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Preface

In this thesis we study theoretical problems in transport phenomena. These phenomena
include the transport of heat or particles across a system due to the presence of external
driving forces such as temperature gradients or electric fields. Some well known laws re-
lated to these phenomena are Fourier’s law of heat conduction and Ohm’s law of electrical
conduction. These laws describe normal behaviour of macroscopic systems in nonequilib-
rium situations where external driving is weak and the system is close to equilibrium. There
have been many attempts to understand these laws from a microscopic approach in the same
spirit as one derives the thermodynamic properties of a system using equilibrium statistical
mechanics. Some of the well known theories that have been developed in this regard are
Boltzmann kinetic theory approach and the Green-Kubo formalism. However there are as-
sumptions that go into these approaches and these may not always be valid. Another more
recently developed theory is the non-equilibrium Green’s function (NEGF) method. In this
approach, which is closely related to the Landauer formalism, transport is viewed as a scatter-
ing problem in an open system which includes the reservoirs. In addition to these theoretical
approaches there have been many attempts to understand heat transport through direct simu-
lations of the microscopic equations of motion of the system with heat baths. These studies
suggest Fourier’s law is not valid in low dimensional systems and transport is anomalous.
Recent developments of nanophysics and mesoscopic physics have made it possible for the
experimental study of transport in low-dimensional systems and this provides further moti-
vations for microscopic theoretical analysis. The following problems have been addressed
in this thesis:

1) Is Fourier’s law valid in higher dimensional disordered harmonic systems? How does heat
current across such a system scale with system size in the asymptotic limit ? How does this
scaling law depend on boundary conditions?

i1) The applicability of the standard Green-Kubo formula to small systems and systems with
anomalous transport is problematic. We derive another linear response result for open classi-

cal systems which can be applied to both the above cases. We also obtain an exact analytical

v



expression for the current-current time correlation function for harmonic chain.

iii) Another related problem studied in this thesis is on the properties of fluctuations of trans-
port current in various systems. An interesting result in this area, valid for systems far from
equilibrium, is the so-called fluctuation theorem. This theorem involves rare fluctuations of
the transport current whose probabilities are difficult to compute by usual simulations. In
this thesis we have developed an algorithm to find probabilities of vary rare events and ap-
plied it to non-equilibrium processes involving both heat and particle transport. We have also
calculated analytically the large-deviation function corresponding to the heat transfer across

a harmonic system.
The plan of the thesis is as follows:

Chapter (1) is an introduction to the thesis. Here in the first part we describe the transport
phenomena. Then we briefly discuss the methods and approaches applied to the theoretical
study of transport phenomena. We also discuss the problems and limitations associated with
these methods. Next part is devoted to some earlier studies relevant to our work. These are
theoretical studies as well as simulation studies on heat conduction, which provide motiva-

tions for our work.

In Chapter (2) we introduce the Langevin equation and Green’s function (LEGF) approach
to study heat conduction in harmonic systems. We discuss the approach for harmonic sys-
tems in detail because we extensively use this approach and ideas in our work. Briefly,
it involves solving a set of generalized Langevin equations by Fourier transforming them
and then finding expectation values of observables by taking an average over noise config-
urations. One finds that the current through the system in the non-equilibrium steady state
(NESS) can be written as an integral of a transmission function over all frequencies. The
final result is the same as obtained by the NEGF approach and has the form of the Landauer
formula. In the last section we discuss heat conduction in one-dimensional disordered har-
monic systems where there are some well established results. In the next chapter we extend
these ideas for one dimensional systems to understand heat conduction in higher dimensional

systems.



Chapter (3) reports extensive numerical studies on heat conduction in two and three di-
mensional disordered harmonic systems. In this chapter we investigate the asymptotic sys-
tem size dependence of the average heat current in the NESS. In the first section we use
heuristic arguments based on kinetic theory and localization theory to predict the size depen-
dence of the current for different boundary conditions. Next we calculate the current using
the Landauer-like formula discussed in chapter (2) and also through direct non-equilibrium
simulations. In our numerical approach we computed the transmission coefficient using an
efficient algorithm based on the recursive properties of the Green’s functions of the system.
We also study the nature of the phonon modes of the harmonic system without coupling to
heat baths. Finally we compare our numerical result against our heuristic predictions and
discuss them.

In the beginning of chapter (4) we discuss the Green-Kubo formalism to study systems
near equilibrium. We first briefly describe the existing mechanical derivation of the Green-
Kubo formula which gives the response of a system to small external perturbations. Then we
discuss the derivation of the corresponding formula for non-mechanical perturbations and the
limitations of the use of the formula in small systems and systems with anomalous transport.
Next we present our derivation of a similar linear-response formula for general open classical
systems. We also give a detailed calculation of the time auto-correlation function of current
for a disordered harmonic chain and show that it satisfies our open system formula. Unlike
the standard Green-Kubo formula, our linear response result for open systems is valid for
small systems and systems with anomalous transport.

Chapter (5) discusses a different problem in transport where we study properties of fluc-
tuations of the heat as well as particle current. In this chapter we analytically compute the
large deviation function of the probability distribution of heat transfer over a large time in-
terval across a harmonic chain connected to heat baths. The algorithm is applied to both heat
and particle transport. Next we describe an algorithm that we have developed to find the

probabilities of very rare events in transport process.
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1 Introduction

We know that when an external electric field is applied across a conductor, an electrical
current flows across the system. Similarly when a chemical potential difference or a temper-
ature difference is maintained across a system, then particle current or energy current flows
through the system. These are examples of transport phenomena. Normally these phenom-
ena are described by phenomenological laws, namely Ohm’s law of electrical transport and
Fourier’s law of thermal transport. For electrical conduction, the current density j, through

the system is proportional to the applied electrical field E:
Je=0cE (1.1

and for thermal conduction, the heat current density j,, is proportional to the temperature

gradient VT
Jon = —«VT. (1.2)

The proportionality constants o~ and « are called electrical conductivity and thermal conduc-
tivity respectively. These proportionality constants are normally known as transport coeffi-
cients. These characterise the transport properties of a macroscopic substance. One of the
main interest in the theoretical study of transport phenomena is to understand these laws and
compute the transport coefficients from a microscopic point of view. Attempts to derive these
laws starting from microscopic description of a system, have been started long back. All
these attempts have led to various theoretical techniques. Clearly these are non-equilibrium
phenomena and their study also has provided new understanding in non-equilibrium physics.

In sec. (1.1) of this chapter we will briefly discuss the different approaches used to understand



charge and energy transport. In Sec. (1.2) we discuss the earlier results in heat conduction.

Finally, in Sec. (1.3) we describe the problems addressed in this thesis.

1.1 Various approaches in transport theory

One of the main goals of a complete theory of transport would be to derive linear response
formulae such as Egs. (1.1,1.2) starting from a microscopic description in the usual frame-
work of statistical mechanics. This task seems to be very difficult. The earliest attempts
were aimed at finding heat conductivity of gases using kinetic theory. Later Drude applied
kinetic theory to gas of conducting electrons in metal to study transport phenomena. In case
of thermal conduction in insulating solids Debye applied kinetic theory to gas of phonons.
In 1929 R. Peierls formulated Boltzmann equation for phonons to study thermal transport in
solids. Since then Peierls-Boltzmann theory became a cornerstone in the theory of thermal
conduction in solids. Later several other theoretical approaches were developed to study
transport and these include Green-Kubo formalism, Landauer formalism, non-equilibrium

Green function formalism etc. In the following we will discuss these approaches.

1.1.1 Drude-Sommerfeld theory

In 1900 Drude made one of the first attempt to derive these phenomenological laws Eq. (1.1)
and (1.2) of charge and energy conduction by conducting electrons in metals, starting from a
microscopic point of view . He applied kinetic theory of gas to conducting electrons moving
in the field of heavy ions which form the underlying lattice. In spite of electron-electron in-
teraction and electron-ion interaction Drude model treats this metallic gas as a neutral dilute
gas in which kinetic theory can be applied. The basic assumptions in this theory are [1]: (i)
Between successive collisions and in the absence of electromagnetic field the electrons move
uniformly in a straight line. (ii) The effect of interactions are taken into account by simply
considering that electrons suffer random collisions. As in kinetic theory the collisions are
modeled as instantaneous events which alter velocities abruptly. The probability of an elec-

tron undergoing a collision in time dt is dt/T where 7 is a phenomenological parameter and



known as relaxation time. (iii) Electrons are assumed to achieve thermal equilibrium with
their surroundings only through collisions.

Though the Drude model neglects the details of both the electron-electron and electron-
ion interactions, it was quite successful to explain Ohmic behaviour of metallic conductor,
Fourier’s law of thermal conduction (assuming local thermal equilibrium achieved by colli-
sions) and phenomenological Wiedemann-Franz law. From Drude model one gets explicit
forms of the transport coefficients o~ and « in terms of the electron density n, charge e, mass
m, mean velocity v and a single phenomenological parameter 7. The expressions for o and «

are following

2
o = X1 (1.3)
m
1
K = gverV, (1.4)

where Cy is the electronic specific heat. We note that the thermal conductivity can also be

expressed in terms of mean free path £ = vr as :

1
K= §V€Cv. (L.5)

The ratio k/oT = 3K§ /2€* gives the Lorentz number. Here Ky represents Boltzmann con-
stant. The agreement of this number with experimental results was one of the success of
Drude theory. A more correct approach is to use the Fermi-Dirac distribution for the elec-
trons velocities. Using Fermi-Dirac distribution, Sommerfeld obtained a more correct ex-

pression for the Lorentz number: x/oT = m°K3%/3e”.

1.1.2 Semiclassical Boltzmann kinetic theory: Boltzmann equation

In kinetic theory picture, one considers a gas of interacting particles which are the carriers
of heat or charge. The usual carriers are molecules of a gas, electrons in a metal, phonons
in crystalline solid etc. These carriers experience random collisions and Kinetic theory gives
an expression for the conductivity in terms of the mean free path ¢.

The Boltzmann equation approach is a more systematic way of deriving kinetic theory re-



sults. Let us first discuss this for electrons in metals. In this approach one considers electrons
at time ¢ labelled by mean position r and mean momentum k. Between successive collisions
electrons are described by a wave packet. One then defines a non-equilibrium distribution
function g(r, Kk, ) such that, g(r,k, #)drdk/4x* is the number of electrons at time ¢ in the
semiclassical phase space volume drdk about the point r, k. It is assumed that between
two successive collisions, r and k evolve according to the semiclassical equations of motion

under the influence of external forces [1, 2, 3].

The time evolution equation of the distribution function g(r, K, #) is given by the Boltzmann

equation:
og 1 g
— +v.V, F.-V = (%)
5 TV VrstF Ve (6t) Il
1
where, v = £Vk &E(K), (1.6)

and &(K) is the energy dispersion for electrons. In the above equation F represents the ex-
ternal forces and (0g/0t).,; represents the contribution from collisions. The collision term
in the right hand side of the above equation is calculated using different approximations in
different situations. Very often it is calculated using Fermi golden rule. The final result is
quite often in the form of the kinetic theory answers k ~ f dkcgvilk, with an explicit form
for the mean free path . In high temperature regime the main source of collision in metal is
the lattice thermal vibrations, whereas impurities are the source of scattering in low temper-
atures. Surface or boundary scattering are dominant source of scattering in nanostructures
like quantum wires, quantum tubes, dots etc. Next we discuss the case of heat conduction in
crystalline solids.

In crystalline solids, the dynamical entities are the ions which are arranged (mean po-
sitions) in a regular periodic array forming the lattice. At non zero temperature this ions
oscillate about their mean positions. The normal modes of the lattice vibrations are called
phonons, which are the carriers of heat in metals as well as in electronic insulators. Debye,
like Drude, treated this vibrating lattice as a gas of phonons and applied kinetic theory to

express the phonon thermal conductivity «,;, in terms of the phonon specific heat per unit vol-



ume c";h, mean velocity v and mean free path £ as k,,, ~ cf,hv{’. Later Peierls wrote Boltzmann
equation for phonons [4] and showed how important anharmonicity, and specifically Ump-
klapp precesses, is in giving rise to finite lattice thermal conductivity. Solving the Boltzmann
equation in the relaxation time approximation gives a simple kinetic theory like expression
for the thermal conductivity, k,;, ~ f a’kckvlz(rk, where Ty 1s the time between collisions, and
k refers to different phonon modes of the crystal. The relaxation time 7, can get contributions
from various sources. In case of phonon conduction the main source of scatterings are impu-
rities and phonon-phonon interactions. Impurity scattering can arise due to the randomness
of the masses of the ions and force constants, whereas the phonon-phonon scattering arises
due to the higher order terms (beyond quadratic order) in the expansion of inter-particle po-
tential. In three dimensional solids, the Peierls-Boltzmann theory is well-developed [2, 3, 4]
and probably quite accurate. Only problem with Peierls-Boltzmann theory is that meaning
of g(r, Kk, ?) is not very clear since phonons are extended objects. The recent work of Spohn

and Lukkarinen [5, 6] tries to give a rigorous basis for the phonon Boltzmann equation.

1.1.3 Green-Kubo linear response theory

Earlier two approaches of transport considers classical or semiclassical motion of interacting
carriers with appropriately introduced incoherent scattering mechanisms. Now we discuss a
general theory of transport called the Green-Kubo formalism which can be applied to both
classical and quantum systems. In this formalism one prepares a system in equilibrium and
then applies a small perturbation to the system. Due to this small perturbation the system
will be slightly out of equilibrium. In response to the perturbation, the expectation val-
ues of observables will change from their equilibrium values. In this formalism one finds
this response to linear order in perturbation strength. One finally obtains a formula which
provides a relation between the transport coefficients, such as electrical conductivity or the
thermal conductivity, and appropriate equilibrium time correlation functions. This formula
has been proved both for mechanical perturbations (perturbations in Hamiltonian) and non-

mechanical perturbation (perturbation in the boundary condition). Here we briefly sketch the



derivation of this formula for mechanical perturbation.

Let us consider a quantum system in thermodynamic equilibrium which is described by
a time-independent Hamiltonian H, and temperature T (inverse temperature is 8 = 1/KzT
where Kp is the Boltzmann constant). We assume that in the long past = —oo the perturba-

tion is switched on. Now the total Hamiltonian is
H, =Hy+H, where H,= f(t)B. (1.7)

In the above expression f () represents the strength of the perturbation, for example electric

field, magnetic field etc. At r = —co the expectation value of any operator A is given by
(Ayo = tripoAl, (1.8)

where, pg is the equilibrium density matrix. Because of the perturbation the steady state

expectation value of A will change. The change is given as
5(A(?)) = tr{op(H)A), where, 6p(r) = p(f) — po. (1.9)

We find 6p(¢) from the time evolution equation of p(f)

op

ih
! ot

+[p, Hiol = 0 with p(=c0) = py, (1.10)

where, [..] represents commutation operation. Since we want dp(f) to be linear order in f,
we expand above expression and keep terms linear order in f. In the interaction picture
(Al(f) = ¢fot fe=ihr) we get

dop! ,
ih== = ~lpo. H}] with 6p/(-o0) =0, (1.11)

whose formal solution is

p' (1)

. 1
l ’ 2 ’
7 | drion Ay

. ! ﬂ
- % f dr' po f dALA'( — iAh), Hy)
—00 0



‘ B,
= - f dr po f dAH) (1 - idh). (1.12)
-0 0
In the second line of the above equation we have used the following relation:
A 'y 'y ﬁ A A
F(B) = [VI(t), e PH0] = —ePHo0 f dA[V!(¢ —ian), Hy, (1.13)
0

and in the third line we have used the time evolution equation of operators in the interaction

picture. Using the above solution given in Eq. (1.12) we calculate 5(A(r)) and get

t 3 R
SAQD)Y = - f dr f(t) f dAtr{poB'(t' — iAh)A (1))}
—00 0
t 3 n
= - f dr f(t") f dXB (' - ian)A (1)),
—c0 0
= f Xxapt =) f(t). (1.14)
where,
'B 2 A
yapt—1) = f dABI(t — iAn)A (1))O@ — 1) (1.15)
0

Thus the response y 4p(t—t') = 0 (A(0))/6S f(t") is related to the equilibrium correlation function
Cup(t—=1¢) = (é’ (¢’ — iAh)AL(1))o. In the classical limit # — O which is equivalent to 8 — 0

we may approximate the formula in the second line of Eq. (1.14) as

5(A@) = B f dt' f(& XB(@)A(). (1.16)

The results in Egs. (1.15,1.14) are referred to as the Green-Kubo formula.

