon-soliton interaction is negligible and the sound mode is symmetric and
fits well to a Gaussian with 0 = 0.1982, while the heat mode has faster decay. Another feature is
that at high temperatures the diagonal correlations are at least an order of magnitude larger than the
cross-correlations. In Figs. 2.5(b) and 2.5(c) we show the ballistic scaling of the left moving sound

mode and the heat mode.

CaseIll: a = 0.1,0 = 10.0,7 = 1.0, P = 1.0 — In Fig. 2.6(a) we show the three normal modes

correlations plotted together, in a parameter regime corresponding to the hard particle limit. The
speed of sound is 0.17093. The heat and sound modes now have single peaks but these are broad
and with significant overlap at all times. Also note that the heat mode is larger in amplitude than

the two sound modes unlike the other cases. In Figs. 2.6(b) and 2.6(c) we show the ballistic scaling

35



0.0012 ; ; ; 0.0008
0.0004
0.0004
= =
o) G 0.0000
3 O
—0.0004
—0.0004
— L L Il _ L L Il
0.0012 —2000 0 2000 O'OO(ELOOO —2000 0 2000 4000

x

Figure 2.7: Figure shows all correlation functions between the three locally conserved quantities (T, D, ) for (a) truncated Toda
chain [potential given by Eq. (2.4.5)] and parameters P = 0,7 = 0.5, N = 8192 attimet = 2000. (b) Toda chain with

a =1,b =1, P = 1andall other parameters the same as in (a).
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Figure 2.8: (a) Sound and Heat modes for truncated Toda chain (Eq. (2.4.5)) with parameters P = 0.0,7 = 0.5, N = 8192
attimest = 2000 (red)t = 3000 (blue) andt = 3500 (green). The black dashed line show the positions =t and coincide
with the peaks of the sound modes. (b) This shows the expected KPZ-scaling of the sound modes, with exponent 2/3 as per
hydrodynamics prediction. (c) This shows the heat mode scaling with the the expected Levy exponent 3/5.
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Figure 2.9: This shows the cross correlations between the normal modes att = 2000 which are smaller than their respective
diagonal correlations for (a) Truncated Toda chain with parameters as given in Fig. 2.7(a). (b) Toda chain with same parameters as

Fig. 2.7 (b).
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of the right moving sound mode and the heat mode.

2.4.3 EQ’(/JILIBRIUM CORRELATIONS IN TRUNCATED TODA CHAIN

To see the huge effect of integrability on the form of correlations, we show results from a simulation
with a potential corresponding to a truncated Toda potential with parameters P, T chosen to be
close to the actual Toda simulations. Note that truncation leads to an FPU potential and is expected
to destroy integrability. For the parametersa = b = 1, the truncated Toda potential to quartic

order is given by

r2 3 4
2

r
Wr(r): E—i_ﬂa

(2.4-5)

and we set P = 0.0,7" = 0.5 to match the equilibrium properties of the corresponding integrable
Toda chain with parametersa = 1,b = 1, P = 1,7 = 0.5. With this parameters, the speed of

sound in truncated Toda chain is ¢ = 1.004... and for Toda chain is ¢ = 0.938... which is about a
6% difference.

In Fig. 2.7 we show a comparison of the correlation functions of Toda chain with the corre-
sponding truncated Toda chain. We see that they show significant qualitative differences. In par-
ticular for the truncated Toda (FPU) chain, the correlation functions show localized and well-
separated peaks, while in the Toda chain, they are broad and overlapping. The cross correlations
are of similar order in both cases and we will now see how this changes when we transform to nor-
mal mode basis. The normal mode representation more clearly shows the difference between the
Toda results and the FPU.

Finally we show that the normal mode representation also brings out clearly the striking differ-
ences between integrable and non-integrable models. In Figs. 2.8(a) and 2.8(b) we plot the normal
mode correlations for the truncated Toda chain whose correlations (in usual variables) were pre-
sented in Fig. 2.7(a). We see the striking differences between these and the corresponding plots for
the Toda chain in Figs. (2.4,2.5,2.6). In particular we see that for the non-integrable case, the sound
modes show the KPZ scaling form C, (z,t) = fi((z + ct)/(At¥?))/(\st)?/3, while the heat
modes show Levy-5/3 scaling Copp = fo(@/(At3®)) ) (Ant)3/, where f+.0and Ag j, are appro-
priate scaling functions and scaling factors. The cross correlation between the three normal modes

in the truncated Toda lattice is shown in Fig. 2.9(a) and for Toda chain in Fig. 2.9(b). In this case
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we see that for both the Toda chain and its truncated version, the off-diagonal correlations between
heat and sound modes are much smaller than the diagonal correlations. The main difference be-
tween the two cases is that in the truncated Toda chain, the modes are localized around sound peak,

while for integrable Toda chain they have a broad spreading.

2.5 Non-equilibrium transport in Toda chain connected to heat baths

In a non-equilibrium setup, we attach two heat-bath in different temperature (77, and T ) at the
two ends of the lattice and let the system evolve sufficiently to equilibrium. The equations of mo-

tion are taken to be those in Eq. (2.2.1) with the Toda inter-particle potential V (r) = (a/b)e™"",

P = —ae 20 4 gemba—wo) _ Ny INT L1,
p:c — _ae_b(ng-l_‘h) + ae_b(%:_qz—l)’ 2 S T S N — 1’ (2.51)

Py = —ae avnman) o gemblav=an—1) _ \p o 4\ /INT R,

and we choose fixed boundary conditions ¢go = 0 and gy4+1 = L and with 7 is the Gaussian white
noise with zero mean and unit variance. The non-equilibrium driving at the boundaries gives rise

to a non-zero current in the system which leads to a temperature profile interpolating between the
boundary temperatures. The local temperature given as (v?) is measured, along with current in the
NESS of the system by averaging over time for around 10° data points (each data point is taken after

time intervals 10). From Eq. (1.2.3), we get the current on the bond  to x + 1 as

. 1
Jz = §(px +px+1)vl(qyc+1 - qgc) (2'5'2)
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Figure 2.10: Non-equilibrium simulations of the Toda chain: (a) Temperature profile for Toda chain of size N = 128 with T, =
3andTr = 1andparametersa = b = 1 (b) Ballistic scaling of conductivity, ~, with system size [N. The parameters for Toda
chainarea = 1,b = 1, p = 1 with fixed boundary conditions. In all our simulations the bath dissipation constant A = 1.
For small temperature differences, the thermal conductivity is given in terms of current in the sys-
tem as

NG)

K=
Ty, — Tr|

(25:3)

where (j) = Zi\:l (Jz) /(N — 1). As expected we find [see Fig. (2.10)] that in the NESS, the tem-
perature profile is flat and the thermal conductivity increases linearly with system size (x ~ N).
These are consistent with ballistic transport in integrable system. Note that in contrast, in a dif-
tusive system, the temperature profile would be linear and thermal conductivity £ would be inde-
pendent of system size, while for an anomalous system the temperature profile is non-linear and

k ~ N with o < 1. An interesting question is to explore the dependence on the value of the bulk
temperature (say 7;,) on the system parameters. We first note a simple scaling relation for the tem-
perature. The Langevin equations of motion, Eq. (2.5.2), have the following scaling symmetry: the

transformations © — sz, b — b/s,a — sa, T — s*T and L — sL leaves the equations invariant.

Using this we can write the following exact scaling relation for the temperature in the Toda lattice:
T(SCL, b/S, SQTLa SQTRv P/S)/52 = T(a7 bv TLa TRa p)’ (2'54>

and a similar expression for current. This shows that the temperature, density and non-linearity

parameters play a role interchangeably in determining the effective anharmonicity in the system. In
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Figure 2.11: Test of scaling for different b and 1" as stated in Eq. (2.5.4) with fixed boundary conditions. We simulate the left hand
side of the equation for various values of s. In all simulations the systemsizeis N = 16, T, = 4, Tr = 1,dissipation
constant A\ = Landa = 1/b. Inthe NESS, the average temperature in hard particle gas limit is almost T, = 2.4 # /T Tr
while in the harmonic limit we find Ty, = 2.5 = (T + TRr)/2.
Fig. (2.11) we test this scaling relation in the hard-particle gas and harmonic chain limits. It is known
exactly that for the harmonic chain attached to Langevian baths T, is given by (Tz + 17,)/2 while
for the hard particle gas attached to Maxwell baths, it is given by /T 1. The case of hard particle
gas with Langevian baths has not been studied before. In our simulation results in Fig. (2.11), we
find that for the Toda chain in the harmonic limit, we do get T,,, = (T + 77.)/2, while in the
hard particle gas limit we do not obtain the expected value /17, Tx. Emperically we find that T, ~
VT Ty where Ty, Ty are the temperatures of the boundary particles.

Energy transport in quartic perturbation of Toda chain: Next, we add a small quartic perturba-
tion to the Toda chain which again breaks the integrable structure (in a different way than the trun-
cated Toda). The quartic perturbation to Toda lattice is defined by taking the interaction potential

to be

V(r)= L L (2.5.5)

The perturbed Toda is non-integrable and has three conservation laws with momentum conserva-
tion, hence we expect it to have anomalous transport. Here we study the effects of perturbing Toda
chain on the non-equilibrium temperature profile and current. One must note that the Toda po-
tential is a highly non-linear system and breaking its integrability is very different from breaking of

integrability by adding perturbation in the linear harmonic chain. This makes it interesting to study

40



(a)

1 .
0.0 0.2 0.4 0.6 0.8 1.0

Figure 2.12: Non-Equilibrium simulations of Toda Lattice in different limits and perturbations. The left bath is kept at tempera-
ture T, = 4 and right bath is at temperature Tr = 1. All simulations are for systemsize N = 512, p = 1. (a) perturbations in
the Harmonic Limita = 10, b = 0.1. Surprisingly, for small perturbation, the profile is almost linear. (b) perturbations on Toda
parametersa = 1.0,b = 1.0 and (c) perturbations on Hard particle limita = 0.1, b = 10. We see as we go to hard-particle
limit, a greater temperature gradient is set up for same perturbation.

the crossover of transport from ballistic to anomalous.

The perturbations to exponential interaction is of interest as it can help understand the effects
of non-linearity in heat transport. It has been suggested before that FPU chain can be viewed as
a perturbation of Toda chain [80]. In the hard-particle limit, the lattice is governed by solitons,
which are space localized. Any small perturbation in space affects the stability of the solitons and
hence they break. In the harmonic limit the dynamics is governed by phonons localized in Fourier
space. On small perturbations in real space, the large wavelength modes will be less affected. Here
we study the non-equilibrium properties of the perturbed Toda chain. Further, to study the ro-
bustness of Toda lattice to quartic perturbations, we study the temperature profile in the harmonic
chain and hard particle gas limits, with perturbations of the same strength.

In all the simulations, the density of the chain is kept fixed at p = 1. In harmonic limit, the pa-
rametersarea = 10,b = 0.1 and in hard-particle limit the parametersarea = 0.1,b = 10.
Three different perturbations (6 = 0.01, 0.1, 0.5) are applied and the resulting temperature gradi-
ent and heat current is studied. Fig. (2.12) shows that with the same perturbation strength, a greater
temperature gradient is set up in case of high anharmonicity. The temperature profile also shows
unexpected behavior as the perturbation is increased. In harmonic limit, b = 0.1, a quadratic per-
turbation of 6 = 0.01, 0.1, 0.5 shows increase in temperature gradient as expected. Interestingly,

for small perturbation, the profile is almost linear. In case of HPG limit surprisingly, a perturbation

of 6 = 0.5 creates a lesser temperature gradient than a perturbation of § = 0.1.
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2.6  Conclusion

We have studied the spatio-temporal equilibrium correlation functions of the fluctuations of three
conserved quantities (stretch, momentum and energy) in the Toda chain. We found analytical ex-
pressions of these correlations in two different limits of the Toda chain, namely harmonic chain and
hard particle gas and verified them in direct molecular dynamics simulations. The two limits can be
argued to correspond to either phonon dominated dynamics or soliton dominated dynamics.

For generic parameter regimes, our numerical data shows that the Toda correlations always ex-
hibit ballistic scaling. We pointed out that this form is completely different from the correlations
seen in a truncated Toda potential, which exhibits the universal scaling forms predicted by nonlin-
ear fluctuating hydrodynamics of generic anharmonic chains. We carried out the transformation to
normal modes following the approach of hydrodynamics (for the three variables) and found that
this is still useful in separating the multiple peaks seen in correlation functions of the conserved
variables in an integrable system. Also, an explicit formula for the speed of sound is obtained. Un-
like non-integrable systems, the normal modes have peaks with large width (i.e. the width of the
peaks scale linearly with time). Precise conditions and proofs are necessary for ballistic scaling of
space-time correlations in classical integrable systems and remains an open interesting problem. The
question is also of interest in the context of integrable quantum systems. We have further studied
the transport in Toda chain connected to heat baths. The ballistic transport in this system implies
that the thermal conductivity diverges linearly with the system size and the temperature profile is
flat in all parameter regimes. However the precise value of the constant bulk temperature profile is
the average of two boundary temperatures only in the harmonic limit, while it is different in other
cases, including the hard-particle limit. We systematically study and comment on the temperature
profile for various cases. Finally, we studied the effect of non-integrable perturbations on the tem-

perarature profile and find that they immediately lead to non-flat temperature profiles.
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2.7 Appendix

2.7.1  SuM RULES

Here we outline the proofs of the sum rules mentioned in Sec. (2.2). The zeroth sum rule says that

for a conserved quantity, the total correlations of the system remain constant in time, i.e,

Z CP(x,t) = Z C*P(x,0). (2.7.1)

Recall that we are interested in correlations of the fluctuations around equilibrium values u, (z, t) =
I,(x,t) — (1,). Let us also define the current fluctuations as Aj, (z,t) = jo(x,t) — (j,) and the

total current J*(t) = > j*(z,t). From the equations of motion we get
Opu (z,t) = Ajy_, () = A (1) -
Multiplying both sides by ©”(0, 0) and averaging over the initial equilibrium distribution gives

0,0 (w,t) = (Aj_y (H)u”(0,0)) — (Az7 (£)u”(0,0))

= (A5 (0)uy_y (=) = (AJ5 (0)u (=) , (2.7.2)

where we used space and time-translational invariance. Summing over all sites we then get
d « e’ e’
pn P @ t) =) [(AGF0)uy_y(—)) — (AGS(0)u (—1))],

which vanishes, since > u” is a conserved quantity. Hence the result in Eq. (2.7.1) follows.

The other sum rules are on the moments of spatial correlation functions of conserved quantities.
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The first and second sum rules respectively state

J N/2—1

72 1C @) = (Aj*(x,00u7(0,0))

@ e=—N/2
— N{*(=N/2,1)%(0,0)) ,

= <J°‘uﬁ> (N — o0) (2.7.3)

N/2—-1

& . .
@Zﬁc Aat)=2 > C(x,1),
T —N/2

as, N as N
—i—N{Cjﬁ(—E,t)—Cjﬁ(?—l,t) :

=2 C(x,t) (N = o0), (2.7.4)

where Cfﬁ (z,t) = (Aj*(z,t)Aj"(0,0)) and we note that Eq. (2.7.3) only involves an equilib-
rium equal time correlation.

The proof starts by following steps as those for Eq. (2.7.2) to get
0,0 (. t) = (A1 (0)ug (1)) — (A (0)up (—1)) -

Multiplying the above equation by , summing over all z, and after simplifications using the fact
that 3" uf(z,t) = const gives Eq. (2.7.3). Taking another time derivative, and on using the conti-
nuity equations we get

d2

T @) = (g2, 01AT (1) — Aj (=)

— (AJ7O)A (1) = Ajg (=)])]

_ [ (a8 o o
— [CP (@ +1,1) — 2098 (2, 1) + C (x—l,t)].

Multiplying the above equation by 22, summing over all , and after simplifications using the first

sum-rule Y C*%(z,t) = const gives Eq. (2.7.4).
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Velocity correlation functions in the Hard

Particle Gas in thermal equilibrium

3.1 Introduction

The hard point particle gas (HPG) is a simple example of an interacting many particle system. As
discussed in 1, the alternate mass HPG has been studied both in equilibrium and non-equilibrium
setups, and exhibits anomalous transport. On the other hand the equal mass hard particle gas is in-
tegrable and shows ballistic transport, that is NESS current is independent of system size and equi-
librium correlation functions have the scaling form ¢ f (2 /t). In the previous chapter, we also saw
that the equal mass HPG is obtained as a special limiting case of the Toda model.

In the HPG model, particles undergo elastic two-particle collisions with nearest neighbor par-
ticles, while in between the collisions, they move freely with constant velocity. For the equal mass
case, elastic collisions conserve energy and momentum and this means that colliding particles simply
exchange their velocities. The initial order of the particles remains the same as the particles cannot
cross each other. Using these properties it was shown by Jepsen [17] that one can effectively map
this to a gas of non-interacting particles and many exact results, such as tagged particle equilibrium
velocity correlations, could be obtained. In recent work [84, 85, 88], much simplification of this
approach was used to obtain exact results on properties of tagged particle displacements.

In this chapter we show how one compute higher order velocity correlations , by following the
methods in [84]. Specifically we considered a set of 2N + 1 particles of unit masses moving inside

a1D box of length 2 L. The ordered particles have positions and velocities given by {z;, v;} fori =
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1,2...,2N + 1. We are interested in computing general spatio-temporal correlation functions of

velocity defined as

(" (£);v7(0)) = [{]" ()0} (0)) — (v (O) (] (0))] /o™, (3.1.1)

where m, 1 are positive integers and the average is over initial configurations chosen from the equi-
librium Gibb’s distribution at temperature 7" and density p, and we have defined v2 = T.The
notation (; ) denotes only the connected part with the average part subtracted. We are interested

in computing these correlations in the thermodynamic limit with N — 0o, L — oo keeping

p = (2N +1)/(2L) constant and with 7, j taken to be particles in the bulk. Hence in all our com-
putations, we will ignore collisions with the wall. In this limit, the correlation function depends
only on the relative position of the two particles, r =7 — j.

The chapter is organized as follows: In section Sec. [3.2] we define the system of equal mass hard
particles and the transformation to the non-interacting system. We then outline the main idea of
computing the two particle joint probability distribution for the equal mass HPG. We relate the
joint positional distribution to study the velocity correlations of the system in the thermodynamic
limit. We also verify the results from simulations of the microscopic system. In Sec. [3.3] we give
a heuristic derivation of the first few velocity correlations and stretch correlations. Finally we con-

clude the chapter in Sec. [3.4].

3.2 Main steps of the calculation

We consider a gas of 2V + 1 particles that are initially distributed uniformly in the interval [ L, L].
The positions of the ordered particles are given by {x; } and the initial velocities {v; } are chosen
from the Gibbs distribution at temperature T, P({v;}) = [, e~%/? /v/2rT. As mentioned

in the introduction, since we are interested only in the thermodynamic limit and in bulk proper-
ties, we do not need to include a confining wall at the ends of the interval. The particles move freely
with constant velocity between elastic collisions with the neighbors. Under a collision the parti-

cles simply exchange their velocities. This allows us to make a mapping from interacting system of

particles [Fig. 3.1(a)], where the particles collide with each other, to a system of non-interacting par-
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Figure 3.1: Aninteracting hard-point particles system can be constructed from a non-interacting system by exchanging tags
(colors) when two trajectories cross.
ticles [Fig. 3.1 (b)] , where the particles evolve independently and pass through each other, and we
exchange labels whenever particles cross. In fact this non-interacting picture allows one to evolve
the system directly to any final time and the corresponding trajectory in the case where the particles
are undergoing collisions can be obtained by relabeling the tags of the particles. The probability of
obtaining the trajectories in the non-interacting picture is same as that of the interacting system.
This mapping to the non-interacting gas was used by Jepsen [17] to obtain an exact solution for
velocity-velocity autocorrelation functions in the hard-particle gas. A simpler approach was recently
proposed in [84, 85, 89, 88] to obtain two particle distribution, tagged particle statistics and also a
particular case of velocity correlations with m = n = 1in Eq. (3.1.1).

In the non-interacting picture, a particle at  with velocity v travels to y at time ¢ such thaty =
x + vt. Itis useful to rewrite the non-interacting evolution asy = = + oyv/v, where v = VT is
the root-mean-square velocity of the particle and o, = ¥t. For a particle with velocity chosen from
the Maxwell distribution, the single particle propagator giving the probability of finding the particle

at y at time ¢ is then given by

00 —v? /202
G(y, t|z,0) :/ dvé(y—x—atv/@)e
oo 22
1 _=a)? 1 Yy—2
— 22¢2 — — 2.
\/27T172t6 o Utf < Ot ) 7 (-2

where the function f(z) = e~**/?/7/2r, and we denote the m* moment by 8,,, = | > amf(x)dr =
14+ (=1)"](m — 1)!! /2 (where !! denotes the double factorial).
Our strategy is to compute the correlations of velocity via the two-time joint distribution func-

tion P(x, 7,0, y, k, t) defined as the probability of the j th particle being at z at time ¢ = 0 and the
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Time

T xT X
Figure 3.2: In the non-interacting picture, there are two possibilities: (a) the jth particle at time t = 0 becomes the kth particle at
time t, (b) a second particle becomes the kth particle at time t.
k'™ particle being at y at time ¢. Following [84], this joint PDF can be readily computed using the
single particle propagator and through the mapping to non-interacting particles. In the next section

we give the details.

3.2.1 COMPUTATION OF THE JOINT PROBABILITY DISTRIBUTION OF TWO

PARTICLES

In terms of the non-interacting gas picture, the joint probability density, P(z, j,0,y, k,t), of the
j'" particle being at z at time ¢ = 0 and the k™" particle being at  at time ¢, has two indepen-
dent contributions Py (z, 7,0, y, k, t) and Ps(z, j,0,y, k,t, %, ). Both these quantities can be
expressed in terms of the single particle propagator G(y, t|x, 0) and another quantity which marks

label of the particles at different times. These contributions are explained below

(i) In the non-interacting gas picture, P (x, j, 0, y, k, t) is the probability that j™ particle,
which is at z at time ¢ = 0, becomes the k" particle at y at time ¢ [shown in Fig. 3.2(a)].

This is obtained by picking one of the non-interacting particles at random at time ¢ = 0,

2N+1
2L °

with probability evolving with the propagator from (z, 0) to (y, t) and multiplying

by the probability that this is the jth particle at time ¢ = 0 and the kth particle at time ¢. We

thus get
2N +1
2L

P1<:U7j707y7 kat) = G<y7t‘$7 O)FIN(xajay>k7t) ) (3'2"2‘)

where Fiy(, J,y, k, t) is the probability that there are j — 1 particles to the left of z at

t = Oand k — 1 particles to the left of y at time ?. The explicit form of F} 5 can be obtained

48



by combinatorial arguments [84] and is given in 3.5.1.

(i) Similarly, for the non-interacting gas, Po(, j, 0, y, k, t, T, §) is the probability that the 5
particle at x att = 0 becomes another particle at ¢ at time ¢ and some other particle at Z at
time¢ = 0 becomes the k" particle at x at time ¢ [shown in Fig. 3.2(b)]. In this case, two
particles are chosen randomly at ¢ = 0, with probability %, and are evolved with the

propagator for the transition (x, Z,t = 0) — (¥, y, t). Finally we need to multiply this with

the probability, Fon (2, 7, y, k, T, §, t), that there are j — 1 particles to the left of z att = 0

and k — 1 particles to the left of y at time ¢, given that there is a particle at Z att = Oand a

particle at § at time ¢. Combining these, we get

(2N + 1)(2N)G(

PQ(x7j7O7y7k7t7i.7g): (2L)

y,t1Z,0)G(y, t|z,0)Fon(x, j,y, k, T, 7, 1) .

(3.2.3)

The explicit form of Fy can be obtained by combinatorial arguments [84] and is given in

3.5.1.

3.2.2 RELATING VELOCITY CORRELATIONS TO THE JOINT POSITIONAL

DISTRIBUTION
The contribution to velocity correlations in the interacting system comes from two separate pro-
cesses corresponding to the two joint probability distributions from the previous section. Hence we
obtain

J

Fr (k. g t) = (o (0o (0)) o = (u (£)0] (0))1 /0™ " + (ufl (£)0](0))2 /0",

where I and II can be computed as follows.
(i) The first contribution comes when the ;% particle at  from time ¢ = 0 becomes the k"

particle at y after time ¢. In the non-interacting picture, these two particles are correlated and have

N t (0
the same velocity, i.e. w®) — %)
v v

= % Multiplying this with the appropriate probability

Pi(z,7,0,y, k,t) and integrating over all possible initial and final positions, we get the first contri-
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bution to velocity correlations

1= 7dx /Oody (y;x>m+nﬂ($,j,0,y, k,t),
= poy / / < > +nf (y — m) Fin(z,j,y, k). (3.2.4)

0y

(ii) 6O — T2 a0t = (be-
k() _ oy

comes another particle at § time ¢ and some other particle at 7 with velocity “= = “-* at time

= 0 becomes the k'™ particle at y at time ¢. Multiplying this with the appropriate probability

Py(z,7,0,y, k., t,Z,y) and integrating over all position variables, we get

= /dx7dy7dx/dy( x) (y;ijz(I,j,O,y,k,t,fi,z?),
S [ [ () ()
x f < ) f (y; ) Fon(2, 4,9, 2,9, k, t). (3-2:5)

In both cases we are already taking the thermodynamic limit, N — oo, L — oo while keeping the

average density p = N/L constant.

3.2.3 ASYMPTOTIC RESULTS IN THE THERMODYNAMIC LIMIT

Next we use the explicit forms of Fx, Fon given in 3.5.1. One can perform the integrals over Z, y
in the second term IT in Eq. (3.2.5). We also make a change of integration variables from z, y to the

variables z = (v — y) /oy and Z = (v + y) /0y, in Eq. (3.2.4) and Eq.(3.2.5). After some amount of
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algebra we finally obtain the following expression for the velocity correlations:

F'r=k—j01t) =1+11= (3.2.6)
/ / dz / d¢/d9D 9 gb) —2N(1—cos ¢) zpat( Zsin ¢p+zsin ) (qbr Gr)epatQQ( z)(1— CObQ)
—7/2 —m
where Q(z) = z/dw flw) + /dw wf(w), (3.2.7)
0 z

D(z,0,¢) = (poy) 2" f(2) + AT (2) AY(z)e ™

+ AM(2) AT (2)e™? + AT (2) A (2)e? + AT (2) AT (2)e ™, (3.2.8)

and the As are related to moments of the propagator

o0 z

AR(z) = / duo P f(w), Al(z) = / dio P f (), (3:2.9)
AP() + AL(z) = 5,0 D.AL(2) = —0.AL(2) = P f(2). (s:2.10)

Since in Eq.3.2.6 the ¢ term comes with a factor of [V, a saddle point analysis reveals that the major
contribution comes from ¢ = 0. We do a Taylor expansion around ¢ = 0, up to second order,
perform the resulting Gaussian in ¢ and then perform the resulting Gaussian integral in the variable

Z. This then leads us to following simpler form
Frm ’f’ 0, t = poy / dZ/ Z 6) O —pot[2Q(z)(1—cos0)—iz sin@}e—iﬁr‘ (3.2.11)
We define a new scaling variable [ = r/(po;) and rewrite the above equation as
m i f do —poil(z,0)
F'(r = poyl,0,t) = poy | dz Q—D(Z,G,O)e poelizb) (3.2.12)
T

where, [(z,6) = [2Q(2)(1 — cosf) — izsinf — i6l]. Now we are interested in the large time
(hence vo; >> 1) behaviour and so we again use saddle point methods. We find the minimum

point z*, 6%, of the function I(z, §) and expand both the functions I and D in Eq. (3.2.11) around
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this minimum. We find that the minimum can be obtained by first minimizing with respect to ¢

which gives

%[2@(2)(1 —cos ) — izsinf + i0l] =0, (3.2.13)

0=0*

whose solution is

i _ +l 4 /12 +4Q%(z) — 22

2Q(z) + 2 (3:2:14)
Choosing the positive root, this then gives
I(z,60%) =2Q(2)(1 — cos0%) — iz sin 0" 4 1671, (3.2.15)
and after substituting 0" from Eq. 3.2.14 we get
. L+ 12 +4Q%(z) — 22
I(2,6%) =2Q(2) — /12 +4Q2(2) — 22+ I1n (3.2.16)

2Q(2) + =

We now note that )(2) is a positive function with a minimum at z = [, where I(z = [,6*) = 0.
Correspondingly from Eq.3.2.14 we then get 6* = 0. To study the contribution at large times, we
expand Eq. (3.2.12) around the minimum point 2* = [, 0* = 0, using appropriate scaling variables.

We set z = | + wy/€ and 0 = uy/€, where ¢ = 1/po;. We then obtain the expansion:

I+ “’\f’ WO (2Q(1) — iuw) + CreV2 4+ Coe + O(H2) (32.17)
where C) = (quQ'(l) + %z’lu?’) , Oy = —%uQ (—6w?Q"(1) + u*Q(l) — 2iuw) .
Similarly D(l + w+/€, u\/€) can be expanded to give
D(l+wve,uv/e) = 6,n0n + Ve ((uAL(1))AL(1) + iu (6™ — AT(1)) (6™ — AY(1))) + ef (D)™
—%ue (ud™ (6™ — AY(1)) — uA (1) (6™ — 2A5(1)) — 2w f(1) (I"6™ + 1™6™))

+0(¥?) (3.2.18)
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—C1el/2—Cq¢ 1

We then expand the product De as a power series in €'/2 — let use denote this expan-

sion as EXP (this contains polynomials in u and w). Plugging all these into Eq. (3.2.12), we then get

o oo d , ‘
F(r = poyl,0,t) = /du / 2—w67” Q)—2iww o EFXP, (3.2.19)
T

—00 —0o0

Finally we perform Gaussian integrations over the variables u and w to get
F(r/poy =1,0,t) = 80 + (1™ — 6) (1" — 60) f(1)/ poy + 0(63/2), (3.2.20)

where 9,, is defined in Eq. (3.2.1). The scaled correlation function after subtracting off the mean is

then finally given by

poi(v™ (I =1/poy,t);v"(0,0)) = (I" = 0m)(I" = 6n) f (D). (3.2.21)

In the next section we will verify this result from simulations with the microscopic dynamics of the

hard particle gas.