Now let us consider the case of electrical conduction in a gas of N electrons contained
in a one dimensional box of length L. Let x; be the position of the /* particle and e be the
charge of electron. The density of electrons at x is given by: 7i(x) = >};0(x — x;). Now we
perturb the system by applying an electrostatic potential ¢(x, ). The perturbation is written
as H ,=e fOL e“¢(x, )i(x, t) where € is a positive parameter which controls the rate at which

the field is switched on. From continuity equation n(x, 1) = —6}(x, 1)/0x, one defines the



electrical current as f(x, 1) = 2 %0(x—x;). If we take A= }(x, t) then from Eq. (1.16) we get

t L
Jx, ) = —e f dr’ f dx' e p(x', ) n(x', 1) j(x, 1)o. (1.17)
—00 0

Using continuity equation and doing a partial integration one gets

t L
((x, 1)) = Be f dr' e’ fo dx' E(xX))J(x, 0 J(x', 1)). (1.18)

where we have ignored boundary terms requiring that currents at the boundaries are zero.
One can show that only in the limit L — oo then € — 0, (j(x,7)) # 0 [7]. For constant

electric field one defines the electrical conductivity as o = (j(x,))/E and is given by

) L
o =pBelim | dte® lim f dx' (j(x, 1) j(x, 0)). (1.19)
—00 O

e—0 0

In terms of total current J = fOL a’x}'(x) the above formula reads as

00

1 . .
o = felim dte™ lim —(J(£)J(0)). (1.20)
e—0 0 Lo [,

This is the Green-Kubo formula (GK) for electrical conductivity. As shown by Luttinger [7]
one can do a mechanical derivation for thermal conduction and this gives a similar formula

for thermal conductivity which looks like

| ® | A
K lim dte™ Llim Z(JE(I)JE(O)), (1.21)

~ KT? 0 J,

where Jp is the total energy current.

1.1.4 Non-equilibrium Green’s function formalism

The Non-equilibrium Green’s function formalism (NEGF) is a highly developed technique.
It was first invented in the context of quantum transport to calculate the steady state prop-
erties of a finite system connected to reservoirs [8, 9]. The reservoirs are modeled by non-
interacting Hamiltonians with infinite degrees of freedom.

As an example consider a system of electrons, which is in contact with reservoirs which are

themselves gas of non-interacting electrons. One starts with the system initially decoupled



with the reservoirs, which are in equilibrium at different temperatures and different chemical
potentials. The initial state of the system and the decoupled reservoirs are described by a
well defined density matrix. Considering that at = —oo the couplings of the system with the
reservoirs are switched on, one evolves the density matrix with this full Hamiltonian given

by
H=H,+H, +Hg+ V., + Vg, (1.22)

where H, is the system Hamiltonian, A, ; are Hamiltonians of left and right reservoirs and
Vis, Vg are couplings of the system with the left and right reservoirs. Now the density
matrix of the entire system (system plus reservoir) is evolved for an infinite time so that
one eventually reaches a non-equilibrium steady state (NESS). Various physical observables
such as currents, densities, etc, can be calculated using this non-equilibrium density matrix.
For non-interacting systems one obtains an expression for the steady state current in terms of
transmission coefficient of the carriers across the system. These expressions are basically the
same expressions that one obtains from the Landauer formalism [10] where, one thinks of the
transport through the system as a quantum mechanical scattering process. For noninteract-
ing systems, an equivalent and simpler approach is Langevin equation and Green’s function
approach (LEGF), where instead of the density matrix one deals with the Heisenberg equa-
tions of motion for the dynamical variables. Integrating out the bath degrees of freedom
one obtains a Generalised Langevin equation. For classical system the two approaches are
like considering the Fokker-Planck approach versus the Langevin approach. It is possible to
show that one can get all the results of NEGF, from LEGF approach. We discuss the LEGF

approach in chapter (2) in detail.

1.2 Earlier studies on heat transport

As discussed in the beginning of sec. (1.1), one of the goals in the theoretical study of heat
transport is to derive Fourier’s law from a statistical mechanical calculation. But this task is

formidably difficult. As is usual in theoretical physics, the guiding criterion of mathematical



simplicity leads one naturally to consider simple mathematical models which are able to
provide more detailed understanding to the necessary and sufficient conditions needed to

prove Fourier’s law.

One of the commonly used tests of Fourier’s law is to look at the dependence of heat current
density on the system size. Let j be the heat current density flowing through the system in
the steady state due to the small temperature difference AT applied across a system of linear

size N. Now let us define the finite system conductivity as

JN
== 1.23
KN AT ( )
Then the conductivity appearing in Fourier’s law is given by
k= lim lim «y . (1.24)

N—oo AT—0

The validity of Fourier’s law requires the above limit to be finite and in that case Eq. (1.23)
and (1.24) imply that j should scale as N~! in the large N limit (asymptotic limit). But in

many cases, especially in low dimensional systems, it is seen that
j ~ N, (1.25)

with ¢ # 1. The thermal conductivity behaves then as ky ~ N* where @ = 1 — u. For two
dimensional systems there are some analytic studies which suggest k ~ In(N). Fourier’s law
holds only if @ = 0. Some important questions are to find the scaling exponent @ and to
decide the necessary and sufficient conditions for the validity of Fourier’s law. Below we
give a summery of earlier studies addressing these questions. From now onwards «y will be

denoted by « only.

The harmonic crystal is a good starting point for understanding heat transport in solids. In
the non-equilibrium case, the problem of heat conduction in a classical ordered 1D harmonic
crystal was studied for the first time by Rieder, Lebowitz and Leib (RLL)[11]. Considering
the case of stochastic Markovian baths they were able to obtain full phase-space probability

distribution in the steady state exactly. Using this distribution they showed that temperature
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in the bulk of the system is equal to the mean value of the two bath temperatures and ob-
tained an expression for the steady state current and also showed that in the large system size
limit current is independent of system size. Nakazawa (NK) [12] obtained the exact non-
equilibrium steady state distribution for an ordered harmonic chain with an onsite harmonic
potential at all sites and extended these results in higher dimensions. Results of RLL and
NK papers were also obtained by Dhar and Roy [13] using LEGF approach. The conclusion
that one draws from these studies is, the heat current in an ordered harmonic lattice is inde-
pendent of system size k ~ N (for large systems). This result is expected since there is no
mechanism for scattering of heat carriers, namely the phonons, and hence transport is ballis-
tic. One then thinks of introducing scattering mechanism to get Fourier’s behavior. There are
two ways of introducing scattering of phonons (i) introduction of disorder in the system (ii)
introduction of anharmonicity which would cause phonon-phonon scattering. Disorder can
be introduced in various ways, for example by making the masses of the particles random
or by making the spring constants random. Anharmonicity can be introduced by making the
interaction force anomg the particles non-linear. First we state earlier results on disordered

harmonic systems and next we will give results in interacting (anharmonic) systems.

Disordered harmonic systems: In this case the carriers of heat are the normal modes of
lattice vibrations (phonons). Since the normal modes take part in the conduction of heat it
is expected that heat conduction in disordered harmonic systems will be strongly affected
by the physics of Anderson localization. This was first discovered in disordered electronic
systems. Because of multiple scattering electronic states become localized at some point
in space, where it’s amplitude is significant and it decays exponentially from that point. In
fig. (1.1) we show typical examples of extended and localized states, where & represents the

localization length.

One can thus expect the same kind of physics as in electronic systems where localization was
first studied. In fact the problem of finding the normal modes of the disordered harmonic
lattice can be directly mapped to that of finding the eigenstates of an electron in a disordered

potential and described by the tight binding model (see chapter (3)). The effect of localization
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Figure 1.1: Typical plots of an extended state and a localized state with localization length &.

on transport in phonon case is much the same as in electron case except for the following two
facts : (a) In the absence of external potential, the translational symmetry of the system leads
to the fact that low frequency modes are not localized and hence contribute to transport.
(b) Secondly, in the phonon case all frequencies participate in transport whereas electron-
transport is dominated by electrons near Fermi level. Because of these two differences, the
disordered harmonic crystal in one and two dimensions is not a heat insulator in contrast to
the electron case.

One of the earlier important work on phonon heat transport in disordered systems was
by Matsuda and Ishii (MI) [14] who showed that all high frequency modes in a disordered
harmonic chain were exponentially localized and this led to anomalous transport. They
also showed that, for small w the localization length in an infinite chain goes as w™2. This

1/2 is greater than

implies that, localization length for normal modes with frequency w < N~
N and these low frequency modes are extended and hence they participate in transport. The

disordered harmonic chain has been extensively studied by several authors [15, 16, 17, 18,
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19, 20, 21, 22]. Two different models of baths and boundary conditions have been studied:
(i)white noise bath (WNB) (ii) Rubin’s model of baths (R). In the second model, baths are
itself modeled as semi-infinite ordered harmonic chains. One of the main conclusions was
that the exponent @ depends on the choice of boundary conditions (BCs). For free BC ( no
external forces acting on the system ) one gets @ = 1/2 while for fixed BC ( external forces
acting at the boundaries only) one gets @ = —1/2. Another model was studied by Bolsteri
et al. [23], in which they have connected each site of a harmonic chain to a self-consistent
reservoirs to introduce scattering of phonons. Bonetto et al.solved this model exactly and
proved the existance of local thermal equilibrium and the validity of Fouriers law. Later this
model model was again studied by Dhar and Roy [24] using LEGF approach in both the

classical and quantum cases.

There are very few studies on the problem of heat conduction in higher dimensional dis-
ordered systems. These include study of localization properties in disordered continuous
elastic media by John et al. [25] using renormalization group theory, simulation studies on
two-dimensional harmonic system with bond-missing disorder by Lei yang [26] and simu-
lation studies on harmonic crystal in 2D with binary mass disorder by Lee and Dhar [27].
In their study John et al. showed that : in one dimension, all modes with w > 1/N'/? are
localized; in two dimensions, all modes with w > 1/[log(N)]'/? are localized and in three
dimensions, there is a finite band of frequencies of non-localized states. However, this study
was unable to extract the system size dependence of heat current in a disordered lattice in
any dimension. By simulating the Langevin equations for two different heat bath models
Lee and Dhar obtained different system size dependence of the conductivity. With fixed BCs
they obtained @ ~ 0.41 for white noise baths and for exponentially correlated Gaussian noise

bath it is 0.49.

Interacting systems: The other way of introducing scattering of phonons is to include an-
harmonicity in the system. There are few analytic results for one dimensional interacting sys-
tems and all of them are based on the use of Green Kubo formula. Mainly three different ap-

proaches have been used to study interacting systems which are: renormalization group (RG)
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theory of hydrodynamic equations, mode coupling theory (MCT) and the Peierls-Boltzmann
kinetic theory approach. All these theories aim at calculating the equilibrium current-current
time auto-correlation C(¢¥) = (j(1)j(0)).

Narayan and Ramaswamy [28] introduced the first approach in the study of transport phe-
nomena and used RG theory to study transport phenomena in a one dimensional system of
interacting particles described by the following density fields: number, momentum and en-
ergy densities respectively, corresponding to the following conserved quantities: total num-
ber of particles, total momentum and total energy respectively. Using RG they obtained that
C(t) ~ t72/3 for large t and putting a upper cut-off #y ~ N in the GK formula they obtained
a=1/3.

The MCT approach was first introduced by Lepri, Livi and Politi [29] in the study of
energy conduction and has subsequently been used by several other authors [29, 30, 31, 32,
33]. In this theory one tries to calculate the slow relaxation of spontaneous fluctuations
of long-wave length modes since in low dimensional systems it is related to the long time
tails of C(t). Inserting this C(¢) into the GK formula (with a cutoff c« N) one obtains the
value of . Predictions are different for different situations. When the anharmonic potential
carries a cubic leading power then @ = 1/3 whereas for a quartic leading order @ = 1/2.
There are many computer simulation attempts on energy transport in FPU chains and other
interacting models to sort this disagreement, but different simulations gave various exponents
[29, 34, 32, 35, 36, 37, 38]. People have studied joint effects of anharmonicity and disorder
on the system size dependence of heat current in FPU chains [39]. Simulation in disordered
anharmonic chains by Dhar and Saito [40] found that the asymptotic power law dependence
of current on system size always dominated by anharmonicity and got @ = 1/3.

There are studies in fluid systems with non-linear interactions. A number of studies were
made for momentum conserving (translationally invariant) systems using non-equilibrium
simulations and using the GK formalism [41, 42, 43, 44, 45, 46, 47]. The values of « obtained
in these studies do not match. In momentum non-conserving systems, in addition to interpar-

ticle interaction, particles experience external potentials. All studies in these kind of model
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systems agree upon Fourier like behaviour in large system size limit [41, 48, 49, 50, 51, 52].

Effects of interaction have been studied in higher dimensional systems both theoretically and
numerically. The MCT and hydrodynamic approach predict that for momentum conserving
systems, the thermal conductivity diverges logarithmically in two dimensions and finite in
three dimension. But reported values of @ in various numerical studies in two dimension do
not agree [53, 54, 55, 56]. In the presence of pinning all theories predict a finite conductivity
in all dimensions. In a very recent simulation, Saito and Dhar [57] provided first verifica-
tion of Fourier’s law in a 3D anharmonic crystal without pinning potential. (For a detailed
discussion see [58, 59]). In order to obtain the correct exponent one requires to go to large
system sizes and at some point the sizes required are beyond current computational capabil-
ities. In summary, main conclusions of these studies of transport phenomena are following:
(i) Fourier’s law is not valid in disordered harmonic crystal in one and two dimensions.
The disordered averaged current in NESS decays as a power law with system size and the
exponent « is sensitive to boundary condition. In one dimension there are different analyt-
ical predictions for a for different boundary conditions. In two and three dimensions only
analytical studies are kinetic theory approach and renormalization group theory approach.
Prediction of these theories do not match and so far no numerical studies have verified their
predictions.

(i1) For interacting systems prediction from mode coupling theory is that @ = 1/3 if the
leading nonlinearity is cubic and 1/2 if leading nonlinearity is quartic. Hydrodynamic ap-
proach predicts that there exists a single universality class with @ = 1/3. Recent simulation
strongly suggest single universality class, with @ = 1/3, for momentum-conserving interact-
ing systems in one dimension. In two dimension, both the theoretical approaches MCT and
hydrodynamic approach predict that for momentum conserving systems, the thermal conduc-
tivity diverges logarithmically and finite when there is pinning. Various numerical studies
could not verify the logarithmic divergence. All theories predict finite thermal conductivity
in three dimension (Fourier’s law). This is verified in a recent simulation by Saito and Dhar

[57].
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1.3 Problems addressed in the thesis

In this section we will discuss the problems studied in the thesis and give the motivation to
study those problems. Broadly this thesis comprises (1) application of the LEGF approach
to heat conduction in higher dimensional disordered systems, (ii) derivation of Green-Kubo
type formula for conductance in open systems and (iii) studies of large deviations in current

fluctuations in non-equilibrium situations. Below we discuss these problems.