3.2.4 NUMERICAL VERIFICATION WITH HAMILTONIAN EVOLUTION OF THE

HARD-PARTICLE GAS

We now present results from numerical simulations of the hard particle gas. In our simulations we
considered a gas of IV hard point particles moving on a ring of length L. The density of the gas is
p = N/L and we choose the initial condition from an equilibrium distribution at temperature
T (i.e we distribute the particles uniformly in space and the velocity of each particle is indepen-
dently chosen from the distribution e~?*/C@T) /\/27T . The mapping to the independent parti-
cle picture means that time-evolution of this system can be done very efficiently. Basically, starting
from any given initial condition, we evolve the non-interacting gas up to time ¢. In order to get the
actual positions, we can get the correct tag of the interacting particle by simply sorting their final
positions and taking into account the effect of periodic boundaries. We then compute the corre-

lations (v"™(z,t); v"(0,0)) by taking averages over initial conditions. In our simulations we took
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Figure 3.3: Scaled velocity correlation functions at different times, for various choices of m, 1 as obtained from simulations of
the HPG. The black curves are from the analytical result as given by Eq. (3.2.20). The curves are fort << L. The parameters in
the simulationare N = 1001, L = 1000 and temperature 7" = 1.

N = 1001 particles and took averages over 10 initial conditions. In Fig. (3.3) we plot the scaled
correlation functions t(v™(z /¢, t); v"™(0,0)) (corresponding to ballistic scaling), obtained from the
microscopic simulations and compare them with the corresponding theoretical predictions from
Eq. (3.2.21). For several choices of m, n we find very good agreement between simulations and the-
ory, even at relatively early times. At very short times there is a small deviation from the theory and
this is expected, since the theory makes predictions for long time behaviour, well after the transient
dynamics. On the other hand, finite size effects would show up at times ¢ 2 O(L). The peak of the
correlation functions at time ¢, for odd values of m, n, is given by z,, = v/m + nt. In contrast to
this, the sound velocity for the HPG is given by V/30. Using this, we estimate that finite size effects

. . . . . * L
would show up in correlation functions of order m + n, at times approximately ¢* ~ T
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3.3 A heuristic argument and derivation of stretch and energy corre-
lations

Here we present a heuristic approach which gives the asymptotic exact results of the previous sec-
tion. These are then used to obtain the stretch and energy correlations of the HPG.

Since the initial velocities are chosen independently for each particle, the contribution to the
correlation function (v,.(t)vo(0)) is non-zero only when the velocity of the rth particle at time ¢
is the same as that of the zero-th particle at time 0. The initial velocity distribution of each particle

671}2/252

is chosen from a Maxwell distribution f(v) = 75> with v? = kgT = 1/B. The velocity

correlation function is thus approximately given by

att0)) = [ oot = pon)! o)

02 T 267%(%)2
= E(E) T on (3:3.1)

where 0, = vt. To compute the stretch correlations, we note that

(r2(t)70(0)) = ([gas1(t) — q=(t))(q1(0) — qo(0)])
= — [(g241(t)q0(0)) — 2(q=(t)q0(0)) + (go—1(t)q0(0))]

= —92((¢.(t)90(0)) , (3-3-2)

where we have used the translation symmetry of the chain. Now taking two time derivatives gives

0e(ra(t)ro(0)) = =07 ((va(t)q0(0)) = —92((va(0)ao(~1)) ,
0} (ra(t)ro(0)) = 03{(va(0)vo(—1)) = =07{(vs(t)vo(0)),

where we used time-translation invariance. Using this, the stretch correlation can be written in

terms of velocity correlations as follows:

(re(t)ro(0)) :/0 dt’/o dt” 02 (v, (t)vo(0)) .

55



This finally gives (taking the continuous « limit):

= o o (3:33)

A similar computation as that leading to Eq. (3.3.1) now gives

(ex(t); €0(0)) = pv—; [(%)4 -2 (%)2 +1| f (%) : (33.4)

To summarize, for the hard particle gas we consider initial velocities chosen from Maxwell distribu-

tion with variance 2 = T. The correlation functions are then given by

Cpp(z,t) = — (3:3:5)

1)2

Cpp(, 1) < ) 6_5(’”’
xZ, =
pp poy \ po

xz

2
X
eelZ,t) = -2 — 1
Coelst) 4:0(7t (PUt) (PUt> i

3.4 Conclusion

Using the mapping of the HPG to a non-interacting gas, we were able to compute exact long-time
spatio-temporal correlation functions of arbitrary powers of velocities. We also discussed a heuristic
derivation of these results and then used them to obtain correlations of stretch and energy in the
HPG. Finally, we verified our analytic results, by performing simulations of the HPG using a very

efficient numerical scheme, which again uses the mapping to non-interacting particles.



3.5 Appendix

3.5.0 COMPUTATION OF Fiy AND Fhy

The expressions for Fin(z,y, J, k,t) and Fon(2,y, T, Y, j, k, t) were explicitly computed in [84],

using combinatorial arguments. Here we give the explicit expressions:

o [ db N A o
Fin (.., k.1 / do / 2,90, 6, )PV OON KD 0D (50
—7r/2 -
FQN(ZE y,[E y ]7 k? t / ¢/ J,’ y787¢, t)]2N—le—z¢(2N+2—k+])e—z@(kz—])e—z¢X16—29)(27
—7/2 -
(3:5:2)

where 1, X2 are defined as follows
L. T<xandy < y,theny; = land xyo =0,
2. Z<xandy >y,thenxy; =0and x2 = 1,
3. T >xandy < y,then y; = 0and yo, = —1,
4. 2 >xandy > y,theny; = —1land yo = 0.

The function H(z,y, 0, ¢, t) is defined as

H(z,y,0,0,t) = prs(z,y,0)e” + p__(z,y, 1) + po_(@,y, )" + p_i(z,y, t)e ™™,

=1—(1—cos®)(ps+ +p-—) +isind(pry —p_-),

— (1 —cosO)(pr— +p-y) +isinb(p,_ —p_), (3-53)

where p_ (x,y, t) is defined as the probability that a single non-interacting particle is to the left of

xattme? = 0and to the right of y at time ¢, and py_, p__ and p are defined similarly. Their
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explicit forms are

x L
1 / / / /
poleyt) = o / a / Ay Gyt 0), (354
1 L
pr—(z,y,t 2L/dx /dy G(y',t]2',0), (3.5:5)
1 L L
Pt (7, 9,1) QL/d:v’/dy G(y',tl2',0), (3:5.6)
1/d’/dG Ha',0) (3:57)
P+— x y7 ~ 97 T Y y z . 3.5.7

We note thatp_, + py— +p__ + piy = 1. We can explicitly find the expressions for p 1 using

the exact propagator Eq. (3.2.1). In the large N, L limit, expanding in 1/L, we get

O

e = 52 (-5 raw) +oase),

e = 5 (5 ree) o),
per = 5t (2 - Q) vo/m), 659
po = s+ (Z-Qe) roa/r),
where z = (z — y)/oyand Z = (x + y) /oy and
Q(z) =2z [ dw f(w) + [ dwwf(w). (359)
[oer]

Now, substituting these asymptotic expressions of p4+ in Eq. (3.5.3) for large IV, keeping only the

dominant terms, one finds

[ (ZL‘ y’e ¢, )] 6_2N(1 cos @) zpatésin¢e—2patQ(z)(1—cosH)Gipatzs'mQ' (3.5‘10>
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Part II1

Non-local fractional equation description for

open system transport in stochastic models
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Harmonic chain with momentum exchange

4.1 Introduction

Energy transport across an extended system is a fundamental non-equilibrium phenomena which
is often described by the phenomenological Fourier law. This law leads to the heat equation for the

evolution of the temperature field 7'(y, t), which in one dimension is given by

0T (y,t) = (r/c)0;T(y,1), (4.11)

where c is the specific heat capacity and x the heat conductivity (assumed, for simplicity to be tem-
perature independent). This equation plays a central role in understanding heat transport through
macroscopic materials in several contexts.

One picture that has emerged from many studies is that, for systems with anomalous trans-
port, the standard heat diffusion equation has to be replaced by a fractional diffusion equation
(4,52, 57, 58, 59, 61, 90]. A particular model of anomalous transport where some rigorous results
have been obtained is that of the harmonic chain whose Hamiltonian dynamics is supplemented
by a stochastic part that keeps the conservation laws (volume, energy, momentum) intact — we
will refer this model as the harmonic chain momentum exchange (HCME) model. For the in-
finite HCME system, it was shown exactly that at equilibrium the energy current autocorrela-

tion hasa ~ ¢~ /2

decay [s0]. It was also shown that, in contrast to Eq. (4.1.1), the evolution of
alocalized energy perturbation e(y, t), is described by a non-local fractional diffusion equation
de(y,t) = —k(—A)**e(y, t), where & is some constant which depends on microscopic param-

eters [61]. The fractional Laplacian operator (—A)3/% in the infinite space is defined by its Fourier
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spectrum: |g|*/2

which for the normal Laplacian operator —A = —85 is ¢2.

While most of the studies in HCME model consider evolution in infinite systems, it is also of
interest to study transport across a finite system connected to two reservoirs of different tempera-
tures at its two ends. For diffusive systems in this set-up, the heat equation continues to describe
both non-equilibrium steady state (NESS) and time-dependent properties. However, for anoma-
lous transport, it is a priori not clear how to write a corresponding evolution equation in a finite
domain. Since we expect this evolution to be governed by a fractional Laplacian which is a non-
local operator, it is difficult to guess its representation in a finite system from its representation in
the infinite system. Note that in the finite system one has to include the effects of the boundary
conditions which are important as the operator itself is non-local. Hence, extending its definition
to a finite domain is a non-trivial problem. Several studies have addressed this problem of obtaining
and studying fractional diffusion description in finite domain [91, 92, 93].

In this chapter we study heat transfer across the HCME model connected to two reservoirs at
its two ends. It has been observed and proved that in this model, heat current scaling with system
size is anomalous and the steady state temperature profile is inherently non-linear [4, 57?2 , 94]. In
the present work we provide a fractional equation description of the anomalous heat transfer both
in the stationary as well as in the non-stationary state. Using this fractional description we derive
new results related to evolution of temperature profile, equilibrium current fluctuations and to two

point correlations in NESS. Below we summarize the main results of our work along with the plan

of the chapter:

* In Sec. (4.2) we first review previous studies on the HCME model and give the derivation
of the finite domain fractional equation that follows essentially from these studies. These
studies show that the macroscopic time evolution of two-point correlations is described by a
set of coupled local linear PDEs [ 57, s8]. Starting from these PDEs, it can be shown that they

naturally give rise to an evolution equation for the temperature profile T'(y, )

aTT(y7 T) = —K LT(y> T)a

governed by a fractional Laplacian IL defined in a finite domain, where 7 is a scaled time (see
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later). The operator I is defined in the domain 0 < y < 1 through it’s action

Lo (y) = A dn(y)

on the complete Neumann basis (y[¢,) = ¢,(y) = v2cos(nmy) forn > 1and
(y|go) = ¢o(y) = 1with A, = (nm)% Using this representation, we show in Sec. 4.3 that
one can recover the exact results [57] for the steady state temperature and current profiles in

the HCME.

* Nextin Sec. (4.4) we discuss the time evolution of the temperature profile, starting from an
arbitrary initial profile, to the long-time NESS profile. In order to solve the fractional diffu-
sion equation with Dirichlet boundary conditions for arbitrary time we are required to find
the eigenvalues and eigenvectors of the fractional operator I with Dirichlet boundary con-
ditions. We describe an efficient procedure to compute this eigensystem. We also provide

a detailed discussion of some properties of the eigensystem that distinguish them from the

eigensystem of the normal Laplacian operator with the same boundary conditions.

* Inspired by the fluctuating equations for energy evolution in diffusive systems[6o0, 95], in
Sec. (4.5) we extend the definition of the fractional equation to include fluctuations and
noise in equilibrium such that fluctuation-dissipation relation holds locally. Using the fluctu-
ating fractional equation description, we verify the validity of the equilibrium Green-Kubo
relation in finite systems — in the process we encounter some interesting mathematical iden-

tities that we establish numerically.

* Finally we study the long-range correlations in NESS in Sec. (4.6), where we propose a con-
jecture on the relation between these correlations and the Inverse of the fractional operator

L.



4.2 Definition of Model and definition of the finite domain fractional
operator

We consider the so-called harmonic chain momentum exchange model (HCME), which consid-
ers an added stochastic component in the usual Hamiltonian dynamics of a harmonic chain. The
stochastic part is such that it preserves volume, momentum and energy conservation but the other
conserved variables of the harmonic chain are no longer conserved. Thus the stochastic model re-
stores ergodicity while preserving the important conservation laws. Here we are interested in the
open system where the system is driven by two Langevin-type heat baths. Specifically we consider
a system consisting of NV particles and attached to two heat baths. The Hamiltonian plus heat bath

part of the dynamics is described by the following equations

G =pi, pi=w (g1 —2¢+q1), 1<i<N,
P =w’ (g2 — 2q1) — Ap1 + V2MTn, (4.2.1)

v =w(qnv-1 — 2qn) — Aoy + V20 TRNR ,

where {¢;,p;},i = 1,2..., N, are the positions and momenta of the particles, 17, T are the
temperatures of the left and the right Langevin baths and 7y, g are Gaussian white noise terms.
Additionally there is a stochastic element, such that the momenta of nearest neighbour particles

are exchanged (i.e p;11 <+ p;)atarate . For this model the two point correlation functions
satisfy a closed set of equations. Following [58] let us denote the possible correlation matrices by
U,; = (¢:9;),Vi; = (pipj),and Z; ; = (g;p;). One can show that the time evolution of these
correlation functions is given by linear equations involving only these set of correlations, and source
terms that arise from the boundary driving [58]. The correlation is defined as z;"; = (Z; ;—Z;—1 ;+
Z;; — Z;_1;)/2. The most interesting physical observables involve the correlations 7; = V;,
which can be taken as the definition of local temperature and the energy current J = w?z, | +
(7/2) (Viz1i11 — Vii). Inthe N — o0 limit, one observes that the fields 7; and z;fj have the
scaling forms T;(t) = T'(i/N, t/N3/2) and Z:j = \/LNC(‘Z — i /NY2 (i 4 ) /(2N),t/N3/?).

In terms of the following scaling variables x = |i — j| /N2,y = (i+j)/(2N), 7 = t/N*/?, it has
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been shown in [58] that the fields T'(y, 7) and C(x, y, 7) satisfy the following coupled set of PDEs:

VO,C(x,y,7) = W& C(x,y, ),
8@/T(y7 T) = _278.’60(:1:7 Y, 7-) |:c—>07 (4.2.2)

87'T(y7 T) = w28y0($7 Y, T) |x—>0a

with boundary conditions C(x,0,7) = C(z,1,7) = 0,C(00,y,7) = 0,92C(0,y,7) = Oand
T(0,7) = Trand T'(1,7) = Tg where, the domain of variables are # € [0,00)andy € [0, 1]
[note thatin [s8] y € (—1, 1)]. To study the time-evolution of the fields C(x, y, 7) and T'(y, 7),
one has to subtract the steady state solutions Cs4(z, y) and T(y) of the above equations (whose
explicit forms are given in [57]). The boundary conditions suggest that one expand the difference

fields using the complete Dirichlet basis (y|cv,) = a,(y) = V/2sin(nmy) forn > 1

C(x,y,7) — Css(,y) = Z én<x> T)an(y), (4.2.3)
T(y,7) = Tus(y) = f(y,7) = > fu(T)n(y) . (4.2.4)

Following [58] one then gets (see 4.8.2) the following matrix equation for the evolution of the com-

ponents f,:

fn:_RZLnkak7 n:1727"'7007 (42’5>
k=1
where, L, = [TA3/4TJ[]M, (4.2.6)

with T, = {(ay,|d) = fol dyau, (y)d1(y), where ¢, (y) = V2 cos(mary) form > 0, ¢o(y) = 1
and Apy = A0y is a diagonal matrix with A, = (n7)?. The constant & = w32 /(2¢/27).

Therefore, the function f(x, 7) with homogeneous boundaries f(0,7) = f(1,7) = 0 satisfies,

O-f(y, ) = —RLf(y, 7). (4.2.7)



From Eq. (4.2.6), one notices that IL,,;, can be written as

Lok = { an |L|ak>:<an|[ZA§{4|¢m><¢m |] o ), Vo, k=1,2,... 00
m=0

which allows us to identify the action of the operator L acting on the set of basis functions ¢,,

(which satisfy Neumann boundary conditions):

Ll ¢m ) = A% o ) - (4.2.8)

It is important to notice that the above representation of the operator IL is not the “spectral frac-
tional Laplacian with Dirichlet boundary conditions” which would consist to replace ¢,, by cv, in
(4.2.8). This definition has been mentioned in [4] and a more mathematically rigorous derivation
has been obtained [93]. The above results imply that the temperature field 7'(y, 7) evolves accord-

ing to the fractional equation
aTT(y7 7—) = _RLT(y> 7—) = _LRT(ya 7_) 5 (429)

where we have defined L; = AL and the steady state is required to satisfy the condition Lz Tss(y) =
0. To describe the evolution of the temperature profile, one is specifically interested in finding the
eigenvectors of the operator I which satisty Dirichlet boundary conditions. This can be obtained
by diagonalizing the infinite-dimensional matrix in Eq. (4.2.6). Let the eigenvector components of
this matrix be denoted by ¢£Lm), corresponding to eigenvalue f,,, so that Y, Ly 7(116) = ,unwr(Lm).
Then the eigenvector in the position basis is given by ¢, (y) = > wém)ozm(y). In Sec. 4.4 we
provide an alternate and more efficient method of computing eigenvalues and eigenvectors. This
method involves finding roots of a transcendental equation and avoids diagonalization of infinite

dimensional matrices. We also discuss various properties of the spectrum there. We now describe

several results that follow for the steady state and the time evolution towards it.
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4.3 Steady state results

Let us write the steady state temperature in the form
Ti(y) =T + 0T O(y), (4.3.1)

where T = (Ty, + Tg) /2, 8T = Ty, — Tr and the function 6(y) satisfies the boundary conditions,

©(0) = 1/2,0(1) = —1/2. Then expanding O(y) = > ©,,¢,(y), the stationarity condition

Lz© = 0 along with Eq. (4.2.8) gives

Z )\i/4én¢n = 0. (4.3.2)

Now we note the identities (see 4.8.3), which have to be understood in a distributional sense:

 ony) =0, > duly) =—1/V2. (4-3.3)

n odd n even

Using these and the boundary conditions ©(0) = —©(1) = % we finally get

c
O(y) = Z 3_/4¢m(y>’
n odd /\m
3/2
with ¢ = T (4.3.4)

(V8 —1]¢(3/2)°

where ((s) is the Riemann-Zeta function. The temperature profile matches with the one presented

in [4, 57, 94]:

Taly) =T +07, ¢§_1 P Z ¢i/4. (43:5)

A comparison of the above equation with the microscopic simulation of the system Eq. (4.2.1) in
Fig. (4.1) shows a very good agreement. The systematic differences are due to finite size effects, as
was already noted in [57]. We next consider the steady state current. First, we observe that the frac-

tional Laplacian IL; can be expressed in the form of a divergence, namely in the form L; = k0,A
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Figure 4.1: Temperature profile from Eq. (4.3.5)(solid black line) compared with direct numerical simulations of microscopic
system for system sizes N = 128, 256, 512. In the inset the difference between Eq. (4.3.5) and numerical simulations is plotted
for various system size.

where the operator A is defined through the following action on Neumann basis vectors

Adn(y) = A an(y) - (43.6)
We then see that (4.2.9) is in the form of a continuity equation 0,7 (y, 7) = —0,j(y, 7) with the

non-local energy current defined as j(y, 7) = RAT(y, 7). Using this definition of the current and

the steady state temperature profile in (4.3.5) we immediately get the steady state current as

J _ RAT(y) ke (437)
ST 0T 22 +37

where we used the identity ) _ 4 o (y)/)\711/2 = 1/(2v/2) (4.8.3). Note that this gives us the

scaled current while the actual current is given by J = j/v/ N, in agreement with results obtained

in [57].

4.4 Time evolution of temperature profile

The fractional Laplacian equation (4.2.9) allow us to study the time evolution of the tempera-

ture profile, starting from given initial and boundary conditions, and the eventual approach to the
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steady state at large times. Here we address the problem of describing the system’s time evolution.
As before, the temperature profile at any time 7 in the form T'(y, 7) = Ti,(y) + f(y, 7), where
again f(y, 7) satisfies Eq. (4.2.9) but with vanishing Dirichlet boundary conditions, f(0,7) =
f(1,7) = 0. Let {t,, } be the eigenvectors with corresponding eigenvalues ji; < pig < pi3... of L

, satisfying the equation

and boundary conditions ¢,,(0) = ,,(1) = 0. It can be shown that the operator IL has a non-

degenerate and positive spectrum (see below). We can then immediately write the solution for

fy,7)as

Fly,m) = Fa(0)e ™7 (y), (4.42)
n=1

where f.,(0) = / dy £y, 0)u(y),

are “fractional-Fourier coefficients” for the initial field f(y, 0). In the first section we outlined the
procedure followed in [58] to find the Dirichlet eigenfunctions expanding the eigenfunctions v, in
the orthogonal basis of {a }1>1 as ¥n(y) = 3251 §ucu(y). We show here that much simplification

and better accuracy is achieved if one expands v/, directly in the Neumann basis { ¢, } 0.

() = Cndm(y). (4-4.3)

From Eq. (4.4.1), and using the definition of L in Eq. (4.2.8), we have

> (=N mbm(y) = 0. (4.4.4)

m>0

There are two sets of solution for this equation. The first set is given by

. b b >
Go=——7=, Cr = 34 k>1, Grr1=0, k>0, (4-4.5)

V2u Ay, — M



where we have made use of the identity > °°_ ¢o,,() = —1/+/2. The second solution set is given

by

R b .
Ckt1 = > k20, G =0, k>0, (4.4.6)

2k+1

where we have used the identity > °_ ) dom+1(y) = 0(4.8.3). So far, b and p are un-determined.
We now use the Dirichlet boundary condition ¢(0) = éo +4/2 Zkzl égk + Zkzo égkﬂ = 0.

From our first solution set Eq. (4.4.5) we then get the following equation satisfied by

Y5 (4:47)
134 o, ¢ 447
E>1 )‘QI/c — U 2

Similarly, from the second solution set Eq. (4.4.6), we get

1
—=0. (4.4.8)
Z \3/4 B

k>0 72k+1

The solution of either of the above two equations gives us the required eigenvalue, while Eqgs. (4.4.5)-
(4.4.6) provide us with the corresponding eigenfunction, with the constant b fixed by normaliza-
tion. We label the first set of solutions by ft2,41, Y2n41, 7 > 0 and the second set by fiay,, Vont2,

n > 0. From the structure of the eigenvalue equations it is clear that the roots are ordered set of
numbers such that )\224 < font1 < Ag,/in and )\;/14_1 < fop < )\g,/;il. Finally, introducing the
notation, (f|g) = [ da’f(a")g(x"), such that (x[1),) = fol dwd(x — 2" )b, (2") = (), the

eigenvectors can now be written explicitly as

| Yont1 ) = Dansa | do ) + | dom ) | (4.4.9)
\/_ 2p2n41 mz>1 3/4 — M2n+1
1
| Yoni2 ) = Dapio (Z 371 | Gom1 >> ; (4.4.10)
m>0 Adm1 — H2n+2
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where D,,, found from the normalizing condition (1, [1,,) = 1, is explicitly given as,

r 1 1 —-1/2

2
_2M2n+1 m>1 ()‘2m — Hon+1

- . —1/2
D27L+2 = Z 3/4 2 ] N (4"4"11)

| m>0 (/\2m+1 - M2n+2)

Thus, as promised, we have managed to obtain a much efficient method for computing the Dirich-

let spectrum of the fractional operator IL. The roots of the eigenvalue equations (4.4.7)-(4.4.8) are

solved numerically using Newton-Raphson method scanning in between these intervals. This pro-

cedure gives a fast and efhicient way to compute the eigenvector while avoiding diagonalizing infi-
o . . 3/4

nite dimensional matrices. For large &, we have, p, = A/~

This procedure can be generalized to a fractional operator defined through the equation

LPD¢,(y) = Nin(y), (4-4.12)

for arbitrary 3. For diffusive case (3 = 1) one can obtain exact results and recover the expected

result u,(f:l) = 72k? and Yy (y) = au(y).

4.4.1 PROPERTIES OF DIRICHLET EIGENSYSTEM OF THE FRACTIONAL

OPERATOR IN BOUNDED DOMAIN

The numerical values of the computed eigenvalues are plotted in Fig. (4.2) in log-log scale, where
we find that for large n p1,, ~ (mT)S/ 2 while for smaller values 7, there is a systematic deviation
from the scaling due to the fact we are now working in a bounded domain. The first three eigen-
values (1) are approximately p; ~ 2.75, o =~ 12.02, u3 ~ 24.22. The first eigenvalue we
have |1y — 73/2|/73/% =~ 0.5046 (see inset in Fig. (4.2)). This eigenvalue spectrum is expected
to be identical to that in [58], upto a constant factor (see discussion in previous section). The first
few numerically computed eigenvectors are shown in Fig. (4.3). The eigenvectors are similar to sin
functions but have divergent derivatives near the left and right boundaries. In order to compare it

with corresponding sin functions, we plot in Fig. (4.4) the overlap of integral between v, () and
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Figure 4.2: Eigenvalues computed from Eq. (4.4.7) and (4.4.8) plotted (blue dots) in log-log scale. Number of basis state used to
approximate the function is 600. For large n, f4,, ~ (mr)?’/Q, i.e. the Dirichlet and Neumann eigenvalues are same. For small
n there is a systematic difference between the two. A straight line of exponent x3/2 (black dot) is plotted alongside. In the inset
we plot, log(1 — ,un/)\%ﬂl) vs log(n), which characterizes the difference between the Dirichlet and Neumann boundary
eigenvalues. For large n the value of this function goes to zero with slope 1, suggesting he difference between the two decreases
linearly with n. The red dashed line shows that it decays with an inverse power law of exponent 1.

0.0 0.5 1.0 0.0 0.5 1.0
y y
Figure 4.3: The first six eigenvectors of fractional operator, 1,, (y) (black) as compared to corresponding eigenfunctions of

Laplaciani.e. sin functions (blue dotted). The eigenstates are different from corresponding sin functions near the boundaries

even for large n. These eigenfunctions are computed by summing over 600 basis states.
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Figure 4.4: (a)(Left) To quantify the similarity between ,, (y) and \/? Sin(mry), we plot the overlapintegral, I,, = 1 —

fol P (y) \@ Sin(nﬂ'y) dy . For large n this seems to be saturating to a finite value, suggesting that the eigenfunctions 1),, are
quite different from sin functions. (b)(right) Scaling at boundaries of the eigenvectors in log-log scale shows that at the bound-
aries, the wave-function scales as \/g

V2sin(nmy) definedas I, = 1 — fol ¥n(y)V2sin(nmy) dy. This increases and saturates to a
particular value, suggesting that the wave functions are quite different from sin functions even for
large n. Also the eigenfunctions show a non-analytic behavior at the boundaries, for example near
the left boundary one finds lim,, o+ 1, () ~ /¥ (see Fig. 4.4b), in contrast to sin-functions for
which lim,,_,¢+ sin(nmy) ~ y.

The eigenspectrum of fractional operator in bounded domain has been discussed earlier in the
literature, using somewhat phenomenological approaches [92, 96, 97, 98]. It is not clear if those

approaches can be related to that presented in this chapter.

4.4.2 COMPARISON OF TIME EVOLUTION FORMULA WITH NUMERICAL

SIMULATIONS OF THE HCME MODEL

We now compare the prediction from Eq. (4.4.2), with & = 1/(2+/2), with results from direct
microscopic simulations, described by Eq. (4.2.1) with the additional stochastic exchange dynamics.

Initially the system of size N is prepared in a step initial condition, given by

T, =T, 1<i< N/2,

=Tk, NJ2<i<N+1L1 (4.4.13)
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Figure 4.5: The time evolution of temperature starting from an initial step profile. The function @(y, 7') = T(y, 7') -T =
Tes(y) + fly,7) — Tis plotted and compared with numerical simulations. In the left figure, dashed lines indicate simulation
results for the time-evolution, for systemsizes N = 128 (red), N = 256 (blue), N = 512 (magenta). The solid lines at
different scaled times (7) are generated from Eq. (4.4.2) by summing over 600 basis states. (right) The same, but now with the
theoretical curves computed using the sin-functions instead of the 1)-functions, and eigenvalues )\i instead of 1t,,. We notice
that they do not match well with simulations, specially the deviations are prominent near the two boundary.

At large times it reaches a steady state described by Eq. (4.3.5). At various intermediate times, we
plot the function O(y, 7) = T(y,7) — T = Tus(y) + f(y,7) — T, such that ©(0,7) = 1/2 =
—O(1, 7). In Fig. (4.5) we show the temperature profile at intermediate times from microscopic
simulation with scaled space (y = i/N)and times (7 = t/N3/2) for various system sizes. We
note that with increasing system size, the data converges to the prediction from Eq. (4.4.2). The
difference between the numerical profiles and the predicted theoretical profile is shown in the inset.
As we increase the system size, this difference systematically decreases. We also demonstrate that
using standard Dirichlet sin-functions, instead of the ¥-functions, leads to significant differences,

especially near the boundaries.