From the earlier studies discussed in the previous section we see that there are many at-
tempts to find out the value of @ in different one dimensional model systems but not much
studies in higher dimensional systems, where there is more expectation of getting Fourier
like behaviour. In chapter (2,3) of this thesis we study the problem of heat conduction in
disordered harmonic crystal in two and three dimensions, where we find the asymptotic size
dependence of current. In chapter (2) we first discuss the LEGF approach in detail. Then
we show that the Green’s function required for the calculation of current satisfies a simple
recursion relation. The recursion relation connects Green’s functions of systems with differ-
ent sizes and leads to an efficient numerical technique that can be used in any dimension. In
chapter (3) we first give heuristic arguments using the results of both the kinetic theory and
renormalization group theory to predict asymptotic system size behaviour of the disorder
averaged current in NESS. We then present numerical results based on the direct calculation
of the transmission function using the recursive Green’s function technique. We also obtain
the steady state current by direct non-equilibrium simulation of the corresponding Langevin
equations. A comparison is made between the heuristic predictions and our numerical re-
sults. In addition to the studies on the open system we have also considered the system in the
absence of heat baths. We obtained the normal modes of the isolated disordered lattice nu-
merically, studied their localisation properties and tried to make connections with the results

for the open system.

In sec. (1.1.3) we have seen that Green-Kubo formula provides one way to calculate cur-

rent flowing through the system when it is kept slightly out of equilibrium. We have seen
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in the previous section that in many theoretical studies people have used GK formula to find
out the exponent . In chapter (4) we have proved a similar formula for the conductance
when the system is connected to heat baths. We prove this formula for a variety of imple-
mentations of baths and both for fluid and lattice systems in arbitrary dimensions. In the
last section we explicitly calculate the time auto-correlation for boundary currents for a mass
disordered harmonic chain connected to Langevin baths and show directly and explicitly that
it satisfies an open system GK formula.

Another related problem studied in this thesis is on the properties of fluctuations of trans-
port current in various systems. An interesting result in this area, valid for systems far from
equilibrium, is the so-called fluctuation theorem. This theorem involves rare fluctuations of
the transport current. These large fluctuations are described by the large deviation function.
In the first part of chapter (5) we obtain an exact expression for the large-deviation function
of the heat transfer across a harmonic chain over a large time duration. Finding probabilities
of large deviations is usually difficult to compute by usual simulations. In the second part
of chapter (5), we have developed an algorithm to find probabilities of vary rare events and

applied it to two different non-equilibrium processes involving heat and particle transport.
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2 Heat conduction in harmonic
systems

In the open system description of transport, a system is connected to reservoirs through some
system-reservoir couplings. An idealised reservoir acts like a perfect blackbody with zero
reflectivity, as used in the Landauer formalism. However in real situations one does not
have ideal reservoirs, and it is important to understand the role of reservoirs in transport.
Unlike other microscopic approaches such as Boltzmann kinetic theory, or the usual Green-
Kubo formalism, where one studies the properties of the system only, the LEGF approach
explicitly includes the effect of reservoirs.

In the first three sections of this chapter we introduce and discuss the LEGF approach. In
Sec.(2.1) we show the derivation of the generalized quantum Langevin equations for a sys-
tem coupled to two reservoirs at different temperatures. In Sec. (2.2) we work out the non-
equilibrium steady state current expressed in terms of the Green’s function of the system. In
Sec.(2.3) we discuss various types of baths that are generally used. Next, in Sec. (2.4) we
study heat conduction in d-dimensional harmonic lattices using the LEGF approach. One
important new result of the thesis is to develop a recursive Green’s function technique for
evaluation of the phonon transmission function. The recursion relation proved here was ear-
lier known for one-dimensional systems. In Sec. (2.4.1) we give the details of the proof of
the recursion relation in higher dimensional systems and discuss its numerical implementa-
tion to find the transmission function. Applying this technique we evaluate the transmission
coeflicient and hence the current for harmonic chain in Sec. (2.4.2). Using the results of or-
dered harmonic chain from previous section we work out current in d- dimensional harmonic

system in Sec. (2.4.3).
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2.1 Generalized Langevin equations and LEGF approach

Consider a particle of mass m attached to a spring of stiffness & and kept inside a fluid
of temperature 7. Then phenomenologically the simplest way to model the effect of the
environment (fluid) is to write the following simple classical equation of motion for the

particle:
mx = —kx — yx + &(¢). 2.1

The last two terms correspond to the dissipation and noise respectively. The noise is assumed

to be Gaussian and has the following statistical properties

(&) =0 and (£(NE()) = 2yKpTo(t - 1'). (2.2)

The last equation is called a fluctuation dissipation relation. In the Eq. (2.1) the dissipation
is instantaneous and the noise is 0-correlated in time. Often in real systems the situation is
somewhat different and a more appropriate description is given in terms of the generalized
Langevin equation, which is:

mx = —kx — f dt' a(t — 1)x(t') + £(1) (2.3)

(%)

where the dissipation term involves memory and the noise &£(¢) is Gaussian but correlated in

time. The noise properties are now given by

€y =0 and (&) = KpTa(t —1). 2.4)

One can also write Eq. (2.3) in the following form

mit = —(k + a(O)x(0) + f ar D ey v e

—00

t

mx = —(mw?)x(t) + f dt ot —t")x(@") + £(»1) (2.5)

where we assume that lim,_,., a(f) = 0 and have defined mw? = k + @(0) , o(¢) = —da(?)/dt.

The Eq. (2.5) is the generalized Langevin equation (GLE) for a single harmonic oscillator.
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Now we present the details of the LEGF formalism in the context of heat conduction, which
will essentially involve solving GLEs for a more general multi-particle harmonic system.
The GLEs in this case appear automatically by eliminating the bath degrees of freedom from
the Heisenberg equations of motion (or Newton’s equations of motion) of the system degrees
of freedom. This approach was used by Ford-Kac-Mazur [60] to study Brownian motion in
coupled oscillators. Dhar and Shastry [61] extended this approach to study transport in
electron and phonon systems. They derived the Landauer formula using this approach. In
[62], Dhar and Sen showed how one can get NEGF results for non-interacting electrons
modeled by tight binding Hamiltonians, using quantum Langevin equations. There are four

basic steps of this approach, which are :
e (i) Write down the equation of motion for both system variables and bath variables.

e (ii) Solve the equations corresponding to bath variables and put these solutions back
into the equations for system variables. Thus one gets generalised Langevin equations
for system variables. The noises present in GLEs depend of the initial values on bath

variables which are chosen from appropriate equilibrium distributions.

e (i11) Solve these generalised Langevin equations by Fourier transform technique and
write the solution in such a form so that one can easily identify the phonon green’s

functions which lead to the identification with NEGF results.

e (iv) To find the steady state value of any quantity take average over noise configura-

tions.

Let us illustrate this approach for a quantum harmonic chain of size N connected to two heat
baths at two different temperatures. The baths are also taken to be harmonic oscillators. The
first site of the chain is coupled to the left reservoir and the last site (N site) of the system
is coupled to the right reservoir. The left and right reservoirs are at temperatures 7, and Tg

respectively. The Hamiltonian of the entire system (system and bath) is ([63]):

H = He+H+Hg+Ve+ Vi
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k,xf

P 0 kg — x)°
where H¢ = (L + =)+ Yy =10
; 2m 2 ; 2

Y
H, = Zﬂ-'_zkow with xo, = xn,412 =0

Ngr 2 Nr+1

pn Xn — Xn 2 .
7‘(13 = ; 2R + ; ko% with XOR = XNg+1R = 0
(VL = —k'xlle and (VR = —k,)CN)C]R (26)

where He, H;, Hr represent the Hamiltonians of the chain, the left reservoir and
the right reservoir of sizes N, N, Ny respectively. The Heisenberg operators x;, x;.
and x,z correspond to the particle displacements (assumed to be scalar) about re-
spective equilibrium positions.  The conjugate operators corresponding to x;, X
and x,z are p;,, pi and p,g respectively, which satisfy these commutation rela-
tions : [xg,pil = oy , [xiz,pjr]l = iho;; and [Xug, pur]l = iMOwn. Vi and
“Vr denote the interaction between the system and the two reservoirs respectively.
Let us consider that, the matices U*, U® diagonalize the Hamiltonians H; and Hj respec-
tively, where w,,; and w, are the corresponding eigen frequencies. Then under the variable

transformation x;; = Zgi U iI;lX/lL the Hamiltonian H; and V; become

N. p2 2 2
PﬂL a)#LX#L

Heo= )5+ =5

pu=1
Ni
YV, = —x ZC#LX#L with ¢, = k’UlL# 2.7

p=1
and similarly for right reservoir we have

N 2 2 2
P HR wﬂRX#R

o= )5+ =5

u=l1

Nr
Ve = —xv ) cuXur With ¢ = KUY, (2.8)
u=1

The full Hamiltonian in Eq. (2.6) now becomes

H = He+H,+Hg+V+ Vi
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where H¢ (—+—)+ _
; 2my 2 ; 2
Np P2 w2 X2
N 7 o
H, = Z[ > t7> ]

p=1

Ni PﬁR winiR

o= )5+ =5

u=1
Ni
YV, = _xlzcyLX,uL’
pu=1
NL
Ve = —xx ) CurXuk - (2.9)
u=1

From the above Hamiltonian we obtain the following Heisenberg equations of motion

NL
mixy = —kixy = k(x = x) + Z Cur XL
u=1
mx; = —klxl - k(le - Xj-1 — Xl+1) 1<I<N
Ng
myxXy = —kNXN - k(XN - xN—l) + Z C#RX#R, (210)
u=1

for the system degrees of freedom, and

2
X,uL = _wluLXyL'i'c,uLxl’ M= 1to N

X,uR = _wZRX/JR —+ C;JRx]\h M= 1 to NR, (211)

for the bath degrees of freedom. We first solve the equations of motion of the bath degrees
of freedom by considering them to be linear inhomogeneous equations. We assume that
the system reservoir interaction is switched on at time #y. The solutions of the equations of

motion of the reservoir variables in Eq. (2.11), for ¢ > £, are given by

sin w1 (t — to) .. T sinwy(t—1t) ,
X,(f) = coswur(t = to) X (o) + ——————X,u(to) + f dif ————— cuxi ()
Wur 0 WL
sin w,g(t — 1o) . T sinwug(t—1t) ,
X, r(t) = coswur(t—1ty) Xur(ty) + ————Xyur(fo) + dt’ ———— curxn(t’)
uR to WyR
2.12)
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Plugging these solutions into the system’s equations of motion in Eq. (2.10) we get

!
mx; = —k1x1 - k(x1 - Xz) + f dr O'I—(l - t’)x1 (f,) + nl(l)
o
mx; = —k].xl - k(le — X-1 — xl+1) l1<I<N
!
myXy = —kyxy —k(xy — xy-1) + f dt’ oyt = t)xy(t") + nn (D)
4]
N C2L Ng C2R
where of(1) = Y == sin(@unO@) , o) = > = sin(wkHO)
pu=1 wﬂL p=1 wﬂR
N, .
sinw, ;. (t —ty) ..
and 71() = ) ulcos Wt — 10) Xur(ty) + ————— X1 (10)]
p=1 ©uL
i sin w (1 — to)
r( — .
v = Z curlcos wr(t — 10) Xp(to)) + ——————X,x(t0)] . (2.13)
p=1 ©ur

and where the function O(7) is the Heaviside step function. We can easily see that the above
equations are in the form of the generalized Langevin equation (Eq. (2.5)). The noises 7; and
ny involve initial positions and momenta of the reservoir particles. The statistical properties
of the noises are determined by the statistical properties of the initial configurations of the
reservoirs. It is assumed that at time #, the left and right reservoirs were in thermal equilib-
rium at temperatures 7, and Ty respectively. The population of the normal modes of the iso-
lated reservoirs is given by the phonon distribution functions f,(w, T1z) = 1/[e"/*sTtr — 1],
Using these distribution functions it can be easily shown that the equilibrium correlations are

given by (for the left reservoir):

) fiw hiw
(W X1 (0)) = (X, (0)) = == coth(5 KB“;L>
([X,(0)X,1(0) + X, (0)X,.(0)]) = 0. (2.14)

Using these correlations the noise correlations come out to be

1
(m@) = 0 where 5[(’71(1)7710') +m@)m0)] = KpT Ki(t — 1)
Ay hw hw
_ uL uL uL
where Ki(n) = ) 5= cos(wui) L7, oG, (2.15)

p=1 w/lL

Similar relations hold for the right reservoir.
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2.2 Stationary solution of the equation of motion and

steady state properties

In the limits of infinite reservoir sizes and #, — —oo, the easiest way to obtain the steady state

properties is to solve the equations in (2.13) by Fourier transform. Thus defining the Fourier

transforms

X(w)

1 a .
Z‘[ ‘f_‘oo dt x,(t) e

1 0 )
mylw) = 2—f dt myn(1) €
T J-

oiyw) = f dt o y() et
we get from Eq. (2.13)
—mwt(w) = —kX - k(F - %) + o] () () + i (w)
—mlwzfcl(w) = —k1)~C1 - k(2)~61 - X — )NCH_]) l1<I<N
—myw*Eiy(w) = —kyiy — k(Zy — Ivo1) + op()Ey(w) + fin(w) .

where the new noise 7j; y(w) have the following correlations in the Fourier space

K B TL,R

1 N
E[(ﬁl,N(w)ﬁl,N(w,) + in@)ijiy(w)] = K r(w) 6(w + ')

where Kpp(w) = Im[o] y(w)] coth( ).

K B TL,R 2kB TL,R

One can also show that

i Im[o7 y(w)]

> [1+ fo(w, Trr)] 6(w + ).
Vs

(M v yw)) =

Now we write the equations (2.17) in the following matrix form

[-Mw* + @ - 2} (w) - Zp()]X(w) = fr(w) + frw),

where, X, n are column vector with elements [X1T = (x1, X2, ....xy), [n]T = (1n.,0,.

and X (w), Zx(w) are N X N matrices whose only non-vanishing elements are [X]] ,
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2.17)

(2.18)

(2.19)

(2.20)

0, 77R)

— +
_0'1,



[Zxlyn = On- [@lyxy represents a tridiagonal matrix with elements [@];; = (2k + ko)0; ; —
kc‘i,-_l,j—kém,j fori=2to N—1and [(D]l,j = (2k+k0)(51’j—k(52’j, [(D]N,j = (2k+k0)5N’j—k6N_1’j
for j = 1 to N. From the imaginary part of each element of X] and X}, we construct two

more matrices I'; and I'y respectively, i.e. ' z(w) = Im[Z] (w)].