4.5 Adding noise satisfying fluctuation dissipation to describe equilib-
rium fluctuations in finite system

In [60], the harmonic chain with random momentum flips (HCMF model) was studied. In the
HCME, the stochastic dynamics flips the momentum of the particle and is embedded in the Hamil-
tonian dynamics such that the macroscopic dynamics is diffusive. It was shown that the equilib-
rium energy fluctuations e(x,t) = E(xz,t) — (E(x,t)), where E(z, ) is the local energy of the

system at time t, satisfies the noisy diffusion equation d,e(z,t) = d2e(x, t) + 0,[DT (z, t)n(x, )],
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with 7) a space-time mean zero white noise. As a note of caution, from here onwards, we use a differ-
ent notation than that of the previous sections with {x, y} € [0, 1], and ¢ is, in general, referred to
a scaled time. The aim of this section is to establish a fractional fluctuating equation for the HCME
model, which has anomalous diffusion properties. Using this equation, we establish a Green-Kubo
formula relating the equilibrium current fluctuations to the non-equilibrium current. Next, we dis-
cuss the long-range correlations and conjecture a form for the long-range correlations of energy and
test it using simulations.

The generalized equation, which we hypothesize in equilibrium at temperature 7" is
O er) = —Lg| e ) + V2EV(BT| m, ), (4.5.1)

where 7(z, t) is a white Gaussian noise with (n(z)) = 0, (n(x,t)n(y,t")) = o(x — y)o(t —
t') and L, is the fractional Laplacian as defined in Eq. (4.2.9). The explicit form for the operator
BB is established through the requirement that energy fluctuations must respect the fluctuation

dissipation (FD) in equilibrium. We define the Green function satisfying
0,Gy = LG, (2|Golr') = G5’ = 6(x — '), (452)

with Dirichlet boundary conditions in € [0, 1]. This can then be easily expressed in terms of the
basis states {1, }n>1 as G2 = > 1, (7)1, (2)e F#nt. The long-time solution to Eq. (4.5.1) is

then given by

(1) = [ " ds(x| Gy | V(BT ),

=— \/ﬁ/_ ds( x| VGi—s | (BTns) ). (4.53)

The equal time correlation function in equilibrium defined as Ceqy (7, y) = (e(x,t)e(y, t)) thenis
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given as

t t
Ceq(,9) :2“/ ds/ ds'{({ x| VGy—s | BTns Y(nyTB" | VGi_y | y)),
t
. / ds (x| VG, BB'VG .| y), (45.4)

t
= — 2/<T2/ ds(z | G, VBB'VG,_, |y),

—00

where the statistical average is used and we integrate out the space time white noise to give,

(2’| Bns)(ne BTy')) = (Bn(s)Bn(s')) = 6(s — s')BBT(2,y') followed by an integration by
parts. Here, the big angles, (. .. ) denote average over space-time white noise profiles whereas (.. |
and |..) denote the bra-ket notation, e.g. (z|e) = e(z,t). If we identify —VBB'V = Lz, and

using Eq. (4.5.2) we recover FD relation in equilibrium

t

Cog(y) =T / ds (2] GriLaGry | 9) +(y | GrslaGrs | o)),

—00

t
:TQ/ dS as( x | Gt—sGt—S | y) - TQ(S(ZL' - y)7 (455)

—00

where we used the fact that changing © <+ y would not change the correlation function due to time
reversal symmetry of the microscopic dynamics. The operator BBT can consistently be defined on a
function g(x), expanded in { v, },>1 basis, as g(z) = >, Gnou, (). Again, using the definition of
Lz = —kVBB'V in Eq. (4.2.8), we define the symmetric operator BB as,

o0

1
/0 da’ BB'(z,z") Z 1/4gn n(x). (4.5.6)

n=1

Note that we do not assume anything about the form of the operator B, which would be important
if we were to study non-equilibrium phenomena where temperature is not constant in space.
The connection between the L operator with the BB allows one to identify the current (through

continuity equation) as

1
j(z,t) = —R/ da’ BB (z,2")0ye(2,t). (4.5.7)
0



Note that the above equation is a linear response relation, but in contrast to the diffusive case, this
relation is non-local. Such non-local linear response relation have recently been reported in [94],
where an alternate series representation of the kernel BB'(x, 2’) has been provided for HCME
model with general boundary conditions. In 4.8.4, we show that the spectral representation in
Eq. (4.5.6) is completely consistent with the series representation in [94] for fixed boundary con-

dition.

4.5.1 SPATIO-TEMPORAL EQUILIBRIUM ENERGY CORRELATIONS

We compute the two time spatio-temporal energy correlations in equilibrium defined as Ceq (2, ¢, y, t') =
(e(x,t)e(y,t')) and show that at large times it is given in terms of the Green functions. The two

time correlations can be analogously written down as,

t t
Ceq(z,t,y,1) :2/€/ ds / ds'{{ x| VGy_s | BT ){( nslTBT | VGy_s |y )), (45.8)

Taking ¢ > ¢, and performing the ¢ integral we have,

t/
Ceg(z,t,y,t) = — 25T2/ ds{ x| G, VBB'VGy_, |y )0t —1),

—00

where (1) is the Heaviside theta function. Proceeding as before and identifying —<V BB VvV =
Lz and interchanging ., y
t/

Ceq(xvtv Y, t/) = T2/ ds << x | Gt—SLRGt’—S | Yy > + < Yy | Gt—s]LRGt’—S | x >)7

— 00

t/
:T2/ dsOy( x| Gi_sGy_s |y ) = T?G5Y,0(t —t'). (4-5.9)

—0o0

Along with a similar term for ¢ < ¢/, we can write the two time correlations as,

Cogz,t,y, V) = (2 |[T?’Gi_p0(t — ') + T*Gp_0(t' — 1) v ). (4.5.10)
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4.5.2% CURRENT FLUCTUATIONS IN EQUILIBRIUM

Here we define the fluctuating current in the system and then establish Green-Kubo relation for the
system connecting the equilibrium current fluctuations and non-equilibrium current in the system.
We expect that since the total energy in the isolated system is conserved, the energy flow across the

system must be in continuity form 0,e(z,t) + 0,7 (x,t) = 0. Along with the definition of current

in Eq. (4.3.6), the fluctuating current operator is defined as,

| je) = KA ey ) — V2E| BT ). (4.5.11)
From previous section, it follows that the definition of current operator as A = —BB V. We also

note that since the current operator is odd in derivatives, the adjoint current operator has the prop-
erty, AT = —A. Now we expect that [99] the second moment of equilibrium total current fluc-
tuations is related to the current in NESS through the Green-Kubo formula. A precise statement

is:

. <q2>6T:0 - J
N = = s (4:5.12)

where q(7) = [/ dt fol dzj(z,t). In order to verify this relation, we first express (¢*), in terms of

the integrals of the unequal time current correlations:

2 T T 1 1
(Whoro L [Car [ as [ agtiteitone. (4513

Using Eq. (4.5.11) the current correlations can be split into four parts:

(G2, 0)j(y, 1)) =F*((x |A] e Z< cv |l y ) +2RT?( IVBB’T |y )o(t—1) (4.5-14)

I II

.

= V2R (x| Al e ) TBy)) — V2E*2({x| BT (ev | AT |y ) .

III v
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Part Il in the above equation can be simplified to

t

V2R (x| A | e V(e TBYy)) = 25> / ds(( @ | AGes | V(BTn,) ) (nuTBy)),

—0o0

= —T*2R*( x| (AVG,_y)BB' |y )0(t — 1),

=T22R*( x |AG,_p At y )O(t —t'). (4.5.15)

Similarly part IV is given by

VIR (ol BTw) e | AT [9)) =20°T% [ ds((al B} (n(VE)' | Goihl ),

—0o0

= —T22r*(z | BB'VGy_, A" | y)o(t' —t),

=T22R*( x| AGy_ AT | y o' — 1),
while part I, on using (4.5.10), gives

RE((a |Al e )(ew AT y)) = T°R? [( 2 |AG_vATO(t — ') + AGu_ ATO( — 1) y )] .

(4.5.16)
We see that III + IV = 2I. The first term explicitly gives,
1 1
hﬁldgéwﬁ@w@wmwwwwm,
=r’T? / 1 dx’' / 1 dy' Az, 2" ) Ay, y" ) G—v (2, y),
0 0
=r°T? Z GG Nd ) e oy (2) e (y). (4.5.17)

nLl!

Therefore, the contribution of the parts I —III — IV = —Iin (4.5.13) gives, after doing the space and

time integrals:

T T 1 1 1 “HnT _ ] ~ o~
/ dt’/ dt/ d:z:/ dy (-1) = —16R°T*) > {wru} GtCor A ) M2,
0 0 0 0 2

K
n Il odd Fn n

(4.5.18)
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On using (4.5.6), the contribution of part Il in (4.5.13) gives

T T 1 1 T T 1 1
/ dt’/ dt/ d:z:/ dy(I0) :2/£T2/ dt'/ dt/ da:/ dyBBT(x,y)é(t—t'),
0 0 0 0

a/n TL
= 2RT?T /d:z:/ dyz 1/4 ,

=16RT>T Z W. (4.5.19)

n odd

Combining the above results we finally have

lim <q2>5T:0 — = Z Z Z 8 anfnl/ (4.5.20)
oo 2712 5/4 )7 +5

nodd n 1l odd 'u"

The first summation yields 0.5050 . . . and the second yields ~ 0.0931, hence we get

2
lim —<q Jor=0

lim = ~ 0.4119%, (4.5.21)

which, up to numerical accuracy is consistent with the numerical value of steady state current (j /07" =
0.4124k) we found in (4.3.7), thus validating the Green-Kubo formula in (4.5.12).

Note that in order to get the expected scaling in system size IV, we need to put in the appropri-
ate length scaling of the eigenvalues and eigenfunctions, for example A, — A,/N Zand p, —

fin/ N®/%). We also need to consider the integrated current Q(7) = [ dt fo dzj(x,t) and then

(@)sT=0 ~, 0.4119% and L — 0 g 04124
2127~ TN T~ VNéT © VN

The above verification of the Green-Kubo identity was obtained using the fluctuating frac-

one gets lim,_,

tional diffusion equation, which is valid in the limit of large system size. A natural question is as

to whether the identity is true even for a small chain with the microscopic dynamics (HCME), as
would be expected from the fluctuation theorem. In Fig. (4.6), we present a numerical comparison
of the equilibrium current fluctuations, with the non-equilibrium current, both computed from
the microscopic model for finite systems. We see clear evidence that for small N, the Green-Kubo
relation is violated in the HCME model. We also find that the difference between the fluctuation
and response parts decreases with system size as ~ 1/N. Somewhat surprisingly, the numerically

obtained fluctuations (from HCME simulations) are very close to the response computed from the
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Figure 4.6: For the microscopic HCME model, we compute the two quantities, J/5T computed from non-equilibrium simulations
connected to heat baths and < Q2 > /(27T2) computed from equilibrium simulations, are plotted as a function of V. The
black dashed curve is for the theoretical current with appropriate scaling as given in Eq. (4.3.7). We find that for small IV, these
two do not match, and the difference between the two decays as l/N (inset), which is due to the contribution of current from
the stochastic part. This signifies that at large /N, Green-Kubo holds while for small IV, it fails.

fractional diffusion equation description. A possible reason for the failure of the fluctuation theo-

rem for small systems could be that in this model, the Hamiltonian part of the current (which goes

as 1/v/N), and the stochastic part of the current (~ 1/N) have different time-reversal symmetries.

GENERAL FRACTIONAL POWER

In this section, we discuss a possible generalization of the results of the previous section for the
Green-Kubo identity to the case of arbitrary fractional power /3 of the Laplacian. There is currently
no known microscopic model in which heat transfer can be described by a fractional equation with
arbitrary 3 — nevertheless it is an interesting exercise as it leads to some general mathematical iden-
tities involving Riemann-zeta functions. Using the definition of fractional Laplacian in Eq. 4.4.12,
namely through the operation L1?¢,,(z) = A2¢, (z), we can proceed in a similar way as for the
= 3/4 case and compute steady state properties in NESS as well as equilibrium current fluctua-

tions.

81



Corresponding to Eq. (4.3.7) we then get

T~ SR 5

and corresponding to Eq. (4.5.20) we get

lim <q2>6T 0 _ 8 (1 . 22/3-4) 26— 4 Z Z n/lB) Ay(fl) (4.5.23)
oo 27T I odd #%3) (AAw)! N

where due to structure of C It only the terms with even 7 survives for odd [. This is computed as

before but now with power 3 and is explicitly given as

Dy,
<2k:+2 o2m4+1 — B + B) ]{?, m 2 0 3 (4.5.2.4)
Aomi1 — Hogso
) ~1/2
where Déi:.g — Z 5 I ’ (4.5.25)
m>0 ()\2m+1 M2k+g)

and {p°) }n>1 are the ordered roots of the equation

Z __ =0. (4.5.26)

k>0 )\gk—i-l — pul?)

All the coefficients in the above expressions are explicit and we have evaluated numerically the right
hand sides of Eqs. (4.5.22, 4.5.23) for values of § € (0.5, 1.5). In Fig. (4.7), we plot these quantities
and find that they are very close to each other, hence verifying the Green-Kubo formula Eq. (4.5.12)
for general 3. The differences arise from numerical error due to truncation of series and also use

of a finite number of basis functions. For 5 = 1, this leads to diffusive results for which the dou-
ble summation can be computed explicitly. Conversely, on the basis of the validity of the Green-
Kubo formula we are then led to conjecture a mathematical identity between the right hand sides
of Egs. (4.5.22, 4.5.23). For § < 1/2, one has a non-convergent series summation in Eq. (4.5.23),
which leads to a breakdown of the identity in this form. This corresponds to defining zeta function
for power less than 1, and possibly analytic continuation could extend the definition to other values

of . We believe that the relation holds true at least in the open interval 5 € (1/2,3/2). However,
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Figure 4.7: The numerically evaluated expressions in Eq. (4.5.22) and Eq. (4.5.23) are plotted as a function of general fractional
power 3. The two quantities match numerically to a very good precision. The relative error between the two is plotted in the
inset.

proving it remains an open problem.

4.6 Long range correlations in NESS

For a noneqlibrium current carrying steady state, it is expected that fluctuations across the system
will develop non-zero long-range correlations. These long-range correlations is a distinguishing
feature of non-equilibrium systems with conservative dynamics [100]. In some diffusive lattice

gas as well as some Hamiltonian systems, these long-range correlations have been studied [1o1,

102, 103, 104, 60]. The energy correlation in the velocity flip model (HCMF) in NESS is defined

as Cypss(z,y) = (e(z,t)e(y,t)), where the average is taken in NESS (as ¢ — 00). It was shown
that Onpss(z,y) = 6T?A!(x,y), where A is the Laplacian operator with Dirichlet boundary
conditions. From the definition of fluctuating fractional equation in equilibrium, it is tempting to
extend the definition of fluctuating fractional equation to non-equilibrium case, where the temper-

ature is space-dependent:
Ol et ) = —Lg| et ) + V2V (BT Ngss| mt ), (4.6.1)

83



We note that there is an ambiguity regarding the relative position of the operator B and Ty gss,
and also with the definition for operator B and BT separately. If we anyway proceed with a naive
replacement of T by T pss(2) in Eq. (4.5.1), to get (4.6.1), we can perform the computation of
CnEess(x,y) and find that this does not agree with the results from direct simulations. However,
in analogy to the HCMF model, we conjecture that the NESS energy correlations Cygss(x, y) are

given (upto a constant factor v/) by the inverse of the fractional Laplacian (in Dirichlet basis):

ST*C(x,y) = 511[4_ = Z Ynla ¢n (4.6.2)
n>1
where we have defined 07°C(x,y) = Cngss(®,y) — Tness(x)?0(z —1y), with the local same-site
correlation Tiypgs(7)?d(x — y) subtracted from correlations.

Numerical verification of Eq. (4.8): We simulate the microscopic system in non-equilibrium with
two Langevian heat baths kept at different temperature. After the system is in the steady state, we
compute C(z,y) = N(e(i/N)e(j/N)) wheree(i/N) = E(i/N) — (E(i/N)). In Fig. (4.8)
we compare our conjectured form from Eq. (4.6.2) with the results from microscopic simulations.
We see that with the constant v & 3.77, the two numerical curves (fory = 1/4andy = 1/2)
match well with the inverse of fractional Laplacian. The constant v is related to the total energy

fluctuations in the system at NESS as

1
/dx/ dy—]L ,Y) + /deNESS /dit/ dy Cnpss(z,y) = <AE1520t>NESS'
0

By evaluating the integrals on the LHS and finding the RHS from numerical simulations in the
NESS, we can use the above equation to independently evaluate v. We find that the fluctuations
(AEL,) xpsg» obtained from simulations in NESS, converges very slowly and with the final ac-
cessed simulation time (2 X 107 time with 10® samples) we estimate 3.51 < v < 4.2. The value
~ 3.77, obtained by fitting the long range correlations data from simulation, is well within the
limits of the above estimate. We have tested (see 4.8.6) that the constant v does not change substan-
tially with 67" and T, within the numerical accuracy and finite size effects. We note in 4.8.6, that if
we did the same computation with sin(n7z) basis, then the results would differ significantly. We

close this section by making a comment that proving our conjecture on the equality between the
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Figure 4.8: Non-equilibrium energy correlation function (C(x, y) in steady state of Harmonic chain momentum exchange model
fory = 1/4 (leftfigure) andy = 1/2 (right figure). The system size considered here are for N = 128, 256 with T, =
2,Tr = 1.Theinverse of the fractional Laplacian (summed up to 600 basis states) and with an arbitrary constant factor

(v = 3.77),is plotted (black solid) along with the simulation results.

long-range correlations and the inverse fractional operator is an open question.

4.7 Conclusions

We have shown that in a particular analytically tractable model of heat conduction in one dimen-
sion, the macroscopic evolution of energy in an open system is governed by the fractional diffusion
equation. This gives us a definition of the fractional operator in a finite domain and also gives a
meaning to the fractional operator in terms of linear PDE’s (similar to the harmonic extension of

a fractional operator [105, 106]). We describe an efficient procedure to numerically construct the
eigenspectrum of this operator. In terms of this operator, we compute the steady state and time
evolution of temperature field, which we compare with microscopic simulations of the system. We
defined the fluctuating fractional equation and used it to verify the Green-Kubo relation in the sys-
tem. We also generalize the Green-Kubo for general fractional power which leads to some general
mathematical identity involving zeta functions. This identity is verified numerically. We also con-
jecture that the long-range correlations are given by the inverse of a fractional operator. Another
very interesting aspect is to study the usefulness of the eigensystem of the fractional operators in
studying other applications where the underlying dynamics can be modeled as Levy flights or Levy

walks.

8s



4.8 Appendix

4.8.1 CONNECTION COEFFICIENTS BETWEEN SINE AND COSINE

We can expand sin in the complete basis of cos as, a, (y) = >, Tru@i(y), with explicit coefficients

T = fol dyay, (y)¢i(y). The coefficients are given as,

0 if =0, n is even,

Tt = %ﬁ if =0, nis odd, (4.8.1)

L7 n—+l n—I

0 é
2 (n+1),0dd _|_ (n—1),0dd ’ lf‘l > O

4.8.2 DERIVATION OF MATRIX EQUATIONS OF FRACTIONAL OPERATOR

Here we enumerate the steps involved in going from the set of PDE’s to the matrix representation
of IL as stated in the main text. The correlation and temperature fields are expanded as, C'(z, y, 7) —
Cusl(r,y) = Yool Culw, an(y) and T(y, 7) — Tusy) = F(y,7) = 2oty fu(P)an(v)-
Following [58], the first of the equations in (4.2.2) implies OC(z) = —464C, (x), where 6, =
\/W . Solving these equations with the appropriate boundary conditions one eventually

gets,

N ~

Co(z,7) = Ap(1)e " [sin(8,2) — cos(0,2)] . (4.8.2)
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using the PDE’s one gets

- 1
) =~ S TR
" k=1

fm = WQ Z%n\/xﬁn(’r)
n=1
w? 1, .

n,k=1

An

=— R [TNTT]  fi (4.83)

where we used the property of transformation element, 7;;\/)\_ = TenV A with Tpyy = {(ay,|dy) =
fol dya, (y)éi(y) and the constant &.

4.8.3 FORMAL IDENTITIES

Consider the two Fourier cosine series on [0, 1],

1 —2V2
¢=3 + mEOdd m\/ﬁcos(wmq),
1 2v/2
2 _
R APV T (+84)

¢ —q= Z —47\/2\/§Sin(7rmq).

méeodd (TZ )

Formally differentiating these two equations with respect to ¢ on both sides we get two formal iden-

tities (which needs to be interpreted as distributional sense):
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Z cos(mmgq) =0 (4.8.5)

m odd

Z V2cos(mmg) = — %, (4.8.6)
ST
Z \/_sm m7rq 1 (4.87)

m odd v 2\/5

4.8.4 ALTERNATE SERIES REPRESENTATION OF BB AND CONNECTION WITH
EQ. (4.5.6)

As mentioned in the main text the kernel operator BB t has appeared earlier in the context of heat
conduction through HCME model [94]. Using non-linear hydrodynamics theory in [94], the non-

local linear response relation has been established for general boundary conditions characterized by

A—w

ywwy ) ? which vary from O to 1. For given R, the expression for the

a reflection coefficient R = (

kernel is given as [94]

o0

BB'(z,2') = \/% Z

n=—oo

R\2n| R\2n+1|
Vi2n+x =2  V|2n+ax+ 2]

(4.8.8)

The value R = 0 corresponds to the resonance condition w = A for free boundary condition i.e.
¢o = ¢1 and gn = gn+1. On the other hand, R = 1 corresponds to fixed boundary condition. For

R =1, one can explicitly check with the above representation that

1
1
/ d2’ BB (z, 2oy, (2) = Wam(x), (4.8.9)

0

which is same as Eq. (4.5.6). The proof is as follows. The LHS of Eq. (4.8.9) can be written as,

1
\/_/ [ Ve =yl Z\/2n+x— +\/271—934—?;

1 1

- — i .8.
Vn—2+x+y V2n—z—y sin(mmy) - (4.8:10)
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Using change of variables and separating the part in absolute value we have,

RN Zsin(mw(m —2)) 1-e Zsin(mw(m +2))
L.HS = ﬁ[/{) d oz +/0 d NG

N Z /2"+’” sm(mw(Zn +x—2)) N /2”“_9” dzsin(mw(z —2n + x))
2n—1+z \/E 2n—x \/E

/2”1” q sin(mm(z —2n 42 — 7)) /2"9” J sin(mm(2n — x — 2))
_ 2 — Z
2n—2+x \/E 2n—1—zx \/z

Upon using trigonometric identities this can be reduced to,

1 v > n—lve nte sin(mn(x — z))
L.HS =— / dz + / dz +/
ﬁ [( 0 ; < 2n—2+x 2n—1+x >> \/E
= - AN sin(ma (@ 4 2))
+ / dz + / dz + / (4.8.11)
( 0 Z ( 2n—1—zx 2n—x ) \/E
which, upon simplifying further provides the R.H.S. of Eq. (4.8.9),
1 o i — i 1
ﬁ/ " [s1n(m7:/(§ z)) N Sln(m7:/(§ +2)] _ W\/?sin(mwx) (4.8.02)

4.8.5 EXPLICIT EXPRESSIONS OF SOME EQUATIONS MENTIONED EARLIER

The total fractional equation (4.5.1) can be written explicitly as,
Oucla,t) = V. [ de! (AW De(e' 1) — B DT (1) (4813

The equation for the two time equilibrium spatio-temporal correlation (Eq. (4.5.10))can be written

as,

Coeq(z,t,y,t' 2%/ ds/ ds' /dx /dyvmfoxs (BTn)(«',s)(BTn)(y',s"))V,GI

(4.8.14)
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The spatio-temporal current correlations in Eq. (4.5.14) can be explicitly written as,

(J(z,t)j(y,t)) = / da’ / dy' ”*A(x, 2" )A(y, y')(e(@' t)e(y', 1)) (4.8.15)

F2RT? B, ) Bly, ') (e, t(y 1)) (4:816)
—VERPTA(, ) Bly,y el Oy ) (4.817)
—VEIRPTB(x,a Ay, ) (', ey ) (4818)

Since it might be a bit confusing using the symbolic vector notation for the operations in the main
text, here we show explicitly the expressions for individual terms and show the 2nd and 3rd terms

give a similar term to 1st. Eq. (4.8.15) gives,

,‘%2/dm'/dy'A(x,x')A(y,g/)G‘rf;i’;,| = FLQ/dx//dy'BBT(a:,x')am/BBT(y,y/)ay/Gﬁ/f’;q

:RQ / dx, / dy,A(x’ x/)Grt’g;llAT(y/7 y) (4'8'19)
where we used the adjoint representation for Af(y, ') = A(y/', y). Eq. (4.8.17) gives,

1= [ do' [ ay Vo T, Bl el Dty 1)
t
——2nz? [ [ay o [ay [ dsBE (0000 Bl GET 0BG )l oty 1)
—2RT? / dz’ / dy/ / dz" BB (x,2")0y B(y, i )0 (GE =) B(a" i/ )0 (t — ')

:2/%T2/dx//dy//dx"A(ac,x') 22T A (2 )0t —t). (4.8.20)
Eq. (4.8.18) gives,

v = [ do' [ ayVaR T B A ) 0l el 1)
t
:—2/%T2/dx’/dy’/dx”/dy”/ dsB(z, 2" ) Ay, y )G O B(z", 4" (2, )n(y", s))

17

:2/1T2/dx'/dy'/dx”B(x,x’)A(y,y')@xu(Gi’,lft)B(x”,:p’)é?(t'—t)

:2/?;T2/dx'/dy'/dx”A(y,y')Ggf:AT(x",x)G(t’ —t). (4.8.21)
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Figure 4.9: Simulation results for N = 256, with 4 different temperature and exchange rate parameters mentioned in the
graph. The black curve is theoretically computed curve with v = 3.77, we see the results from the simulation are very close to
predicted theoretical curve for the different parameters. This suggests that the parameter v is independent of absolute value of
the applied boundary temperature, the temperature gradient of the system and the long range correlations do not depend on the
details like the stochastic exchange rate etc. The slight differences are again, hopefully a result of finite size effect.

n(X)2,(1/4) 1 anlx)an(1/2)
— a5 — Fmn
—— N=128
—— N=256

Figure 4.10: Here we show that instead of using ¥,, and L, if we use sin and )\i/4 for construction of inverse of the fractional

0o an(z)an(y)

operator, there are significant difference between the simulations with the formula C(z, y) = anl 574

The second term is explicit in the main-text.

4.8.6 SOME TESTS ON LONG-RANGE CORRELATIONS

In Fig. (4.9) we do microscopic simulations for different temperature differences, and absolute tem-
peratures to show, to good accuracy, the constant ¥ does not depend on these factors. In Fig. (4.10)
we test the use of a(sin) basis instead of the 9 basis for theoretical prediction for the nature of long-

range correlations, and show it performs badly.
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Harmonic chain with volume exchange

5.0 Introduction

In the previous chapter we have seen that the anomalous transport in a stochastically perturbed
Harmonic chain is governed by a fractional diffusion equation. In this chapter, we look at a sim-
pler model of anomalous transport in one dimension where we derive the corresponding fractional
evolution equation for the temperature profile inside a finite domain and show explicitly how this
evolution approaches to the appropriate fractional diffusion operator in the infinite domain.

This chapter is organized as follows:

In Sec. 5.2 we define the model explicitely and then summarize our main results. Next, in Sec. 5.3
we show that the microscopic dynamics implies that in the scaling limit, the system can be described
by a coupled set of PDE:s for the temperature and correlations. We solve these set of coupled PDEs
in Sec. 5.4 to obtain the steady state temperature profile as well as the correlations in the system.

In Sec. 5.5 we show that the relaxation dynamics of the temperature field is governed by a integro-
differential operator. We find the spectrum of this fractional operator and then describe the tem-
perature evolution using this fractional operator. In Sec. 5.6 we show that in the infinite domain
limit, this integro-differential operator reduces to a skew fractional operator. Finally we conclude in

Sec. 5.7.

5.2 Definition of the model and summary of results

This model consists of a finite one dimensional lattice of L sites where each site carries a ‘stretch’

variable 7;, ¢ = 1,2, ..., L under an onsite external potential V' (1;) = n?/2. The lattice is attached
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to two thermal reservoirs at temperatures 7y and 7, on the left and right ends, respectively and sub-
jected to a volume conserving stochastic noise. The dynamics of this model has two parts: (a) the
usual deterministic part plus the Langevin terms coming from the baths and (b) a stochastic ex-
change part where s from any two neighboring sites, chosen at random, are exchanged at constant

rate 7. The dynamics is given by

Ci;]; =V'(Niy1) = V' (ni—1) + 6ix (—)\V’ml) + ZATg(g(t)) (5.2.1)

+ 61, (—)\V'(nL) + 4/ 2/\TrQ(t)> + stochastic exchange at rate 7,

with fixed boundary conditions (BCs) 9 = n+1 = 0. Here (y () are mean zero and unit vari-
ance, independent Gaussian white noises. Note that, in contrast to the HCME case, this dynamics
has two conserved quantities: the ‘volume’ 7); and the energy V' (7;). This model was first intro-
duced by Bernardin and Stoltz in the closed system setup [52] where starting from the harmonic
chain with Hamiltonian given earlier, they have treated the positions g;s and the momenta p;s on
the same footing. Note that for harmonic chain, the dynamics of the ‘stretch’ variable 7; = ¢;41 —g;
and the momentum variable are similar: 7; = p;,1 — p;andp; = r;y1 — rifori = 1,2,..., N.
Hence for N = L/2, defining 12;_1 = r;j and 1)3; = pj, one finds that both the above equations
can be expressed in a single equation: 1), = 741 — Nm—1 form = 1,2, ..., L. The system can also
be interpreted as a fluctuating interface where the algebraic volume of the interface at site m is given
by 7, and the energy V(1) = 7?/2 [52]. Hence, the stochastic exchange part in Eq. (5.2.1) can be
thought of as a volume-energy conserving noise. We call this model as harmonic chain with volume
exchange’ (HCVE).

It has been shown that the HCVE model defined on an isolated infinite one dimensional lattice

(Z.e. A\ = 0in Eq. (s.2.1) with ¢ = —00, .., —1,0, 1, .., 00) exhibits super diffusion of energy [90]:

Ore(x,t) = —Los[e(x, 1)),

L. = L[(_A)sm B V(—A)1/4] (5.2.2)
oo T \/ﬂ ,

where the skew-fractional operator L., has the Fourier representation |¢|*/2(1 — i sgn(g)) with

¢ = v/—1 and sgn(g) is the Signum function. Note that the spectrum is different from that in the
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infinite HCME model. In this chapter, however, we consider the HCVE model on a finite lattice
of size L in open set up ze. connected to heat baths at the two ends as described in Eq. (5.2.1). Itis
known that in this case also, as in HCME, the stationary current scales as j ~ L2 [90].