From Eq. (2.20) we get  X(w) = G*(w)[fi.(w) + fig(w)], where

o I
G = P To-T -t
I n'(w) ,
()i (W) = o [1+ fo(w, To)] 6(w + o),
hr
()i (") = ;7(:0) [1+ fo(w, Tr)] 6(w + o),
(AL()ig@)) = 0, Tpp(w) = Im[Z] g(w)]. (2.21)

Using X(w) we write the solution of the GLEs of the system in steady state as
X(n) = f dw X(w) e (2.22)

Connections to Green’s function: Now we will show that the function G*(w) can be iden-

tified as Green’s function while X7 , can be identified as self energy corrections. Since the
chain and baths are collections of harmonic oscillators and the interactions among the bath
and the chain are quadratic, the Hamiltonian of the entire system in Eq. (2.9) can be ex-

pressed as a quadratic Hamiltonian given by:

H = 11‘/TM1'/+ IYTCT)Y
2 2
= He+Hp+Hr+ Vi + Vi
1. |
where He = EXZMCXC + §X€<DcXc ,
1. |
WL = EXZMLXL + EX{Q%XL ,
1. |
7‘(1{ = EX};MRXR + EX};QI%XR ,
V. = XViXp, Ve=X-ViXz, (2.23)

where M denotes the mass matrix of the entire system and @ denotes the force constant
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matrix of the quadratic interactions among the particles of the entire system (chain plus
baths). Here, M, and My represent the mass matrices of the left and right reservoirs. Since all
particles in both reservoirs have unit masses, M; and My are identity matrices of dimensions
N X N; and Ny X N respectively. The eigenvalues of the two reservoirs are denoted by
the matrices Q7 and Q2. Here V, represents a N X N, matrix whose only non-vanishing
elements are [V. ], = ¢ = UIL#, and Vi represents a N X Ni matrix whose only non-
vanishing elements are [Vg]i, = ¢,z = Ufﬂ.
The equations of motion for particles of the entire system are :

MY = -@Y. (2.24)
If G*(¢) denotes the Green’s function of the entire system, then G* () satisfies

MG () + G () = 5()I . (2.25)

It is easy to verify that G* (1) = G(1)®(r) where G(t) satisfies the equation M GO +DPG() =0
with the initial conditions G(0) = 0, G(0) = M~'. The Fourier transform G*(w) =

f_ 0:0 dtG*(1)e'" of G*(t) satisfies the equation
[-M(w + i€)* + DG (w) =1 . (2.26)

The isolated reservoir Green’s functions are given by

1
+ —
sLw) = “(w+ My +
1
ghlw) = 2.27)

—(w +i€)2Mg + Q3
The Green’s function element G is defined between any pair of points r and s on the entire

system of chain and baths. We are interested in evaluating G*(w) only between points on the

chain. To do that, let us define some notations for various Green’s Functions as follows:

o G/ (w) represents the part of G*(w) whose elements are non-zero only if both the in-

dices represents points on the chain.
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e G;(w) represents the part of G*(w) whose elements are non-zero only if both the in-

dices represents points on the left reservoir.

e Gj(w) represents the part of G*(w) whose elements are non-zero only if both the in-

dices represents points on the right reservoir.

e G, (w) represents the part of G*(w) whose elements are non-zero only if one index

represents a point on the chain while the other one represents point on the left reservoir.

o G/ p(w) represents the part of G"(w) whose elements are non-zero only if one index
represents a point on the chain while the other one represents point on the right reser-

VOIT.

e G;p(w) represents the part of G*(w) whose elements are non-zero only if one index
represents a point on the left reservoir while the other one represents point on the right

reservoir.

Now using the above notations and Eq. (2.27) we can write Eq. (2.26) in the following matrix

form :
~M¢ (w + i€)*] + D¢ Vi Vr
VI ~M, (w + i€l + Q2 0
143 0 ~Mg (w + i€)*] + Q3
Gt G, Gip 100
X |Gi. Gi G|l =1010 (2.28)
Gi. Gy G 00 7
This gives the following equations:
[~Mc (w + i€)* ] + ]G+ ViGie + VeGre = 1
VIGE+ [-Mp (w +ie) I+ Q21Gj. = 0
VEGE + [-Mp (w + ie)*T + Q3]G = O. (2.29)
From the last two equations we get G (w) = -g7(WViGi(w) and Gp-(w) =
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—gh(w)VE G{(w). Using this in the first equation then gives [24, 62]

[-Mc (w + i€)* ] + D¢ — Vg (w)V] — Vrgp(@)VEIGE(w) = 1

1
= Gi(w) = _
¢ [-Mc (0 + i€] + Dc — T} (w) — = (w)]
Np (UL )2
where = (w) = Vigt(w)V! = _
L oL L #Z:; —(w + i€)’M; + Q2
Nr (Uﬁl)2

(2.30)

and Ti(w) = Vegi(@)Vg =

(0 +ieMp +Qp

Now comparing the second line of Eq. (2.30) with the third line of Eq. (2.21) we identify

that G*(w) = G-(w), and I  are self energy corrections.

Steady state properties: In general, the steady state is represented by the invariant proba-

bility distribution of the phase space variables. But it can also be represented by the various
cumulants obtained in the steady state. In the case of heat conduction in harmonic systems
with correlated noise, it is difficult to obtain the full distribution. However we can calculate
a few cumulants which represent various physical quantities. For example, those quantities
could be the energy current, local kinetic energy etc. Below we present the calculation of

steady state current.

To define the local energy current inside the chain we first define the local energy density

associated with the I particle (or energy at the lattice site /) as follows (such that H = 3 | €)

[58].
2 2
Py ko k 2
= L4+ 14 (x-
€ o T2 4(X1 )",
2 kx2 k
g = 2L G —x)+ (=)’ ], for [=2,3.N-1
2my 2 4
2 2
P kNx k
Ev = ﬁ + 2N + Z(XN—l —xn)* . (2.31)

Taking the time derivative of these equations, using Eq. (2.13) and after some straightforward

manipulations, we get the continuity equations which are given by:

& = —Jjuitiic
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€ = _jl+1,l + jl,l—l for [=2,3.N-1

Ev = JNRT JNN-1» (2.32)
) ) 1
with j 1 = E(Vl—l + v fr-1 (2.33)
where  fi1 = —fr = =k = x41)

is the force that the (I + 1)™ particle exerts on the /" particle and v, = %;. From the above
equations one can identify j;;_; to be the energy current from site /-1 to /. The terms j; ; and
Jn.r are respectively the rate of energy flow from the left or right reservoir into the boundary

particles. It is easy to verify that

XEViXy = 31(0)| f dt' o (t = )y () + i (1)]

To

J1.(@®)

XL VX = in(0)| f dr' ot = )y (') + u(0)] (2.34)

0]

and jng(?)

Using the fact that in the steady state (&) = 0, we get

T =) = o) = (Jz2) = - {nn-1) = —Jng) - (2.35)

Now we proceed to calculate J = (j; ).

(310 f ar ot =) () +m0)])

fo

f ar (X"}t = X)) + (X" (Omu(0)

J

i f " f " e (X" ()21 (W)X (@) + X (w)ii(w))

—i foo dw foo dow’ &) w(Tr [X(w’)ZZ(w’)XT(w)] +Tr [f]{(w')f((a))p.

(2.36)

Using the solution in Eq. (2.21) we get

T = —i f dw f dw' ¢ w (Tr |2 ()G (W) (7iL(e') + Tir(@) )

(77} (W) + p(@)) ) G ()] + Tr [{ f1(w) (] (@) + 7)) ) G () |).
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Now consider that part of I, say Jr , which depends only on T . Clearly this is:

Jr = i f dw f dw' ¢ o Tr |G ()2} ()G () fir@)ith(w) )|

Il
|
~

® L
' f dw Tr |G (@)Z](-w)G* (~w)Tk(w)| 7‘” [1+ fy(w, Tr)l.

The real part of T is

« /]
To=- [ doTr[6" @06 o) “2 11+ fitw. Tol

Including the contribution from the terms involving 7 , and noting that the current has to

vanish for T, = Ty , it is clear that the net current will then be given by
a hw
J:f‘mﬂ%@ﬂwnewwewmwﬂ7{m@n%ﬁwjm. (2.37)

Once G*(w) is identified as the system’s Green’s function in the open situation (connected
to baths) the above expression is the same expression as one obtains in the NEGF [64] for-
malism. The above expression for the current is of the Landauer form and has been derived
using various other approaches such as scattering theory [65, 66] and the nonequilibrium

Green’s function formalism [67, 68].

The classical limit is obtained by taking the high temperature limit so that kBLT — 0. In this

limit the current in NESS is given by

g = M f ) dw Tr [G+T(w)FL(—w)G+(—w)FR(a))]
_ Kp(Ty, — Tg) fm do T(w)
27T 0
where T(w)=4Tr [G+T(w)rL(—w)G+(—w)rR(w)]. (2.38)

The quantity 7 (w) is known as transmission coefficient.

Here, we have presented the formalism for a simple one dimensional harmonic chain in such
a way that one can easily generalize the formalism for more general systems and higher di-
mensional systems. (See [24] for general harmonic systems and [62] for tight binding model

of electrons.) All of the above derivations will go through for situations more general than a
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simple one-dimensional chain, as long as one can write the Hamiltonian for the entire system
(the system plus the baths and the interactions of the system with the baths) in a quadratic
form as in Eq. (2.23). So far, this approach has mostly been used to study conduction for
non-interacting systems; a drawback of this approach is that it is not easy to extend the results

to interacting systems.

2.3 Examples of baths

From Eq. (2.13) it is clear that, once the informations about the bath and noise correlations
are given one can always start just by writing a set of generalized Langevin equations to

obtain the steady state properties. In the equation (2.13), the bath information is given by

_dat

- In the Fourier domain this relation reads 0" (w) = iwa*(w) + a(0), which

o(t) =
implies that Im[oc"(w)] = wRe[a"(w)] = ['(w). Below we present 0" (w), I'(w) for some

baths commonly used in theoretical studies.

Ohmic bath: For ohmic baths one chooses

mo:%awf (2.39)
which in Fourier domain becomes
Y . wyt
@' () = 1 + w?7? * ll + w?7?
and o (w) = 2(0) + iwa" (w) . (2.40)

In the limit 7 — 0 we get the Langevin bath

a(t) = 2y6(1), at(w)=1vy. (2.41)

In this case, a(0) — co. However one can absorb this in the definition of the spring constant.

Rubin model: The heat bath in this model is a harmonic chain connected to the system at

one end. For simplicity let us consider the system to be a harmonic oscillator of mass m; and
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frequency wy. The Hamiltonian of the whole system is written as :

2
p 1
Hy, = 2ms + 3/Ms g X
pas (Xps1p + X)°
lb 1+1b T Xpp
moe S0 Sl S
Hg = —k'xxy (2.42)

We transform to normal mode coordinates using x;, = ., UjuXop» and pyp, = D UinPos,

where
U, = (L)%sin(z ) with g, = —%— @=1,2,..N,
la - Nb+1 qa qa_Nb+1a - 9 iy ey b
k, k
and W) = —2(4sin’(q./2)+ ). (2.43)
m k,

Now, in terms of the new variables X,, and P,, the Hamiltonians H, and H, look like

P 1
Hb = Z[z_nf + Ema)i Xib]
= .
Hy = - Z Ca X Xap
a=1
where ¢, = k’(i)%sin( ) (2.44)
¢ N, + 1 Ga)- )

The equations of motion of the system and bath variables are

mgx¥ = —msw(z)x+ E Co Xob

Xop = —w> Xop+cox. (2.45)

As earlier, solving the equations of motion for bath variables and plugging back those solu-

tions into the equation of motion of the system, we get

—mywj X + f dr o(t—1) x(t') + @)

myxX =
1o
Np C2
where o(f) = Z w—" sin(wgy 1) ,
a=1 @
Np . ( l)
and &) = ) calcost@a ) Xuplto) + == X,p(t0)] (2.46)

a=1 @
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We are interested in " (w) = fooo dt o(t) € “ ' whose imaginary part is given by

Np 2
Imlc™(w)] =T(w) =n Z “[0(w — wy) — S(w + wy)]. (2.47)
2w,
For w > 0 and \/§< w <\/é,/(4+ i—é),
2 k”? sin*(q)
r = o(w —
(w) Wr D) 2 o, (W = wy)
T . 2
= k2 f dq 3D 50— w,)
0 Wy
k/2 m )
= sin(qo) where, sin(gy/2) = —( 2 — —), (2.48)
k() 4'kO
To get the real part of o (w) we use the Kramers-Kronig relations and get
2 « /
Re[oc*(w)] = - @ F(CU )
Vi
P % w/(4+’f,1 a)’
= = 5 T(w) (2.49)
n -w
Now, making the variable transformation cos(8) = (1 — 2_k0 + 3 ) we get
mk'? (" sinz(ﬂ) ki mw?
Re[o™" = d h 1+ — - —
dor@)] = - f o —cosp) nere o=t o o)
K / / [ k
= mko cos(qy) for 1 4+ k(l)
mk’? / 0 / ki
= - ™ — 4/(d+—
ko e or |w| > - ( ko)
mk”? [k [ki
= e for — \[— <w< {[/—
ko m m
2 k k 72
where cosh(v;) = (";‘;O - z—k‘o —1) and cosh(v,) = (1 + j - ";‘;0 ). (2.50)

Finally collecting the real and imaginary parts we get

k/2 ) k k X
o (w) = mk—elqo for ”Zl<w< ﬂi 1[(4-|-k_1)
0 0

k k k

and — 4/ [+ D) <w<—4]=

m ko m
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mk’2 k() k]
- ™A A= [+ —
ko e or |w| > - ( ko)
k’? k k
mk e for — 4| <w< |- 2.51)
0 m m

2.4 Current in d-dimensional disordered harmonic
lattice

In this section we consider heat conduction in d-dimensional classical harmonic lattice. For
simplicity we consider only the case where longitudinal and transverse vibration modes are
decoupled, allowing us to describe the displacement at each site by a scalar variable. Also
we restrict our study to d-dimensional hypercubic lattices. Let us denote the lattice points by
the vector n = {n, ny, ...,ng} with n, = 1,2, ..., d. The displacement of a particle at the lattice
site n = (n;,n’) is given by x,. In the harmonic approximation the system Hamiltonian is
given by

1 E i
H = Z Emnxﬁ + Z Z E(xn - xn+é)2

n]:l n’,é
k() 2 k/ 2 k, 2
+—= Xn + = Z X(l’n/) + = Z x(N,l’l’) s (2.52)
2 n 2 n’ 2 n’

where € refers to the 2d nearest neighbors of any site and we impose different boundary
conditions which will be specified later. The parameter &, represents the spring constant of
the external pinning potential whereas &’ is the spring constant of the external potential at the
boundary n; = 1 and n; = N. The mass of the particle at site n is denoted by m,.

We couple all the particles at n; = 1 and n; = N to heat reservoirs, at temperatures 7, and
Ty respectively, and use periodic boundary conditions in the other (d — 1) directions. The
heat conduction takes place along the v = 1 direction. Each layer with constant n; consists
of N' = N%! particles. The heat baths are modeled by white noise Langevin equations of

motion for the particles coupled to the baths. The equations of motion are given by:

MyXp = — Z k(xn - xn+é) - koxn + 5n1,1(_7xn
[
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+ 17 = K Xn) + Gy w(=Vhn + T — K X)) (2.53)
where the dissipative and noise terms are related by the usual fluctuation dissipation relations

e (O ()

CMOUHG)

2ykpT16(t — )y

2ykgTRro(t — 1')Owy . (2.54)

The particles at the surfaces n; = 1, N experience additional harmonic pinning potentials
with spring constants k" arising from coupling to the heat reservoirs. We consider two kinds
of boundary conditions at the surfaces connected to reservoirs: (i) fixed BCs &’ > 0 and (ii)
free BCs £’ = 0. A schematic of the models and the different boundary conditions is given

in Fig. (2.1).

(c)

5 )
(NS SN LRI ORI
55 & £

4 55 @ @

(c) Pinned lattice

Figure 2.1: A schematic diagram of a two-dimensional mass-disordered lattice of particles
connected by harmonic springs and connected to heat baths at temperatures 7,
and Tk. Red and green colours indicate particles of different masses. Pinning
refers to the presence of a spring attaching a particle to the substrate. In (a) there
is no pinning, in (b) boundary particles are pinned and in (c) all sites are pinned.

The two different BCs emerge naturally if we model the heat reservoirs themselves by
infinite ordered harmonic crystals. One then obtains Langevin type equations on eliminating
the bath degrees of freedom. Fixed BCs correspond to reservoirs with properties different
from the system (e.g. different spring constants) and in this case one finds that effectively the

particles at the boundaries (those coupled to reservoirs) experience an additional harmonic
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pinning potential. Free BCs correspond to the case where the reservoir is simply an extension

of the system (without disorder) and in this case the end particles are unpinned.

Driven by the reservoirs at two different temperatures 7, and Ty, the system reaches a
nonequilibrium steady state. We are mainly interested in the steady state heat current. Given
the Langevin equations of motion Eq (2.53), one can find a formal general expression for
the current. Let us denote by X a column vector with N¢ elements consisting of the dis-
placements at all lattice sites. Similarly let X represent the vector for velocities at all sites.
Then we can write the Hamiltonian in Eq. (2.52) in the compact form as in Eq. (2.23),
H = 1X" MX + 1X"VX , which defines the diagonal mass matrix M and the force constant
matrix V. Now following the four steps of LEGF formalism one gets an expression for the

current J in terms of the transmission coefficient 7 (w).

It is convenient to express all the results in terms of dimensionless variables. These vari-
ables are as follows: force-constants are measured in units of k£, masses in units of the average
mass i, time in units of the inverse frequency Q' = (m/k)!/?, displacements are in units of
the lattice spacing a, friction constant y in units of 7,€2, and finally, temperature is measured
in units of ma®Q?2/kz. With this notation, we write the steady state current per bond from the

left to the right reservoir from Eq. (2.38) [24, 17] :

AT =
T = 1 I _doT (@), (2.55)
where T(w) = 4 TrI ()G (W) IrwG (W)], (2.56)
G'(w = [FoM+V-8; -8, G =1G"T
I, = Im[S], and Ty = Im[S}] (2.57)

and AT = T — Tk. The matrices S; and S;, represent the coupling of the system to the left
and right reservoirs respectively, and can be written as N X N block matrices where each

block is a N’ X N’ matrix. The block structures are as follows:

550 .. 0 00 ... 0
Si= 0 0 ...0[.S=|00 ... 0|, (2.58)
00 ...0 00 o
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where
X =%p =iywl , (2.59)

I'is a N’ X N’ unit matrix, and 0 is a N’ X N" matrix with all elements equal to zero. Similarly

the matrices M and V have the following block structure:

M, 0 .. 0 ® -1 ... 0
0 M, ... 0 I ® ... 0

M= : LV = , (2.60)
0 0 ... 0 0 0 ... 0
0 0 .. My 0 0 .- @

where M,, denotes the diagonal mass-matrix for the n; = n layer and @ is a force-constant
matrix whose off-diagonal terms correspond to coupling to sites within a layer. Hence the

matrix G = [-Mw? + V — S; — S;] has the following structure:

a -1 0 0
-1 a -1 0.. O
Gr'=| .. . . . ] (2.61)
0 .0 -1 ay, -1
0o .. 0 -1 ay

where a; = —M;w?> +® —05,12; —O;n25. With the form of SZ,R given in Egs. (2.58)and (2.59),

we find that the expression for the transmission coefficient reduces to the following form:

T(w) = 4TrT(wGy I rw)Gy(w)],

where T’/ g = Im[X] ;] (2.62)

and G}, is the (1, N)™ block element of G and G, = [G;]". We now show that G}, sat-
isfies some simple recursion relations and using those recursion relations the transmission

coeflicient 7 (w) can be expressed as a product of random matrices.
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2.4.1 Transfer matrix approach and recursion relations for Green’s
functions

Here we will see that because of the block tridiagonal nature of the force constant matrix
one can find simple recursion relations among the elements of Green’s function. Before
doing that we first introduce some notations. Let Y**"=D with 1 < n < N — [+ 1 denote a
n X n tridiagonal block matrix whose diagonal entries are a;, a1, ...a;,—1, Where each a; is a
N’ x N’ matrix. The off-diagonal entries are given by —/. For an arbitrary block matrix A",
ﬂgﬁ) will denote the block sub-matrix of A" beginning with i block row and column and
ending with the j® block row and column, while AES."” will denote the (i, j)" block element

of A™ . Also I, will denote a n X n block-diagonal matrix with diagonal elements 1.

The inverse of YV is denoted by [Y!"M]~! = GV and satisfies the equation:
y(l,N) g(laN) = Iyn.

According to our notation, we have G!'*V) = G* and G(llj’f,v) = G},. The matrix Y™ has the

following structure:

(2.63)

y(l,N) _[ y(l,N—l) WN J

(WZY\; an

where W], = (0,0,...,.—I)isa 1 x N — 1 block vector. We then write Eq. (2.63) in the form

y(l,N—l) Wy QS:%)_I) Uy _ Iy, O (2.64)
Wl ay uy, Gy 0 1)

where (Ll;, = [G(IIJ’\I,V)T, G(Z{;\],V)T..., GS’_AQ;] isal X N — 1 block vector. From Eq (2.64) we get

the four following equations:
(LN-1) ~(LN) T _
Y Q(l’N_l) + Wy (L[N =IyN,
T (1.N) T _
Wy Giv,y tav Uy =0,

_ LN
YOND Uy + Wy Gyy =0,

WL Uy +ay Gy =1. (2.65)
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Noting that [Y:V=D]71 = g:N=D and using the third equation above and the form of Wy,

we get:
ILN-1 LN
Uy = -G PWNGRY
or GV = GG for i=1,2,. N -1 (2.66)

From the fourth equation in Eq. (2.65) we get:

Gy = anGyy —1. (2.67)
We will now use Egs. (2.66),(2.67) to obtain a recursion relation for G(I]J’{,V) = Gy in

Eq. (2.62)], which is the main object of interest. Let us define P = [G(ll,’,’fi[ )" where

G+ = [YEm]~1 Then setting i = 1 in Eq. (2.66) and taking an inverse on both sides we

get:
pay [Gﬁ\}”,’v\')]‘l paN-1) (2.68)

Setting i = N — 1 in Eq. (2.66) we get Gy}, = G\}) G} and using this in Eq. (2.67)

we get [Gg\i’fv\’)]‘1 = [ay — GS_A{_];)_ ,] . Inserting this in the above equation we finally get our

required recursion relation:
PN = g pAN-D _ pN=2) (2.69)

The initial conditions for this recursion are: P9 = [, and PV = 4,. By proceeding

similarly as before we can also obtain the following recursion relation:
PN = potNg, — pot2N oy = 1,2, N1, (2.70)

and P!V can be recursively obtained using the initial conditions PNV = [, and PNV =
ay. Given the set {a;}, by iterating either of the above equations one can numerically find

PN and then invert it to find G(lll’f,v).

However this scheme runs into accuracy problems since the numerical values of the matrix

elements of the iterates grow rapidly. We describe now a different way of performing the
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recursion which turns out to be numerically more efficient. We first define
ry = POV PO (2.71)

From Eq. (2.69) we immediately get:

1
Iy = dy — m , (272)

with the initial condition r; = a;. Then G'}}" is given by:

LN LN)-1 _ 4
G(I,N) = [P( )] = [rnrn-q...r1]

ity (2.73)

This form where at each stage r;! is evaluated turns out to be numerically more accurate.

Finally, we show that one can express G(ﬁ]’{,v) in the form of a product of matrices. The
product form is such that the system and reservoir contributions are separated. First, we
note that the form of the matrices a; for our specific problem is: a; = ¢; — 6,121 — O nZN
where ¢; = —Mw?* + ®. We define system-dependent matrices Q'?, Q" by replacing
aj,ay by cy,cy in the recursions for P’s. Thus Q""" = PU"(q; — c¢j,ay — cy) and
Q"N = pPN(g, — ¢;,ay — cy). Clearly Q’s satisfy the same recursion as the P’s with g

replaced by ¢;. Then using Egs. (2.69),(2.70), and similar equations for the Qs’ we get:
pN

Q(l,N) _ Q(2,N) Zl _ ZN Q(I,N—l) + ZN Q(Z,N—l) Zl

Q(LN) _Q(Z,N) 1
(1 —zN)( I g ]( s ] (2.74)

From the recursion relations for the Qs’, it is easy to see that

( Q(LN) _Q(Z,N) ]

Q(I,N—l) _Q(Z,N—l)
ay —I Q(I,N—l) _Q(2,N—1)
= I 0 Q(l,N—Z) _Q(Z,N—Z)
= TwTn_,.. T, (2.75)
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where
N a -1
T, = [ ] . (2.76)

From Eq. (2.74) we then obtain P and from which we get G}, = [P""M]~!. Using this and

noting that the baths are white noise Langevin baths we get
Kg(T, —Tr) (7 . _
J = % f dw W ¥ Tr [[PT3(@)PT ()] ™. 2.77)
Comparing the above equation with Eq. (2.55), we get

T(w) = 40 y* Tr [[PT3(@)PT@)] ] . (2.78)

2.4.2 Current in one dimensional harmonic system:

For 1D chain the Hamiltonian in Eq. (2.52) looks like

1
k(x4 — x)* + Ek'(x% +X5), (2.79)

=

[
1=
N —
3
=
~ N
+
N —
&
=
s
+
N —

and the corresponding langevin equations look like

mx) = —(k' +ko)x) — k(x; — x2) + yX; + 1 (2)
mx; = —kox, - k(le - Xj-1 — Xl+1), 1<I<N
myxy = —(k' +ko)xy — k(xy — xy_1) + yin + nn(t)

(2.80)

In the classical case, the steady state heat current from left to right reservoir is obtained from

Eq. (2.77) [17, 13]

where Ty(w) = YW’ Gy,
Gy(w) = [P"V] (),
(Vlm = (1 + k/ + ko) 5[,m - 5l,m—l for I=1 ’
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= _6l,m+1 + (2 + ko) 5l,m - 51’,”_1 for 2<I<N-1,

(1 + k' + ko) 5],,,, - 5l,m+l for [=N s

Zim Iywomlon + ol ,

All the variables and parameters in the above expressions are now dimensionless quantities

and [P""M]7! is now just a complex number. It is easy to identify that
PN = Ay (2.81)

where Ay is the determinant of the matrix Z = [’ M+ V - Z].

Disordered case: This has been extensively studied and is well understood [14, 15, 17,
19, 22, 69]. The matrix formulation explained in the last section leads to a clear analytic
understanding of the main results. From the products of N random matrices of size (2 X 2)
one calculates P"") numerically and hence 7 (w). Clearly 7 (w) and J will be different for
different disorder realisations. Since we will mostly be interested in disorder averages of
these quantities we need to introduce some notation for the disorder average. We consider
[x] to be the disorder average of the quantity x. We denote disordered averaged 7 y(w) and
J by T(w) =[7]and J = [J] respectively.

There are three observations that enable one to determine the asymptotic system size de-

pendence of the current. These are:

PN = [GE]7! given by Egs. (2.74), (2.76) is a complex number which can be expressed
in terms of the product of N random 2 X 2 matrices. Using Furstenberg’s theorem it can
be shown that for almost all disorder realizations, the large N behaviour of PUY) for fixed
w > 0is [PUNM| ~ PN’ where b > 0 is a constant. This is to be understood in the sense that
limy_e(1/N) log |P™™)| ~ be? for w — 0. Since T (w) ~ |[PMV|2 ~ e72Ne” | this implies
that transmission is significant only for low frequencies w < w.(N) ~ 1/N'2. The current is

therefore dominated by the small w behaviour of 7T'(w).

(i1) The second observation made in [19] is that the transmission for w < w.(N) is ballistic

in the sense that T'(w) is insensitive to the disorder. This can be seen in fig. (2.2) where the
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Figure 2.2: Frequency dependence of [|Q""")|] at small w for A = 0.2 and N = 1024 with
fixed BC is compared with the same for an ordered chain. In disordered case
|QM? is averaged over 10* different realisation of masses.

disorder average of |Q""V)|? for a chain of length N = 1024 is plotted along with the same

for an ordered chain.

(iii) The final important observation is that the form of the prefactors of e~V “ in T (w) for
w < w:(N) depends strongly on boundary conditions and bath properties [19, 22]. For the
white noise Langevin baths, one finds T(w) ~ w?e " for fixed BC and T(w) ~ we N’
for free BC [22]. This difference arises because of the scattering of long wavelength modes

by the boundary pinning potentials. Now, the asymptotic N dependence of the disorder

averaged current in the NESS will be

we(N)
J ~ f T(w)
0

~ N_% for free BC

~ N2 for fixed BC. (2.82)

In Fig. (2.3), we plot numerical results showing 7 (w) for the 1D mass-disordered lattice

with both fixed and free boundary conditions. We consider a binary mass disordered crystal
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Figure 2.3: 1D unpinned case with both free and fixed (INSET) boundary conditions: plot
of the disorder averaged transmission 7'(w) versus w for A = 0.4. The various
curves (from top to bottom) correspond to lattices of sizes N = 64,256, 1024
respectively.

in which we set the masses of exactly half the particles at randomly chosen sites to be 71 — A
and the rest to be 7 + A. Thus A gives a measure of the disorder. One can clearly see the two
features discussed above, namely (i) dependence of frequency cut-off on system size and (ii)
dependence of the form of 7'(w) on boundary conditions. Using the three observations made
above it is easy to arrive at the conclusion that J ~ N7/ for fixed BC and J ~ N~'/? for free
BC. In the presence of a pinning potential the low-frequency modes are suppressed and one
obtains a heat insulator with J ~ ¢V, with ¢ a constant [69] (see also [21] and references

therein).

Ordered case: In this case, masses of all the particles are the same (say, m). Hence one
can write a closed form expression for Ay. After some straightforward calculations and

rearrangements one can show that [11]:

Ay = la(g)sin Ng + b(g) cos Nq]/singq , (2.83)
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where a(q) = [2-9*w’ +k?* =2k cosq + 2k =2 = 2iyw[l + (K — 1)cosq] ,
b(q) = [Y*w*—k?*+2K]sing+ 2iyw(k’ — 1)sing ,

—mw® +k,+2. (2.84)

2cosq

From the relation in Eq. (2.84), it is clear that for frequencies outside the phonon band
k, < mw? < k, + 2 the wave vector ¢ becomes imaginary and hence, from Eq. (2.83), we
note that the transmission coefficient 7 (w) decays exponentially with N. Hence, for large N

we need to consider only the range 0 < g < & and the current is given by:

J = 2T- TR)f |—|

(,()
|2’

Ay (2.85)

with mwg =k, +2[1 —cos(q)]. We now state the following result. For any two well-behaved

functions g,(g) and g-(q)

tim [ dg—51 f dg—ED__ (2.86)
Noowo Jo "1+ gAg)sinNg  Jo 7 [1-g5(q)]

There are three steps required to prove this result: (i) expand the factor 1/[1 + g,(q) sin (Ng)]
(valid for |g| < 1 in the integration range), (ii) take the N — co limit, (iii) resum the resulting
series. It is easy to see that the Eq. (2.85) has the same structure as the left hand side of

Eq. (2.86) once we note that Ay can be written as

AN = (lal + [bP)[1 + rsin(2Ng + ¢)]/[2 sin” (¢)]
where rcos¢ = (ab* + a*b)/(lal* + |b*)

and rsing = (b — |a*)/(lal* + |b]%). (2.87)

Hence using Eq. (2.86) and simplifying, we get [22]:

Yk k(T — Tr) (™ sin’qdg

J =
¢ o AN—Qcosqg
k*kg(T, — T
=7 3(52 WNA- VAT, (2.88)
m
k, + 2k)y? 2y
where A = 2k(k— k) + k2 + K2RV 4 Q= 2kth— k) + 2
m m
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2.4.3 Current in d-dimensional ordered harmonic system

The current in a d-dimensional ordered lattice can be calculated by using the observation that
the problem of heat conduction in a d-dimensional ordered harmonic lattice can be related
to heat conduction across N%~! independent ordered harmonic chains with different onsite
potentials. Hence the transmission coefficient 7 (w) for the d-dimensional lattice can be
expressed as a sum of the transmission coeflicients of the 1D chains. Now we will see how
one can relate the d-dimensional problem to a one dimensional problem. The Hamiltonian
of the d-dimensional system is given in sec. (2.4). We recall that x, is the displacement
of a particle at the lattice site n = (n;,n’). Let us consider that for each n there exists a

q=01,9,94-1-94) = (q1,q") with g, = 27”’ where [ goes from 1 to N such that

1 sy’ ’ c /! !’
N Z L P On (2.89)
q/
Now, if we define
4 1 iq’.n’
an(q ) = T x(nl,n') e’ k (2.90)

d-1
I’

then one can show that, for each q’, x,,(q") satisfies a Langevin equation corresponding to a
one-dimensional Hamiltonian with the onsite spring constant replaced by

Aq) =k, +2k(d -1 - Z CoS qg). (2.91)

a=2,..d

Hence in the ordered case the d-dimensional harmonic system can be decomposed into N¢~!
harmonic chains. For N — oo, the heat current J(q') for each mode with given q’ is then
simply given by Eq.(2.88) with k, replaced by A(q"). The heat current per bond is then given
by:

1
J= Z Jq) . (2.92)
-

The above result also holds for finite lengths in the transverse direction. For infinite trans-
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verse lengths, we get J = f f02” dqJ(q)/(2n)?~! . Heat conduction in higher dimensional

disordered harmonic systems is studied in the next chapter.
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3 Study on heat conduction in higher
dimensional harmonic system

In the previous chapter we have discussed the LEGF formalism and applied it to one dimen-
sional harmonic chain to find out the system size dependence of the NESS current J. We also
mentioned results on heat conduction in one dimensional systems, from which we conclude
that system size scaling of the NESS current strongly depends on the boundary conditions
and also on the presence of pinning potentials. There have been theoretical as well as com-
putational studies on finding the system size dependence of heat current in NESS. All the
studies suggest that Fourier’s law is not valid in one and two dimensional systems, even in
the presence of anharmonic interactions, unless the system is also subjected to an external
substrate pinning potential. It is generally expected that the system size scaling of J will
be less sensitive to boundary conditions as we go to higher and higher dimensions. Based
on empirical evidence, it is also expected that average energy current J in NESS through
a system in a slab geometry, should be proportional to N~!'. In this chapter we present nu-
merical studies on heat conduction through disordered harmonic lattices in two and three
dimensions.