Results - We explicitly find that in the large L limit the average energy current j = —2(n;mi41) —

Y((nZ.1) — (n?)) in the stationary state is given by

_ 1 ™ (Tg —TT) 1
Jss = B ; T +0 <z) : (5.2.3)

In the non-stationary regime, we numerically find that the temperature profile 7;(¢) = (n?(t¢)) and

the two-point correlations C; ;(t) = (1;(t)n;(t)) fori # j have the following scaling forms

1t
Tz(t):T(z,m)
1 (li—jl i+ ¢ ) (5:2:4)

Ci,j(t): \/Z < \/E "9, 7 [3/2

in the leading order for large L. The scaling functions 7 (y, 7) and C(z, y, 7) satisfy the following

equations inside the domain D = {0 <z < o00; 0 <y < 1}

0,C(x,y,7) = —702C(2,y,7) (5.2:5)
0T (y,7) = =27 [0.C(x,y,7)],_, (5.2.6)
aTT(yJ T) = 28216(07 y7 7—)7 (52'7)

with C(z,y,0)|;—00= 0and C(z, y,0) = 0. We find that the exact solutions of these equations are

given by

Ty, 7)=Tesy) + To(z=1—y,7) (5.2.8)

Clx,y,7) =Css(z,y) + Co(x, 2 =1 —y, 7). (5.2.9)
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In the above equation, NESS part of the profiles are

(5.2.10)
B _Tg — T, ™ ) T
Css($a y) - 4 \/;C fc (—47<1 = y)) .

The relaxation parts to the above steady states is given as

2

z exp <—47(gzg—_z/)> oT.(#,7)

Crlx,2,7) = — dz', 2.11
( ) 0 Ay (z — 2') 0 (5.2.10)
where 7, (z, T) satisfies the following continuity equation:
1 = 0T (2 T)
0T (7) = —=0. [ e 1 | (5.2.12)

inside the domain 0 < z < 1withBCs 7,.(0,7) = 7,(1,7) = 0. The relaxation parts 7, (2, 7)
and C,(z, 2, 7) describe the approach towards the NESS solutions in the 7 — o0 limit. Note that
Eq. (5.2.12), can formally be written in terms of the Riemann-Liouville operator. The equations
Eq. (s.2.3), Eq. (5.2.10), Eq. (5.2.11) and Eq. (5.2.12), comprise our main results. The evolution of the
temperature in Eq. (5.2.12) is indeed given by a linear but non-local equation defined inside a finite
domain(0 < z < 1. However, following a similar calculation for infinite system we later show
that Eq. (5.2.12) reduces to Eq. (5.2.2) in Sec. 5.3. This establishes, without ambiguity, that the non-
local operator in Eq. (5.2.12) is the correct finite domain representation of the fractional operator
L in Eq. (5.2.2). Another point to note that the temperature profile in SS, 75s(y), is asymmetric
under space reversal as the microscopic model itself does not have such symmetry. As a result, any
locally created perturbation splits into one traveling sound mode and one non-moving heat mode.
This is in contrast to the HCME model where one observes two sound modes moving in opposite
directions in addition to a non-moving heat mode [52, 107]. Consequently, in this case there is sin-
gularity in 0, 7,5 (y) only at one boundary and we find that the meniscus exponent [108] is again
1/2 as in the HCME model with fixed boundary conditions. Interestingly, it turns out that for this
boundary condition, both the temperature and the correlation become independent of the strength

of coupling A with the heat baths in the large L limit.
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5.3 Derivation of the continuum equations for temperature and cor-

relations:

5.3.1 THE FOKKER-PLANCK OPERATOR AND DISCRETE EQUATIONS FOR

CORRELATION FUNCTIONS:

We start with the Fokker-Planck (FP) equation associated to the dynamics Eq. (5.2.1), which de-

scribes the evolution of the joint distribution P(7,t) of 7 = (11,72, - - -, 11,) at time ¢ :
OP(i,t) = [Lo+ Ly + Lea] P(7,1), (5-3.1)

where, £, is the Liouvillian part, £, contains the effects of the Langevin baths at the boundaries
and L., represents the contribution from the exchange noise. The explicit expressions of the de-
terministic and Langevin parts of the Fokker Planck (FP) equation given by the operators £;, £y,

are

Lr=Y (V'(1i1) = V'(122)) 0y, + V' (12-1)8y, — V' (112) 0y,

=2

Ly = NI, 07 4 X0y, V' (m) + AT, 82, + A0, V' (L),

where T} and T, are the temperatures of the reservoirs on the left and right, respectively. The stochas-

tic part L, is given as

L—1
LooP =7 Z [P(iF;i11) — P(i7)], (532)

where 7j; ;11 denote the configuration after the exchange of variable 7 with 7 4 1. Starting from

the FP equation in Eq. (5.3.1), we obtain the dynamical equations satisfied by 7; = (n?(¢)) and
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Ci; = (n:i(t)n;(t)) fori # j in the bulk:

Cij = Citrj — Ciy + Cijor — Cijo +7[Cic1y + Cigng + Cijoa + Ci g — 4C3),
Oi,i+1 =Tit1 —Cic1i01 4+ Ciigo — T +7[Cic1i1 + Ciigo — 20 i44],

T, =2[Ci i1 — Cicr 4] + Y[ Ti1 + Tima — 2T5].

(5:3-3)

Rest of the equations at the boundaries are given in Appendix. (5.8). Fortunately the equations
for two point correlations do not involve higher order correlations, which allows us to solve these

equations analytically, in the L — o0 limit.

5.3.2 DERIVATION OF CONTINUUM EQUATIONS FOR THE TEMPERATURE AND

CORRELATION FIELDS FROM THE DISCRETE EQUATIONS

In this section, we outline the steps to obtain the continuum set of PDEs Egs. (5.2.5)-(5.2.7). We
first solve the discrete equations numerically to observe that, for large L the solutions have the
scaling properties as given in Eq. (5.2.4) where we have two length scales of O(L) along the diag-
onal (i + j =constant) and of O(v/L) along perpendicular to the diagonal (|i — j|=constant)
direction, and a time scale of O(L*/2). This time scale can be anticipated from the propagator
e~ laPPP1—isgn(@)t of the Eq. (s.2.2) in Fourier space. The two length scales are understood by look-
ing at the orders of the C; ; and T, and their derivatives numerically. Interestingly, the scaled corre-
lation function C relaxes very fast over much shorter time scale [O(L)] compared to the evolution
time scale [O(L*?)] of the temperature field 7. Due to this fact, Eq. (5.2.5) and Eq. (5.2.6) do not
involve the time derivative. As a result the correlation function C evolves adiabatically obeying the
(anti-)diffusion Eq. (5.2.5), with a drive at the boundary by the time dependent temperature field
through Eq. (5.2.6). The equation for the temperature profile given in Eq. (5.2.7) is in the expected
continuity equation.

These observations suggest that we look for solutions of Eq. (5.3.3) in the scaling form Eq. (5.2.4).

In the non-stationary regime, we numerically find that the temperature profile 7;(¢) = (1;(t)?) and
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Figure 5.1: Data collapse of the correlation functions and temperature profile confirming the scaling behaviors in Egs. (5.3.4) and
(5.3.5). Figures (a) and (b) show the data collapse as a function of the scaling variable y = (i + j)/2L with four systems sizes
L = 1000 (Blue, dark gray), L = 2000 (Orange, deep gray), L. = 3000 (Green, light gray) and L. = 4000 (Red, bottom dark
gray), for two fixed values of z = |] — Z‘/\/Z Figures (c) and (d), show the data collapse as a function of the scaling variable x
with the above four system sizes for two fixed values of . The collapse are so good that other colors/shades not visible. Figure (e)
describes the scaling behavior for the evolution of the temperature 7 (y, 7) = T (7L3/?) atafixed positiony = 0.025
for different system sizes as a function of the scaled time 7 = t/L3/2. Note that, the temperatures are of O(1) whereas the
correlations are of O(1/+/L). Also note from figures (c) and (b) that Cs (. — 00, z) = 0. Last figure (f) establishes that the
current in the system is of order 1/\/Z and also evolves in scaled time 7 = t/L3/2. The other parameters in the simulation are

y=A=1T,=1.1,T, =0.9.

the two-point correlations C; ;(t) = (1;(t)n;(t)) for i # j have the following scaling forms

1 li—j|l i+j5 t
Ci;(t) = \/ZC( NI ’L3/2)’ (5.3.4)
ot
Ti(t) ZT(%,W>, (53:5)

in the leading order for large L which are also supported by numerical evidence shown in Fig s.1. In
Figs. (s5.1a), (5.1b), (5.1¢) and (s.1d), we verify the scaling behaviors of the correlations in Eq. (5.3.4).

Figs. (5.1c) and (5.1d), describes scaling behavior with respect to time. Using these, we define contin-
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uum ordinates as, % =z, li;Lj‘ =Y a5 = Tand% = ¢, wherex € (0,00)andy € (0,1).

In the following, we insert this scaling form and Taylor expand in ¢ = 1/+/L. Keeping terms to

leading order in € we obtain the continuum equations.

1. Bulk Equations, |i — j|> 2

The discrete equation in bulk:

Cij=—(Cic1j — Cip1j + Cijo1 — Ciji1 — Y[Cijo1 + Ciji1 + Cisry + Ciory — 4Cy )

(5:3.6)
using above scaling definitions, we can write the above mentioned discrete equation as,
A 2 2 &2 &2
' 0,C(x,y,7) = —¢€ |C(x — €,y — 5) —C(l‘+€,y+§) +C(x+e€y— 5) —C(r — e,y + 5)
€2 €2 €?
(Clatey—F)+Cla—ey+ ) +Ca+ey+ )
2
€

which by Taylor expansion of each terms in , y and 7, we obtain the leading order terms for

continuum dynamical equation as

6487C(3:, Y, T) = 2638yC(:c, Y, 7) + 2v€°02C(z,y, 7). (5.3.8)

At the dominant order (O(€?)), we find,

0,C(z,y,7) +70:C(x,y,7) = 0. (5-3-9)

2. Nearest neighbor term, j =7 + 1

The off-diagonal term:

Ciiv1 =Tiy1 — Cic1it1 + Ciigo — Ti + 7 [Cic1,i01 + Ciigo — 20 544] (5.3.10)
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after proper scaling, we get,

2

EO.Cley+S.m) = T(y+e) = Tly) +eC2ey+e) — C2e,y) +7¢ [C2e,y) +C(2e,y + &)

—2C(e,y + €/2)] .

Expanding above equation in = and y, and keeping the relevant order terms in € we get the

continuum equation as
€'0,.C(0,y,7) = € (0, T (y, ) +270,C(0,y,7)) + O(e*), (5.3.11)
and hence to the dominating order, the governing continuum equation is

0y T (y,7) 4+ 270,C(0,y,7) = 0. (5.3.12)

. Diagonal term ¢ = j

Next is the diagonal term where i = 7,
Ti = 2[Ci,i+1 - Ci—l,i] + '7[Ti+1 + T, 1 — QTZ] (5,3,13)

which in continuum limit given as

2 2

FO,T(y,7) = 2 {ae? y+5)—Cley - %)] [T+ + Tly - ) - 2T ()]
After expansion, we arrive at

0. T (y, 7) = 2e [62(%(3(0, y,7) + 63%357(@/, )| + O(eh). (5:3-14)

Hence, the leading order term is

. T (y,7) = 20,C(0,y,7). (5.3.15)
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4. Current

The microscopic energy current in the system is defined through

at<7h‘2> = —[jHiH - jiflﬂiL (5-3-16)

where j;yiv1 = —2C; 41 — 7(Tis1 — T;). The stochastic part of the current decays as
O(1/L) and in the macroscopic limit goes to zero. In the continuum limit, the deterministic

part contributes in the leading order to provide, j = —2C(0,y,7)/ VL.

The above analysis gives us the bulk equations for the system as given in Egs. (5.2.5),(5.2.6),(5.2.7).
Solutions of these equations for C(z, y, 7) and T (y, 7) have two parts Eq. (s.2.9). It is easier to deal

with these equation the transformation of z = 1 — y, which satisfies,

0.C(x, 2,7) = 402C(x, 2, 7) , (5:3.17)
0. T (z,7) =27v0,C(x,2,T) =0, (5.3.18)
aTT(y7 T) = _2azc(0a 2,y T)' (5319)

These equations have to be solved with appropriate boundary conditions which will be discussed
in the next few sections, where we discuss the solution of these equations in steady state and the

approach to it.

5.4 Stationary state solution of 7 (2) and C(z, 2)

In the NESS the equations Egs. (5.3.17)-(5.3.19) become simpler since ;7 — 0as7 — oo
implying Cs5(0,y) = d. Now making the variable transformation z = (1 — y), the problem of
finding C,, reduces to solving a diffusion equation with its value at x = 0 held fixed for all y. We

need to solve these equations along with the boundary conditions

(1) Css(x, 2 — 0) = 0, (ii) Css(x — 00, 2) =0,

(177) Css(x = 0, 2) = d. (5.4.1)
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Figure 5.2: Numerical verification of the analytical NESS predictions for (a) 75 (y) and (b) Cy (x, y) in Eq. (5.2.10). Symbols
denote corrosponding quantities that are obtained from simulationswithw = v =1, Ty = 1.1, T;- = 0.9and N = 1024,
whereas the dashed lines are from theory.

The boundary conditions (i) and (¢%) follow from our numerical observations shown in Figs. 5.1(a,b)
and Figs. s5.1(c,d) respectively. The last boundary condition (477) is obtained by observing that the
LHS of (5.3.19) is zero in the steady state; hence (0,Cs,(0, 2) = 0). The unknown constant d will

be fixed by the temperatures at the boundary. The first equation is easy to solve by taking Laplace

transform in z along with boundary conditions. Finally, after inverting the Laplace transform, we

find the solution is given by

Css(,2) = derfc [\/m} , (5.4.2)

where, erfc is the complimentary error function defined as erfe(x) = 1 — \% IS dte="*. Now, using

this solution in Eq. (5.3.18), we get 0, T;5(2) = —d /47 /72, whose solution is

Tss(2) = T5s(0) — 2d 4&- (5-4.3)

™

The constants 754(0) and d will now be determined from the boundary conditions of temperature

field, 7 (2 = 0) =T, and T (2 = 1) = T}. We finally have

4 AT [r
T, -1 = —2d\/%,d:—— -, (5-4-4)

where AT = (T; — T,) is the temperature difference between the left and right heat baths. Revert-

ing now back to y variables using z = 1 — y, the exact expressions for the steady state temperature
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profile and correlations are

Tss(y) =T + AT\/1 -y, (5.4.5)

AT [w x
Css(I, y) = — T\/;erfc [m] . (546)

Hence the current in the system is given by jss = Iss where,

Nk

. 2C(0,y) AT r 1 (5.4.7)
Jss \/E 9 7\/z' 5-4.7

In Fig. 5.2 we verify the analytical results for 7,5 and Cs; numerically, where we observe nice agree-

ment. Next, we study the solution in the relaxation regime.