Here we report results of heat conduction studies in 2D and 3D disordered harmonic lat-
tices with scalar displacements and connected to heat baths modeled by Langevin equations
with white noise. In crystalline solids the carriers of heat are phonons, which are normal
modes of lattice vibrations. Transport properties of these modes will be affected by Ander-
son localization [70] and by phonon scattering in anharmonic lattices. We pay particular
attention to the interplay between localization effects, boundary effects, and the role of long

wavelength modes. The steady state heat current is given exactly as an integral over all fre-

48



quencies of a phonon transmission coefficient as shown in Eq. (2.38). Using this formula
and heuristic arguments, based on localization theory and kinetic theory results, we estimate
the system size dependence of the current.

Numerically we use two different approaches to study the nonequilibrium stationary state.
The first is a numerical one which relies on the result that the current can be expressed in
terms of a transmission coefficient. We saw in Eq. (2.38) that the transmission coefficient can
be written in terms of phonon Green’s functions. Using the recursion relations of the Green’s
functions (discussed in sec. (2.4.1) we implement efficient numerical schemes to evaluate this
transmission coeflicient. The second approach is through direct nonequilibrium simulations
of the Langevin equations of motion and finding the steady state current and temperature
profiles. We have also studied properties of the isolated system, i.e., of the disordered lattice
without coupling to heat baths, and looked at the normal mode frequency spectrum and the
wavefunctions. One measure of the degree of localization of the normal modes of the isolated
system is the so-called inverse participation ratio [IPR, defined in Eq. (3.11) below]. We have
carried out studies of the IPR and linked these with results from the transmission study.

The rest of the chapter is organized as follows. In Sec. (3.1) and Sec. (3.2) we discuss ear-
lier studies on phonon localization and kinetic theory results in phonon transport respectively.
In the beginning of Sec. (3.3) we describe the specific model studied which is followed by
discussions on quantities studied and approaches used in this chapter. Heuristic arguments
and our predictions on asymptotic system size dependence of current are given in Sec. (3.4).
In Sec. (3.5) we present results from both the numerical approach and from nonequilibrium

simulations which is followed by conclusion in Sec. (3.6).

3.1 Phonon localization

This is closely related to the electron localization problem. The effect of localization on
linear waves in disordered media has been most extensively studied in the context of the
Schrédinger equation for non-interacting electrons moving in a disordered potential. Look-

ing at the eigenstates and eigenfunctions of the isolated system of a single electron in a
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disordered potential one finds that, in contrast to the spatially extended Bloch states in pe-
riodic potentials, there are now many eigenfunctions which are exponentially localized in
space. It was argued by Mott and Twose [73] and by Borland [74], and proven rigorously
by Goldsheid et al. [75], that in one dimension all states are exponentially localized. In two
dimensions there is no proof but it is believed that again all states are localized. In three
dimensions there is expected to be a transition from extended to localized states as the en-
ergy is moved towards the band edges [76]. The transition from extended to localized states,
which occurs when the disorder is increased, changes the system from a conductor to an
insulator. The connection between localization and heat transport in a crystal is complicated
by the fact that phonons of all frequencies can contribute to energy transmission across the
system. In particular, account has to be taken of the fact that low frequency phonon modes
are only weakly affected by disorder and always remain extended. The heat current carried
by a mode which is localized on a length scale £, decays with system length N as e~/ This
¢ depends on the phonon frequency, and low frequency modes for which £ ~ N will there-
fore be carriers of the heat current. The net current then depends on the nature of these low

frequency modes and their scattering due to boundary conditions (BCs).

A renormalization group study in a disordered continuum elastic media by John et al. [17]
found that in 1D and 2D all non-zero frequency phonons are localized. They studied the
spreading of an energy pulse to define a frequency dependent diffusivity Dy(w). From the
behaviour of Dy(w) under renormalization one can obtain a differential recursion relation for
the resistivity. This relation shows that in the large system size limit the RG flow is towards
infinity for dimensions < 2, in contrast to d = 3 where the flow is towards zero as long as w is
less than some fixed value, independent of system size. Hence all finite-frequency modes in
one and two dimensions are localized. From the differential recursion relations one finds that
for d = 1 and d = 2 the localization length in w — 0 limit diverges as ~ 1/w? and ~ ¢!/’
respectively. In 3D there exists a frequency, independent of system size, above which all

states are localized while states below that frequency are extended. Hence for a system of

size N there will be a cut-off frequency w’ (which depends on N for d < 2) above which all
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the modes are localized. In different dimensions w’ is given by

wh ~ N2 ford=1
~ [log(N)]™"* ford =2

~  nonzero value independent of N for d = 3 3.1

However this study does not make any statements on the system size dependence of the

conductivity.

3.2 Kinetic theory

If one considers the low frequency extended phonons, then the effect of disorder is weak and
in dimensions d > 1 one expects that localization effects can be neglected and kinetic theory
should be able to provide an accurate description. In this case one can think of Rayleigh
scattering of phonons. This gives an effective mean free path £x(w) ~ w™@*V [see chapter
()], for dimensions d > 1, and a diffusion constant D(w) = vfg(w) where v, the sound
velocity, can be taken to be constant. For a finite system of linear dimension N we have
D(w) = vN for w ~ N~/ _Kinetic theory then predicts

K= f wlmax dwp(w)D(w) , (3.2)

N-

where p(w) ~ w?®! is the density of states and we get k ~ NV@*D implying u = d/(d + 1).
The divergence of the phonon mean free path at low frequencies and the resulting diver-
gence of the thermal conductivity of a disordered harmonic crystal has been discussed in the

literature and it has been argued that anharmonicity is necessary to make « finite [77, 2].

3.3 System and methods

Here we consider heat conduction across a d-dimensional hyper-cubic lattice which is con-
nected to two Langevin heat baths at the two ends of it. The model was defined in Sec. (2.4)

in detail. For completeness, we recall the Hamiltonian of the system and the corresponding
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Langevin equations. The Hamiltonian of the system is given by

1 &k
H = Z Emnxﬁ + Z Z 5 = Xns+e)

n=1n’g¢
+E Z .xn + E ; X(l’n/) + 5 ; x(N,ll/) ) (33)

and the Langevin equation are given by

MpXy = — Z k(-xn - xn+é) - koxn + (5”1,1(—')/)'%
e
+ 1k — K Xn) + Oy N(—YEn + 11 — K Xn) (3.4)
The meaning of all the variables and quantities appearing in the above two equations is

explained in sec. (2.4). For a particular disorder configuration the steady state current per

bond from left to right reservoir has the following form ( Eq. (2.55) )

AT 0
g = o~ [w doT (w), 3.5
where
T(w) = 4TrlI ()G (WIgw)G (W], (3.6)

G'w) = [FtM+V-8;-Sil', ¢ =1G"T

I,

Im[S;], and T = Im[S}] (3.7)

and AT = T — Tg. The specific form of 87  for our system described by Egs. (3.4) was
given in Eq. (2.58). The matrix G*(w) can be identified as the phonon Green’s function of
the system with self-energy corrections due to the baths [24]. The integrand in Eq. (3.5)
7 (w) can be thought of as the transmission coeflicient of phonons at frequency w from the
left to the right reservoir. It will vanish, when N — oo, at values of w for which the disorder
averaged density of states is zero. Note that due to the harmonic nature of the forces the
dependence of the heat flux on the reservoir temperatures enters only through the term AT

in Eq. (3.5).
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Numerical approach: In sec 2.4.1, we have described how 7 can be expressed in a
form amenable to accurate numerical computation. The system sizes we study are suffi-
ciently large so that 7 (w) has appreciable values only within the range of frequencies of
normal modes of the isolated system, i.e., corresponding to y = 0 in the equation of motion
( Eg. (2.53) ). Outside this range we find that the transmission rapidly goes to zero. By
performing a discrete sum over the transmitting range of frequencies we do the integration
in Eq. (3.5) to obtain the heat current density /. In evaluating the discrete sum over w, step
sizes of 6w = 0.01 — 0.0001 are used and we verified convergence in most cases. With our
choice of units we have k = 1,/ = 1 and we fixed AT = 1. Different values of the mass
variance A and the on-site spring constant k, were studied for two and three dimensional
lattices of different sizes. It is expected that the value of the exponent u will not depend on y

and in our calculations we mostly set y = 1, except when otherwise specified.

Simulation approach: The simulations of Eq. (3.4) are performed using a velocity-Verlet
scheme as given in [78]. The current and temperature profiles in the system are obtained

from the following time averages in the nonequilibrium steady state:

M)

J = %; Y [TL—m(l,n')@(zl,n'Q],

1 .
I = Y Z ([xen) = X=1.00] Xy )
n’

n=273,..,N,

1 Y .2
Ine1 = _ﬁ PR [TR _m(N,n’)<x(N,n')>] s
4 M(N)

1 .
Tn = ﬁ ; m(n,n’)( .x(zn’n,) > , n= 1’2’ ’N .

We then obtained the average current J = (Zanll In)/(N + 1). In the steady state one has
I = 9 for all n and stationarity can be tested by checking how accurately this is satisfied.
We chose a step size of At = 0.005 and equilibrated the system for over 10® time steps.
Current and temperature profiles were obtained by averaging over another 10® time steps.

The parameters 7, = 2.0, T = 1.0 are kept fixed and different values of the mass variance A

and the on-site spring constant &, are simulated.
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Disorder averaged T, is denoted by [7,]. Note that disorder average of any quantity is

denoted by [...]. We also define the disorder averaged transmission per bond with the notation

1
Tw) = [T ()] (3.8)

Numerical analysis of eigenmodes and eigenfunctions: We have studied the proper-
ties of the normal modes of the disordered harmonic lattices in the absence of coupling to
reservoirs, again with both free and fixed boundary conditions. The d-dimensional lattice
has p = 1,2, ..., N normal modes and we denote the displacement field corresponding to
the p™ mode by ay(p) and the corresponding eigenvalue by wf,. The normal mode equation
corresponding to the Hamiltonian in Eq. (3.3) is given by:

Mawyn = (2 + ko) = ) duse (3.9)

e
where the a, satisfy appropriate boundary conditions. Introducing variables y,(p) =
my2an(p), va = 2d + k,)/my and ty; = 1/(mymy)"/? for nearest neighbour sites n, 1 the

above equation transforms to the following form:

WWa(p) = vathn(p) = D tast(p) . (3.10)
1

This has the usual structure of an eigenvalue equation for a single electron moving in a
d-dimensional lattice corresponding to a tight-binding Hamiltonian with nearest neighbour
hopping #,) and on-site energies v,. Note that #,; and v, are correlated random variables,
hence the disorder-energy diagram might differ considerably from a single band Anderson
tight-binding model.

We have numerically evaluated all eigenvalues and eigenstates of the above equation for

finite cubic lattices of size upto N = 64 in 2D and N = 16 in 3D. One measure of the degree

of localization of a given mode is the inverse participation ratio (IPR) defined as follows:

4
-1 _ Znan

O

(3.11)

For a completely localized state, i.e. ay, = Onn,» P! takes the value 1. On the other hand for
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~d/2¢in4 where q is a wave vector, P~! takes

a completely delocalized state, for which a, = N
the value N~¢. We will present numerical results for the IPR calculated for all eigenstates of
given disorder realizations, in both 2D and 3D. Finally we will show some results for the

density of states, p(w), of the disordered system defined by:
plw) = 8w, - ). (3.12)
p

The density of states of disordered binary mass harmonic crystals was studied numerically

by Payton and Visscher in 1967 [80] and reviewed by Dean in 1972 [81].

Diffusive

Localized

()

Figure 3.1: Three different types of modes

3.4 Heat conduction in disordered harmonic crystals:
General considerations

Here we will try to extend the analysis of the 1D case (given in the previous chapter) to
higher dimensions. For this we will use inputs from both kinetic theory and the theory of
phonon localization. The main point of our arguments involves the assumption that normal
modes can be classified as ballistic, diffusive or localized. The classification refers both

to the character of the eigenfunctions as well as to their transmission properties. Ballistic
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modes are spatially extended and approximately periodic; their transmission is independent
of system size. Diffusive modes are extended but non-periodic and their transmission decays
as 1/N. For localized modes transmission decays exponentially with N. In the context of
kinetic theory calculations, the ballistic modes are the low frequency modes with phonon
mean free path £x(w) ~ N, and their contribution to the current leads to divergence of the
thermal conductivity. Here we carefully examine the effect of both free and fixed boundary

conditions on these modes.

In the presence of an external pinning potential low frequency modes are suppressed,
hence one expects qualitative differences in transport properties. The pinned system has often
been used as a model system to study the validity of Fourier’s law. It has no translational
invariance and is thus more closely related to the problem of electrons moving in a random
potential. Using localization theory we determine the frequency region where states are
localized. The lowest frequency states with w — 0 will be ballistic and we use kinetic theory
to determine the fraction of extended states which are ballistic. We assume that at sufficiently
low frequencies the effective disorder is always weak (even when the mass variance A is
large) and one can still use kinetic theory. Corresponding to the three observations made

above for the 1D case we now make the following arguments:

(1) From localization theory one expects all fixed non-zero frequency states in a 2D dis-
ordered system to be localized when the size of the system goes to infinity. As discussed
in Sec. (3.1), localization theory gives us a frequency cut-off w* = (In N)~'/2 in 2D above
which states are localized. In 3D one obtains a finite frequency cut-off w’ independent of

system size above which states are localized.

(ii) For the unpinned case with finite N there will exist low frequency states below w?,
in both 2D and 3D, which are extended states. These states are either diffusive or ballistic.
Ballistic modes are insensitive to the disorder and their transmission coefficients are almost
the same as for the ordered case. To find the frequency cut-off below which states are ballistic
we use kinetic theory results (see Sec. (1.1.2)). For the low-frequency extended states we

expect kinetic theory to be reliable and this gives us a mean free path for phonons {x ~
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Figure 3.2: Frequency spectrum

w @D, This means that for low frequencies w ~ w¥ = N7/ we have fx(w) > N and
phonons transmit ballistically. We now proceed to calculate the contribution of these ballistic
modes to the total current. This can be obtained by looking at the small w form of Ty(w)
for the ordered lattice. States with frequency lying between [wX, w!] are assumed to be
diffusive while making predictions about the system size dependence of current. Fig. (3.2)
schematically describes the nature of the modes at different ranges.

(ii1) For the ordered lattice T'(w) is typically a highly oscillatory function with the oscilla-
tions increasing with system size. An effective transmission coeflicient in the N — oo limit
can be obtained by considering the integrated transmission. This asymptotic effective low-
frequency form of T'(w), for the ordered lattice can be calculated using methods described in

[22] and is given by:

T(w) ~ ', fixed BC

T(w) ~ o', free BC, (3.13)

the result being valid ford = 1,2, 3 [82].
Using the above arguments we then get the ballistic contribution to the total current density

(for the unpinned case) as:

K

- 1
d+1
Jball ~ f(; dw " ~ W , fixed BC,
- [ dow o™ ~ L free BC (3.14)
0 Nd/@d+1) ° ’ :

We can now make predictions for the asymptotic system size dependence of total current
density in two and three dimensions.

Two dimensions: From localization theory one expects that all finite frequency modes w ~
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wt = (In N)™'/? are localized and their contribution to the total current falls exponentially

with system size. Our kinetic theory arguments show that the low frequency extended states

K

c

with wX < w < Wt are diffusive (Where wX = N~'/3) while the remaining modes with w ~ w
are ballistic. The diffusive contribution to total current will then scale as Jgg ~ (InN)"'/2N~1.
The ballistic contribution depends on BCs and is given by Eq. (3.14). This gives Jy, ~ N~*/3
for fixed BC and Jy ~ N~%/3 for free BC. Hence, adding all the different contributions, we

conclude that asymptotically:
1
(InN)'2N "’

1
N free BC, d = 2. (3.15)

fixed BC, d =2,

~

In the presence of an onsite pinning potential at all sites the low frequency modes get cut off

and all the remaining states are localized, we expect:
J~eN, pinned, d =2, (3.16)

where b is some positive constant.

Three dimensions: In this case localization theory tells us that modes with w < w" are
localized and w’ is independent of N. From Kinetic theory we find that the extended states
< wh are diffusive (with w® = N~'/#) and those with w ~ wX are ballistic.
The contribution to current from diffusive modes scales as Jgig ~ N~'. The ballistic contri-
bution (from states with w ~ N~'/4) is obtained from Eq. (3.14) and gives Juu ~ N~>/* for

fixed BC and Jy,; ~ N~3/* for free BC. Hence, adding all contributions, we conclude that

asymptotically:

J ~ l, fixed BC, d =3,
N

~

N free BC, d=3. (3.17)

In the presence of an onsite pinning potential at all sites the low frequency modes get cut

off and, since in this case the remaining states form bands of diffusive and localized states,
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Figure 3.3: Unpinned lattices with fixed BC in one direction and periodic BC in all others.
Disorder averaged density of states obtained numerically from the eigenvalues of
several disorder realizations in 1D, 2D and 3D for lattice sizes N = 4096, 64, 16
respectively. Note that the low frequency behaviour is unaffected by disorder and
one has w?'asw — 0. Weset A=0.8,k=1and averaged over 30 realizations
in 1D and over 10 realizations in 2D and 3D. In 2D and 3D there is not much
variation in p(w) for different disorder samples. Also shown are the density of
states for the binary mass ordered lattices.

hence we expect:

1
J~—, inned , d = 3. 3.18
N pinne ( )

Thus in 3D both the unpinned lattice with fixed boundary conditions and the pinned lattice
are expected to show Fourier type of behaviour as far as the system size dependence of the

current is concerned.

Note that for free BC, the prediction for the current contribution from the ballistic part
Joanr ~ N9+ ig identical to that from kinetic theory discussed earlier. This agreement can
be traced to the small w form of T(w) ~ w®! for free BC [see Eq. (3.13)] which is identical

to the form of the density of states p(w) used in kinetic theory. The typical form of density of
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Figure 3.4: Pinned lattices: Disorder averaged density of states obtained numerically from
the eigenvalues of several disorder realizations in 1D, 2D and 3D for lattice sizes
N = 4096, 64, 16 respectively. Note that low frequency modes are absent. We
setk = 1,k, = 10.0and A = 0.4 in 2D and A = 0.8 in 1D,3D. Averages were
taken over 30 realizations in 1D and 10 realizations in 2D, 3D. We find that in
2D and 3D there is not much variation in p(w) for different disorder samples.
Also shown are the density of states for the binary mass ordered lattices.

states for ordered and disordered lattices in different dimensions is shown in Fig. (3.3) and
we can see that the low frequency form is similar in both cases and has the expected w?!
behaviour. However it seems reasonable to expect that, since the transport current phonons
are injected at the boundaries, in kinetic theory one needs to use the local density of states
evaluated at the boundaries. For fixed BC this will then give rise to an extra factor of w?

(from the squared wavefunction) and then the kinetic theory prediction matches with those

given above.

We note that the density of states in Fig. (3.3) show apparent gaps in the middle ranges
of w for d = 2,3. These might be expected to disappear when the size of the system goes

to infinity when there should be large regions containing only masses of one type [17, 69].
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These regions will however be rare. In Fig. (3.4) we show plots of the density of states for the
ordered and disordered harmonic lattices in the presence of pinning. In this case the gaps in
the spectrum are more pronounced and, for large enough values of k, and A, may be present

even in the thermodynamic limit.

3.5 Results from Numerics and Simulations

We now present the numerical and simulation results for transmission coefficients, heat cur-
rent density, temperature profiles and IPRs for the disordered harmonic lattice in various
dimensions. The numerical scheme for calculating J is both faster and more accurate than
nonequilibrium simulations. Especially, for strong disorder, equilibration times in nonequi-
librium simulations become very large and in such cases only the numerical method can be
used. However we also show some nonequilibrium simulation results. Their almost perfect
agreement with the numerical results provides additional confidence in the accuracy of our
results. In Sec. (3.5.1) we give the results for the 2D lattice for the unpinned case with both
fixed and free boundary conditions and then for the pinned case. In Sec. (3.5.2) we present

the results for the three dimensional case with and without substrate pinning potentials.

3.5.1 Results in two dimensions

In this section we consider N X N square lattices with periodic BCs in the v = 2 direction
and either fixed or free BCs in the conducting direction (v = 1). One of the interesting
questions here is as to how the three properties for the 1D case discussed in second chapter

get modified for the 2D case.

3.5.1.1 Disordered 2D lattice without pinning

Fixed BC: we have computed the transmission coefficients and the corresponding heat cur-
rents for different values of A and for system sizes from N = 16 — 1024. The number of
averages varied from over 100 samples for N = 16 to about two samples for N = 1024.

In Figs. (3.5,3.6,3.7) we plot the disorder averaged transmission coefficient for three differ-
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Figure 3.5: 2D unpinned case with fixed BC for A = 0.95. (i) Plot of the disorder averaged
transmission 7'(w) versus w. (ii) Plot of NT(w). The range of frequencies for
which T(w) ~ 1/N is indicated by the dashed line. (iii) Plot of p(w) for binary
mass ordered and single disordered sample. (iv) Plot of N>P~! for single samples
(smoothed data). We see that even though the allowed normal modes occur over
a large frequency band ~ (0 — 12), transmission takes place in a small band
~ (0 — 1.25) and is negligible elsewhere. The IPR plots confirm that the non-
transmitting states correspond to localized modes. In (i) we see that w” is slowly
decreasing with inrease of N.
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ent disorder strengths, A = 0.95, A = 0.8 and A = 0.2, for different system sizes. The
corresponding plots of IPRs as a function of normal mode frequency w,, for single disorder
realizations, are also given. From the IPR plots we get an idea of the typical range of allowed
normal mode frequencies and their degree of localization. Low IPR values which scale as
N2 imply extended states while large IPR values which do not change much with system
size denote localized states. In Fig. (3.6) we also show typical plots of small IPR and large

IPR wavefunctions. From Figs. (3.5,3.6,3.7) we make the following observations:

(1) As expected we see significant transmission only over the range of frequencies with
extended states. Thus in Fig. (3.5) for A = 0.95 we see that, while there are normal modes
in the range w =~ (0 — 12), transmission is appreciable only in the range w =~ (0 — 1.5)
and this is also roughly the range where the IPR data shows a N2 scaling behaviour. This
can also be seen in Fig. (3.6) where the inset shows the decay of T(w) in the localized
region. Unlike the 1D case we see a very weak dependence on system size of the upper
frequency cut-off w” beyond which states are localized and transmission is negligible. As
discussed earlier, localization theory predicts w’ ~ (InN)~'/2 but this may be difficult to
observe numerically. The overall transmission function 7y(w) decreases with increasing

system size, with T(w) ~ 1/N at higher frequencies and T (w) ~ N at the lowest frequencies.

(i1) In Fig. (3.7) we have also plotted 7'(w) for the ordered binary mass case and we note
that over a range of small frequencies, T (w) for the disordered case is very close to the
curve for the ordered case, which means that these modes are ballistic. As expected from
the arguments in Sec. (3.4) we roughly find T(w) ~ w® at small frequencies. The remaining
transmitting states are either diffusive (with a 1/N scaling) or are in the cross-over regime

between diffusive and ballistic and so do not have a simple scaling.

We next look at the integrated transmission which gives the net heat current. The system
size dependence of the disorder averaged current J for different values of A is shown in
Fig. (3.8). For the case A = 0.2, we also show simulation results and one can see that
there is excellent agreement with the numerical results. For A = 0.2 we get an exponent

u ~ 0.6 which is close to the value obtained earlier in [27] for a similar disorder strength.
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2D unpinned case with fixed BC for A = 0.8. TOP: Plot of the disorder averaged
transmission 7 (w) versus w. The various curves (from top to bottom ) correspond
to square lattices with N = 16,32, 64, 128,256, 512 respectively. We see again
that most modes are localized and transmission takes place over a small range
of frequencies. BOTTOM: Plot shows the IPR (P~!) as a function of normal
mode-frequency w), for the 2D lattice with A = 0.8. The curves are for N = 16
(blue), 32 (green) and 64 (red). The inset plots N°P~! and the collapse at low
frequencies shows that these modes are extended. Also shown are two typical
normal modes for one small (left) and one large value of P~! for N = 64.
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Figure 3.7: 2D unpinned case with fixed BC for A = 0.2. TOP: Plot of the disorder av-
eraged transmission 7(w) versus w. The upper-most curve corresponds to a
binary-mass ordered lattice with N = 128 while the remaining curves (from
top to bottom) correspond to square lattices with N = 16,32, 64, 128,256,512
respectively. BOTTOM: Plot shows the IPR (P~!) and scaled IPR (N*P') as
a function of normal mode-frequency w,. The curves are for N = 16 (blue), 32
(green) and 64 (red).
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Figure 3.8: 2D unpinned lattice with fixed BC. Plot of disorder-averaged current J versus
system size for different values of A. The error-bars show the actual standard de-
viations from sample-to-sample fluctuations. Numerical errors are much smaller.
For A = 0.2, simulation data is also plotted.

However with increasing disorder we see that this value changes and seems to settle to around
u = 0.75. It seems reasonable to expect (though we have no rigorous arguments) that there
is only one asymptotic exponent and for small disorder one just needs to go to very large
system sizes to see the true value. In Fig. (3.9) we show temperature profiles obtained from
simulations for lattices of different sizes with A = 0.2. The jumps at the boundaries indicate
that the asymptotic size limit has not yet been reached. This is consistent with our result that
the exponent p obtained at A = 0.2 is different from what we believe is the correct asymptotic
value (obtained at larger values of A). We do not have temperature plots at strong disorder
where simulations are difficult.

Thus contrary to the arguments in Sec. (3.4) which predicted J ~ (InN)"'/2N~! we find a
much larger current scaling as J ~ N7, It is possible that one needs to go to larger system
sizes to see the correct scaling.

Free BC: In this case from the arguments in Sec. (3.4) we expect ballistic states to con-

tribute most significantly to the current density giving J ~ N=2/3,
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Figure 3.9: 2D unpinned case with fixed BC for A = 0.2. Plot of disorder-averaged temper-
ature profile [7] for different system sizes obtained from simulations.

In Figs. (3.10,3.11) we plot the disorder averaged transmission coefficient for A = 0.8 and
A = 0.2 for different system sizes. Qualitatively these results look very similar to those for
fixed boundaries. However transmission is now significantly larger in the region of extended
states. The behaviour at frequencies w — 0 is also different and we now find 7T(w) ~ w in
contrast to T(w) ~ w?® for fixed boundaries. From the plots of IPRs in Fig. (3.10) we note
that there is not much qualitative difference with the fixed boundary plots except in the low

frequency region.

The system size dependence of the disorder averaged current J for two different values of
A is shown in Fig. (3.12). For A = 0.2 we get an exponent ¢ =~ 0.5 while for the stronger
disorder case A = 0.8 we see a different exponent u ~ 0.6. Again we believe that the strong
disorder value of u = 0.6 is closer to the value of the true asymptotic exponent. This value is
close to the expected u = 2/3 for free BC and significantly different from the value obtained
for fixed BC (u ~ 0.75). Thus the dependence of the value of u on boundary conditions

exists even in the 2D case.
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Figure 3.10: 2D unpinned case with free BC for A = 0.8. TOP: Plot of the disorder averaged
transmission 7'(w) versus w. The various curves (from top to bottom) corre-
spond to square lattices with N = 16,32, 64, 128,256, 512 respectively. We see
that transmission takes place in a small band =~ (0 —2) of the full range ~ (0—6)
of normal modes and, as can be seen in the inset, is negligible elsewhere. BOT-
TOM: Plot shows the IPR (P~') as a function of normal mode-frequency w,.
The curves are for N = 16 (blue), 32 (green) and 64 (red). In the inset we plot
N?P~! and the collapse at low frequencies shows that low frequency modes are
extended. Also shown are two typical normal modes for one small (left) and

one large value of P! for N = 64.
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Figure 3.11: 2D unpinned case with free BC for A = 0.2. Plot of the disorder averaged
transmission 7 (w) versus w. The curves (from top to bottom) are for N =
16, 32,64, 128,256,512 respectively. Note the linear form at small w.
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Figure 3.12: 2D unpinned case with free BC. Plot of disorder-averaged current J versus sys-
tem size for two different values of A. The error-bars show standard devations
due to sample-to-sample fluctuations. Numerical errors are much smaller.
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Figure 3.13: Plot of the effective mean-free path .z = NT(w)/w™" in 2D with A = 0.8. The
insets show £ for the ordered lattices with a single mass. An w™ behaviour
is observed in a small part of the diffusive region.The fixed BC data is highly
oscillatory and has been smoothed.

For the case of free BCs, we find that the values of 7T'(w) in the diffusive regime matches
with those for fixed BCs but are completely different in the ballistic regime. This is seen
in Fig. (3.13) where we plot the effective mean free path l.s(w) = NT(w)/w* ! in the low-
frequency region [this is obtained by comparing Eq. (2.55) with the kinetic theory expression
for conductivity Eq. (3.2)]. For free BC, L is roughly consistent with the kinetic theory
prediction lgf} ~ N7!' + £~ (w) but the behaviour for fixed BC is very different. The inset of
Fig. (3.13) plots L. for the equal mass ordered case and we find that in the ballistic regime
it is very close to the disordered case, an input that we used in the heuristic derivation. The
numerical data also confirms that for small w, T(w) ~ w for free BCs and as «® for fixed
BCs. The transmission for fixed BC shows rapid oscillations which increase with system

size, and arise from scattering and interference of waves at the interfaces.

3.5.1.2 Disordered 2D lattice with pinning

We now study the effect of introducing a harmonic pinning potential at all sites of the lattice.