5.5 Relaxation to steady state

We now focus on the relaxation to the NESS. It is often convenient to separate the relaxation
part as done in Eq. (5.2.8) and Eq. (5.2.9) where 7,.(z, 7) and C,(x, 2, 7) describes the approach
towards the NESS solutions in Eq. (5.2.10). It is easy to see that C,(x, z, 7) and 7, (2, T) satisfies the

following equations

9.C, (ZL’, 2 T) = 'Vaicr (ZL’, 2 7-)7 (5-5-1)
8Z7;(27 T) = 27 [8$CT($, 2 T)]$:O ) (5-5-2)
0. Tr(z,7) = —=20,C.(0, z,7), (5:5-3)
with initial condition C,.(z, 2,0) = 0and BCC,(x, 2, T)|s—0o= 0. The above equations are

obtained from Eq. (5.2.5)-(5.2.7) after subtracting the steady state part and then making the variable
transformation z = (1 — y). Note that the BCin Eq. (s.5.2) acts like a current source, atz = 0

boundary, to the diffusion Eq. (s.5.1). The Greens function g(x, z) of this equation with above BC’s

satisfies, 0.g(z, z) = 102g(x, 2), where, g(x, 2) is given by g(z, 2) = /4yzh(x/\/47z) where,
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w . . . .
h(w) = “— — werfc(w), hence, the general time dependent solution is written as

: 5 Zd ,6—(96—66/)2/(472)6 0
r(%Z,T)— ; ww r(ﬁﬁ, 77')
1
_5 ( z—z)@zT(z’,T)))

1

—3, % 0T (2, 7)g(w, 2) |10 (5:5-4)

With the initial condition C,(x,0,7) = 0 the first term drops out. It is easy to check that the

remaining part satisfies (s.5.1) with boundary condition (s.5.2) as follows

DuC(, 2, 7)o (

> / dz'af,ﬁ(z’,T)+8Z/7Z«(z’,7)]2/ﬁ0>

0
1

Z%@ﬁ(z, 7), (5:55)

where we have used 0,,9(z, 2)|,—,0= —1. Further using the fact that g(z, 2 —2")0,/ T, (2')|=.— 0

we can simplify (s.5.4) as

Cr(z,z,7) = 217 (/ dz'0.(g (z,z—z'))@zlﬁ(z’,ﬂ)
1 (7 e=?/a—))

=—— [ d———==0.T.(,7),
NaL : Var(z — 2) (z7)

which gives the relaxation of the correlation fields. The evolution of temperature field is obtained

from (s.5.3) by putting z — 0 in the above expression for C,.(, 2, 7), we immediately have,

0T (2, 1)
o, 7T, zr—n@/ , 0<2<1, 5.6
m <z< (55.6)
where, Kk = \/% The infinite system generalization of this equation will be discussed later (see
Sec. 5.6).

SERIES SOLUTION OF THE FRACTIONAL PDE EQ. (5.5.6) IN THE FINITE DOMAIN

The evolution of the relaxation part of the temperature profile z.e. 7, (1 —y,7) = T (y, 7) — Tss(y)

is given by Eq. (5.5.6). Note that, 7,(z, 7) is zero at both the boundaries: z = Oand z = 1. Asa
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result it is natural to expand this function in o, (2) = V2sin(nrz), n = 1,2,3... complete basis

definedin z € (0,1),as 7,(2,7) = 3, Tn(T)an (). Substituting this form in Eq. (5.5.6), we have,

N 4 (5-57)

S Ta 3 =n ST ma/

n

Now let us expand the function f,,(2) = 0, f - ¢” dz also in orthogonal basis av, (y), n =
1,2..... Let the expansion is given as fn(z) =Y 1= Guou(z) where Gy = fo dz fn(2) q(z). Asa

result we have,
Zﬁo‘n(z) =k Z T (7) (n70) G (2). (55.8)
n,l=1
Using orthogonality, this can be written in vector notation as (7A71 = (n|7’ s
| T)=nB|T), (5:59)

where B, = (nm)(,x and | ... ) denotes a column vector. If R is the matrix which diagonalizes B
as R"'BR = A, then the time dependent solution is given as | '7A’(7') ) = Re" R 7’(0) ) and
temperature at time 7 is given as T (y, 7) = Tas(y) + 32, (1 —4) 75 (7). As the temperature field
evolves at much faster timescales compared to the correlation field, the time dependent solution for
correlations C,(x, 1 — y, 7) is governed by the evolution of the temperature field. The solution for

evolution of correlations is written as, C(x, y, 7) = C.(z,1 — y, 7) + Css(z, y), where

s gma? (a2
Clz,z,7)=— / dz ——=0.T, (%', 7), (s5.5.10)
0 Ay (z — 2)
. o)
Tu(T / A7 ——=0n(?),
— 0 dry(z — 2)

where, ¢, (y) = V2 cos(nmy), n > 1and ¢y(y) = 1. The integral can be evaluated explicitly and
doing the summations gives the evolution of the correlation fields.

Eigensystem: The eigenvalues (/1,,) of the bounded skew-fractional laplacian, B have interesting
behavior, the first four of them are real and distinct. The higher eigenvalues all come in complex

conjugate pairs. For large n, fi, ~ /% Inm[>2(1 & i sgn(n)), but for smaller n there is a system-
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Figure 5.3: The real and imaginary part of the alternate eigenvalues for the matrix B. The first 4 eigenvalues are completely real
and distinct. The higher eigenvalue comes in pairs of iy, (1 == ). For large n, the eigenvalues are close to /7 (nm)3/2(1 % 7).
For smaller n, there is a deviation from asymptomatic scaling due to finite definition of the operator.

atic deviation due to the effect of finite domain. In Fig. 5.3, the real and imaginary part of alternate

3/2 is seen

eigenvalues are plotted as a function of 1, where the asymptotic scaling with /Z (n7)
clearly for large . We note that this is not due to the the truncation of the matrix but an artefact
of the finiteness of the system. Note that the large n behavior of 1, is similar to the Fourier spec-
trum of the non-local operator L in Eq. (5.2.2) describing the evolution in infinite system. Hence
it is interesting to see if one recovers the evolution Eq. (5.2.2) in the infinite system limit Sec. (5.6).
The eigenvectors of the operator is defined as 1, (y) = >_,_, R.;'ay(y). Numerically computing
this gives, the first six eigenvectors to be completely real. The eigenvectors corresponding to higher
eigenvalues are complex and and comes in pairs. The real and imaginary parts of the first few eigen-
vectors are shown in Fig.s.s un both real space and also in a polar representation. For plane wave
solutions these would have been circles of length 1, here the polar plot shows a spiral decay to origin
owing to the skewness of the operator.

Comparison with numerics: While it is difficult to solve this infinite order matrix equation ana-
lytically, we solve it numerically by truncating it at some finite order. In Fig. 5.4, we compare the
evolution from this numerical solution with the same obtained from direct numerical simulation
of Eq. (5.2.1) and observe nice agreement. Using this solution in Eq. (s.2.11) we obtain C'(z, 2, 7) in

Eq. (5.2.9) which we also compare with simulation results in the inset of Fig. 5.4 and again observe

good agreement.
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Figure 5.4: Numerical verification of the evolution of (a) the temperature profiles 7 (y, 7) = T55(y) + T-(1 — y, T) obtained
using the solution of Eq. (5.2.12).(b) the correlation C(z, y, 7) = Css(z,y) + Cr(x,1 — y, T) givenin Eq. (5.2.9) where C,.
is computed using the solution in Eq. (5.2.11). The magenta dashed line and the solid black line represent the initial and the NESS
temperature profiles, respectively. Symbols are obtained from simulationswith A = v = 1, T, = 1.1, T,, = 0.9and

L = 2048, and the solid lines are from theory.

5.6 Fractional evolution of temperature in an infinite line

One can extend the calculation for temperature evolution Eq. (5.5.6) in an finite system of length L
and obtain the same set of bulk equations which now hold fory € [0, L]. We are interested in the
behavior of the evolution of temperature profile in ' — oo limit, where the effect of boundaries
are not important. The evolution equations for the relaxation parts in this case are same as that of
Egs. (5.5.1)-(5.5.3) butnow 0 < x < coand 0 < y < L. To proceed, we introduce the orthonormal
and complete basisiny € [0, L], ¢ (y) = %eﬂmyﬂ forn > 1and ¢o(y) = 1/vVL. Expanding

the correlations and temperature in this basis as Fourier series we get,

Cr(a,y, 1) = Ao, 7) +ZA+ 2, 7)6 (y) + A (2,7)0, (y),

T(y,7) ) + ZT+ y) + T, (7)¢, (y), (5.61)

where A= (x,7) fo (2,9, 7)o (y)dy, Ag(x,7) = fOL C,(x,y, T)ody, TE(T fo - (

fo T)¢ody. Using these expressions in the PDEs [see Appendix. (5.8.2)], we get
A 1
Ty =0, TF = \/—Q_W(Iiz)A:*/“T?, n=1,23.. (5.6.2)
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where A, = (nm/L)?. This can be interpreted in domain y € [0, L] as,

1
O T (y, 7) =— \/—2—7(|A|3/4—V|A|1/4)ﬁ(y77)7
1

oz

where L, is an positive operator defined by its action as, Lo ¢ (y) = Ay Y(1 — i sgn(n)) o (y).
With L — 00 the spectrum becomes continuous as well as the eigenfunctions become plane wave.
Thus in infinite system at equilibrium, the evolution of temperature profile is given by a skew-
symmetric fractional Laplacian given in Eq. (5.2.2) .

One can alternatively see this equivalence from the integro-differential evolution in infinite space
through the action of the operator 0,7 (y, 7) = — \/%LOOT(y, 7). Where a similar calculation as

in Sec. (5.5) gives Loo f (y) = \/Lﬁ Oy fi/oo 0 y_yl,) dy’, where in contrast to (5.5.6), the lower limit is

changed from —oo to 0. Using the identity

/y dz 1 elt? — ﬁ eiqy’
—00 Yy — \/w

I\

one can easily show that

. ) 1
Loo €% = Ay €, Xy = 4 /5= (L = sgn(@)] lal"”,

which is same as the Fourier spectrum of the skew-symmetric fractional Laplacian. given in Eq. 5.2.2.

5.7  Conclusion

In this chapter, we have studied anomalous transport in a one-dimensional system with two con-
served quantities, in the open system setup. Starting from a microscopic description and acquiring
knowledge about scaling properties from numerical studies, we derive exact expressions of the tem-
perature profiles and the two point correlations in the steady state. We also study the evolution of

these quantities towards steady state. We explicitly show that the evolution of the temperature pro-
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Figure 5.5: The real (Blue, deep gray) and imaginary (Orange, light gray) part of the right eigenvectors for the matrix B for the
first few eigenvalues. The plots for even ordered eigenvectors (n. = 8, 10...) are related to the eigenvectors of the previous

eigenvectors by a reflection around x axis and hence are not plotted. A polar representation is shown as the real and imaginary
parts of the eigenvectors for n. > 7. The polar plotsare forn = 7,9, 11....
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files in this model is governed by a non-local operator defined inside a finite domain which correctly

takes the previously obtained infinite system representation. We provide numerical verifications of

the analytical results.

5.8 Appendix

5.8.1 BOUNDARY EQUATIONS

The dynamical equations at the boundaries are given by

1 fori=j=1

Tl = 2)\Tg + 20172 — 2)\T1 + ’Y[TQ - Tl]
2. fori=75=1

TL = 2/\T7« — ZCL—LL — 2)\TL + ’Y[TL—l — TL]
3.i=1land2<j <L

Ci; =Co; —AC1; + Cy 1 — Cij1

+7[Cl,j*1 + Cl7j+1 + Cz’j — 301,j]
4. j=Landl <i< L -1

Cip, =Ciy1 — Cimrp, — Cip—1 — M0y g,

+Cicip + Cigr,p + Ci—1 — 3C; 1]
5.1=1landj =1L

Chp =Cop — Cip1 —2XCi g,
+7[Co. + C11-1 — 2C1 1]
6. 2=1landj =2

01,2 =T, —ANC12+Ci3—T1 +7[C15 — Ci 2]

III

(5.8.1)

(5.8.5)

(5.8.6)



7.7=Landi=L—-1

OL—l,L =17, —Crop =111 —ACr_1 1

+v[Cr-2r — Cr-1.1] (5.8.7)

5.8.2 FrRACTIONAL EQUATION IN INFINITE DOMAIN

The expansions in Eq. (5.6.1) along with the set of PDEs Eq. (5.2.5)-(5.2.7) gives the following differ-

ential equation for the components,

PAF(z,7) = (1 F i)an)? AL (2, 1), 2 Ag(z,7) = 0

N

+—=T(7) = =290: A5 (%, 7) a0, (5-8.8)
where oy, = /57 The solution to these equations are in general given as, Ax(z,7) = aF(r)eFom(1Fi)e,

Ag(z,7) = d(7)z + e(1) Choosing solutions which do not blow up at infinity at large - and obey
the boundary conditions. We have, C,.(z,y,7) = e(7) + Y o0, a; e~ *1H)2¢—(y) 4 c.c. where

c.c. stands for complex conjugate. e(7) is zero because there is no time-dependent source in the sys-

tem. Using above equations, we have

T = 2vaf (1), = F2i—a, (7) (5.8.9)

(nm/L)’

Using these two, we have Eq. (5.6.2).
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Part IV

Conclusions

3






To conclude, in this thesis we have studied some problems in understanding anomalous trans-
port in one-dimensional systems. In the first part of the thesis we studied numerically heat trans-
port in the Toda system, which is a classically integrable system. We found that, both in equilibrium
and non-equilibrium setup, the system shows properties of ballistic transport. We computed ana-
lytically the equilibrium correlations in the harmonic and the hard particle gas which can be viewed
as special limiting cases of the Toda chain. However, we note that there is no rigorous proof that an
integrable system should have ballistic transport, and the interesting question of understating non-
ballistic transport in integrable systems would be an interesting direction to be explored. We have
also done a comparative study of the differences in transport between integrable and non-integrable
systems in both the equilibrium and non-equilibrium setups. We found that certain hydrodynamic
tools used in transport of non-integrable are useful in understanding transport in integrable sys-
tems. An interesting question is the possibility of describe integrable systems using hydrodynamics,
and also the questions related to relaxation and thermalization in integrable systems.

In the second part of the thesis, we have explored super-diffusive transport in one-dimensional
systems with stochastic dynamics. We approached this problem by studying analytically tractable
models which show super-diffusion and studied them in the non-equilibrium setup with differ-
ent temperatures applied at the boundaries. Starting from the microscopic model, we established
a fractional equation description for transport in these systems which can describe equilibrium as
well as non-equilibrium properties in the super-diffusive system. These works give a possible hint
that a fractional diffusion equation plays a similar role in super-diffusive transport as heat equation
(Fourier law) for diftusive transport. However this possibility must be explored by studying other
models and needs to be extended to obtain a full characterization of the NESS in super-diffusive

systems.
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