It is expected that this will cut off low frequency modes and hence one should see strong
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Figure 3.14: 2D pinned case for A = 0.4 and k, = 10.0. TOP: Plot of the disorder averaged
transmission 7'(w) versus w. The various curves (from top to bottom) corre-
spond to lattices with N = 16, 32, 64 respectively. Here we choose y = V10.
BOTTOM: Plot of the IPR (P™!) as a function of normal mode-frequency w,.
The curves are for N = 16 (blue), 32 (green) and 64 (red). Also shown are two
typical normal modes for one small (left) and one large value of P~! for N = 64.
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Figure 3.15: 2D pinned case for A = 0.4 and k, = 2.0. Plot of the disorder averaged
transmission 7 (w) versus w . The various curves (from top to bottom) are for
N =16,32,64, 128,256,512 respectively. Here we choose y = V2.

localization effects. The localization length ¢ will decrease both with increasing A and in-
creasing k, (in 1D, heuristic arguments give £ ~ 1/(A%k,) [21]). In Figs. (3.14,3.15) we plot
the transmission coefficients for two cases with on-site potentials k, = 10.0 and k, = 2.0
respectively, and A = 0.4. We also plot the IPR in Fig. (3.14). Unlike in the unpinned case
we now find that the transmission coefficients are much smaller and fall more rapidly with

system size.

From the plot of P~! we find that for all the modes, the value of P~' does not change
much with system size which implies that all modes are localized. The allowed frequency
bands correspond to the transmission bands. The two wavefunctions plotted in Fig. (3.14)
correspond to one relatively small and one large P~! value and clearly show that both states

are localized.

The system size dependence of the integrated current is shown in Fig. (3.16) for the two
parameter sets. The values of u = 1.6, 3.65 for the two sets indicate that at large enough

length scales one will get a current falling exponentially with system size and hence we
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Figure 3.16: 2D pinned case for A = 0.4. Plot of disorder-averaged current J versus system
size for two different values of k,. Error bars show standard deviation due to
disorder and numerical errors are much smaller. Note that the standard deviation
do not decrease with system size for higher k,.

1.8

1.6

[T.]

14

12

1O

Figure 3.17: 2D pinned case for A = 0.4 and k, = 10.0. Plot of disorder-averaged tempera-
ture profile [7;] for different system sizes. The plots are from simulations and
here we choose y = V10.
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have an insulating phase. In Fig. (3.17) we plot the temperature profiles for the set with
A =0.4,k, = 10.0 . In this case it is difficult to obtain steady state temperature profiles from
simulations for larger system sizes. The reason is that the temperature (unlike current) gets
contributions from all modes (both localized and extended) and equilibrating the localized

modes takes a long time.

3.5.2 Results in three dimensions

In this section we mostly consider N X N X N lattices with periodic boundary conditions in
the v = 2,3 directions. Some results for N X N, X N3 lattices with N, = N3 < N will also
be described. Preliminary results for the case of free BCs are given and indicate that there
is no dependence of the exponent u on BCs. It is not clear to us whether this is related to
the boundedness of the fluctuations in x, and the decay of the correlations between x, and x

(like n —1|™") in d = 3 and their growth (with N) ind < 3.

3.5.2.1 Disordered 3D lattice without pinning

Fixed BC: we have used both the numerical approach and simulations for sizes up to 32 X
32 x 32 for which we have data for 7T'(w). For larger systems the matrices become too big and
we have not been able to use the numerical approach. Hence, for larger system sizes we have
only performed simulations, including some on N X N, X N, lattices. For these cases only
the current J is obtained. The number of averages varies from over 100 samples for N = 16
to two samples for N = 64. In Figs. (3.18,3.19) we plot the disorder averaged transmission
coefficient for two different disorder strengths, A = 0.8 and A = 0.2, for different system
sizes. The corresponding plots of IPRs as a function of normal mode frequency w,, for
single disorder realizations, are also given. From the IPR plots we get an idea of the typical
range of allowed normal mode frequencies and their degree of localization. Low IPR values
which scale as N=° imply extended states while large IPR values which do not change much
with system size denote localized states.

From Figs. (3.18,3.19) we make the following observations.

74



10000 .
1000 |

0 100 | “W
™ 10} v

Figure 3.18: 3D unpinned case with fixed BC for A = 0.8. TOP: Plot of the disorder averaged
transmission 7'(w) versus w. The inset shows the same data multiplied by a
factor of N. BOTTOM: Plot of the IPR (P~') and scaled IPR (N3P7') as a
function of normal mode-frequency w, for a fixed disorder-realization. The
curves are for N = 8 (green) and 16 (red).
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Figure 3.19: 3D unpinned case with fixed BC for A = 0.2. TOP: Plot of the disorder averaged

transmission 7'(w) versus w. The uppermost curve is the transmission curve for
the binary mass ordered lattice for N = 16.  BOTTOM: Plot of IPR (P~!)
and scaled IPR (N°P") as a function of normal mode-frequency w, for a fixed
disorder realization. The curves are for N = 8 (green) and 16 (red).
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(i) From the 3D data it is clear that the effect of localization is weaker than in 1D and 2D.
Both for A = 0.2 and A = 0.8 we find that there is transmission over almost the entire range
of frequencies of the allowed normal modes. From the IPR plots we see that for A = 0.2 most
states are extended except for a small region in the high frequency band-edge. For A = 0.8
the allowed modes form two bands and one finds significant transmission over almost the full
range. At the band edges (except the one at w = 0) there are again localized states. It also
appears that there are some large IPR states interspersed within the high frequency band.
As in the 2D case and unlike the 1D case, the frequency range over which transmission
takes place does not change with system size, only the overall magnitude of transmission

coeflicient changes.

(i1) The plot of NT(w) in Fig. (3.18) shows the nature of the extended states. The high

I'and

frequency band and a portion of the lower frequency band have the scaling T'(w) ~ N~
hence correspond to diffusive states. In the lower-frequency band the fraction of diffusive
states seems to be increasing with system size but it is difficult to verify the w® ~ N7/
scaling. The ballistic nature of the low-frequency states is confirmed in Fig. (3.19) where we
see that 7T'(w) for the binary-mass ordered and disordered lattices match for small w [with a
T(w) ~ w* dependence].

In Fig. (3.20) we show the system size dependence of the disorder averaged current density
J for the two cases with weak disorder strength (A = 0.2) and strong disorder strength
(A = 0.8). The results for cubic lattices of sizes up to N = 32 are from the numerical method
while the results for larger sizes are from simulations. We find an exponent ¢ ~ 0.6 at small
disorder and u =~ 0.75 at large disorder strength. As in the 2D case here too we believe that
at small disorder, the asymptotic system size limit will be reached at much larger system
sizes and that the exponent obtained at large disorder strength is probably close to the true
asymptotic value. The value (u = 0.75) does not agree with the prediction (J/ ~ N~!') made
from the heuristic arguments in Sec. (3.4). A study of larger system sizes is necessary to

confirm whether or not the asymptotic size limit has been reached.

The data point at N = 128 for the set with A = 0.2 in Fig. (3.20) actually corresponds to
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Figure 3.20: 3D unpinned case with fixed and free BCs. Plot of disorder-averaged current
J versus system size for two different values of A. The data for A = 0.2 is
from simulations. The error-bars show standard deviations due to disorder and
numerical errors are smaller.

a lattice of dimensions 128 x 48 x 48 and we believe that the current value is very close to
the expected fully 3D value. To see this point, we have plotted in Fig. (3.21) results from

nonequilibrium simulations with N X N, X N, lattices with N, < N.

Finally, in Fig. (3.22) we show temperature profiles (for single disorder realizations) ob-
tained from simulations for lattices of different sizes and with A = 0.2. The jumps at the
boundaries again indicate that the asymptotic system size limit has not been reached even at
the largest size.

Free BC: In this case from the arguments in Sec. (3.4) we expect ballistic states to con-

tribute most significantly to the current density giving J ~ N=3/4,

In Fig. (3.23) we plot the disorder averaged transmission coefficient for A = 0.8 for dif-
ferent system sizes. The transmission function is very close to that for the fixed boundary
case except in the frequency region corresponding to non-diffusive states. At w — 0 we now

expect, though it is hard to verify from the data, that T (w) ~ w? in contrast to T'(w) ~ w* for
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Figure 3.21: 3D unpinned case with fixed BC for A = 0.2. Plot of disorder-averaged current
density J (with the definition J = I /sz) versus N, /N for different fixed values
of N. We see that the 3D limiting value is reached at quite small values of N,/N.

fixed boundaries.

The system size dependence of the disorder averaged current J for two different values of
A is shown in Fig. (3.20). We find that the current values are quite close to the fixed BC case
and the exponent obtained at the largest system size studied for this case is u = 0.71. This
value is close to the expected u = 3/4 for free BC.

We now compare the transmission coefficient for free and fixed BCs in the ballis-
tic regime. This is plotted in Fig. (3.24) where we show the effective mean free path
lg(w) = NT(w)/w? ! in the low-frequency region. As in the 2D case we again find that
for free BCs, I is roughly consistent with the kinetic theory prediction [z ~ N~ + ¢ )
and the behaviour for fixed BCs is very different. The inset of Fig. (3.24) plots L. for the
equal mass ordered case and we find that in the ballistic regime it is very close to the dis-
ordered case. The numerical data confirms the input in our theory on the form of 7'(w) for
small w, i.e. T(w) ~ w? for free BCs and as w* for fixed BCs. The transmission for fixed

BC shows rapid oscillations which increase with system size, and arise from scattering and
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Figure 3.22: 3D unpinned case with fixed BC for A = 0.2. Plot of temperature profile 7;
in a single disorder realization for different system sizes. The plots are from

simulations.

0.1 =
0.08}- -
0.06 ]

-8
8

Figure 3.23: 3D unpinned case with free BC for A = 0.8. Plot of the disorder averaged
transmission 7'(w) versus w. The inset shows the same data multiplied by a
factor of N.
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Figure 3.24: Plot of the effective mean-free path l.z = NT(w)/w® " in 3D with A = 0.8 for
fixed and free BCs. The insets show £ for the ordered system with a single
mass. An w™* behaviour is observed in a small part of the diffusive region.The
fixed BC data is highly oscillatory and has been smoothed.

interference of waves at the interfaces.

3.5.2.2 Disordered 3D lattice with pinning

For the pinned case, we again use both the numerical method and simulations for sizes up to
N = 32. For N = 64 only nonequilibrium simulation results are reported.

In Figs. (3.25,3.26) we plot the disorder averaged transmission coefficient for A = 0.2 and
A = 0.8 with k, = 10.0. The corresponding IPRs P~! and scaled IPRs N*P~! are also shown.

From the IPR plots we notice that the spectrum of the 3D disordered pinned chain has
a similar interesting structure as in the 2D case with two bands and a gap which is seen at
strong disorder. However unlike the 2D case where all states were localized, here the IPR
data indicates that most states except those at the band edges are diffusive. We see localized
states at the band edges and also there seem to be some localized states interspersed among
the extended states within the bands. The insets in Figs. (3.25,3.26) show that there is a
reasonable N~! scaling of the transmission data in most of the transmitting region. This is

clearer at larger system sizes. Thus, unlike the unpinned case where low frequency extended
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3D pinned case for A = 0.2 and k, = 10.0. TOP: Plot of the disorder averaged
transmission 7(w) versus w. BOTTOM: Plot of the IPR (P~!) and scaled IPR

(N?P7") as a function of normal mode-frequency w,. The curves are for N = 8
(green) and 16 (red).
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Figure 3.27: 3D pinned case. Plot of disorder-averaged current J versus system size for
different values of k, and A. The data sets for A = 0.2 for different values of &,
are from simulations while the data for A = 0.8 is from numerics.

states were ballistic or super-diffusive, here we find that there is no transmittance at small

(w — 0) frequencies and that all states are diffusive.

From the above discussion we expect Fourier’s law to be valid in the 3D pinned disordered
lattice. The system size dependence of the disorder averaged current J for different disorder
strengths is plotted in Fig. (3.27). For all the parameter sets the exponent obtained is close to
u = 1 corresponding to a finite conductivity and validity of Fourier’s law. The temperature
profiles plotted in Fig. (3.28) have small boundary temperature jumps and indicate that the

asymptotic size limit has already been reached.

One might expect that at very strong disorder, all states should become localized and then
one should get a heat insulator. The parameter set corresponding to Fig. (3.26) corresponds
to strong disorder and for this we still find a significant fraction of extended states. Thus
for the binary mass case it appears that there are always extended states. We have some
results for the case with a continuous mass distribution ( masses are chosen from a uniform

distribution between 1—A and 1+A). In this case we find that the effect of disorder is stronger
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Figure 3.28: 3D pinned case for A = 0.2 and k, = 10.0. Plot of temperature profile 7;
in a single disorder realization for different system sizes. The plots are from
simulations.

and the transmission at all frequencies is much reduced compared to the binary mass case.
However we cannot see the exponential decrease in transmission with system size and so it
is not clear if an insulating behaviour is obtained. Further numerical studies are necessary to

understand the asymptotic behaviour.

3.6 Conclusions

We have studied heat conduction in isotopically disordered harmonic lattices with scalar dis-
placements in two and three dimensions. The main question addressed is the system size
dependence of the heat current, which is computed using Green’s function based numerical
methods as well as nonequilibrium simulations. We have tried to understand the size de-
pendence by looking at the phonon transmission function 7'(w) and examining the nature of
the energy transport in different frequency regimes. We also described a heuristic analytical
calculation based on localization theory and kinetic theory and compared their predictions

with our numerical and simulation results. This comparison is summarized in Table (3.1).
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d:2 d:3

Analytical | Numerical | Analytical | Numerical
Pinned | exp (—bN) N3 N N~10
Fixed | N~!(In N)~!/2 N5 N N7
Free N-2/3 N-06 N34 N-071

Table 3.1: The table summarizes the main results. The numerical (and nonequilibrium sim-
ulation) results obtained are compared, in two and three dimensions, with the
analytical predictions obtained from our heuristic arguments. The error bar for
the numerically obtained exponent values is of the order £0.02. This error is es-
timated from the errors in the last few points of the J-versus-N data. NB: The
system sizes used may well be far from asymptotic.

The most interesting findings of this work are:

(1) For the unpinned system we find that in 2D there are a large number of localized modes
for which phonon transmission is negligible. In 3D the number of localized modes is much
smaller. The extended modes are either diffusive or ballistic. Our analytic arguments show
that the contribution of ballistic modes to conduction is dependent on BCs and is strongly
suppressed for the case of fixed BCs, the more realistic case. In 3D this leads to diffusive
modes dominating for large system sizes and Fourier’s law is satisfied. Thus a finite heat
conductivity is obtained for the 3D disordered harmonic crystal without the need of invoking
anharmonicity as is usually believed to be necessary [77, 2]. This is similar to what one
obtains when one adds stochasticity to the time evolution in the bulk as shown by [83]. Our
numerical results verify the predictions for free BCs and we believe that much larger system
sizes are necessary to verify the fixed BC results ( this is also the case in 1D [19, 22]).

(i1) In two dimensions the pinned disordered lattice shows clear evidence of localization and
we obtain a heat insulator with exponential decay of current with system size.

(iii) Our result for the 3D pinned disordered lattice provides the first microscopic verification
of Fourier’s law in a three dimensional system. For the binary mass distribution we do not
see a transition to insulating behaviour with increasing disorder. For a continuous mass
distribution we find that the current is much smaller (than the binary mass case with the

same value of A) but it is not clear whether all states get localized and if an insulating phase
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exists.

3.7 appendix

Kinetic theory: Kinetic theory becomes valid in the limit of small disorder. Its basic object
is the Wigner function, f, which describes the phonon density in phase space and is governed

by the transport equation
0
6_tf(r’ k,t) + Vw(k) - V,.f(r,k,t) = Cf(r,k,1). (3.19)

Here r € R? (boundary conditions could be imposed), k € [-n, 7] is the wave number of the
first Brioullin zone, w is the dispersion relation of the constant mass harmonic crystal, and C
is the collision operator. It acts only on wave numbers and is given by

Cflky= Qa)ylwk)*A? f dk’

[
S(w(k) — W) (f(K) — f(K)). (3.20)
We refer to [6] for a derivation. In the range of validity of (3.19), (3.20) we can think of

phonons as classical particles with energy w and velocity Vw(k). They are scattered by the

impurities from k to dk’ with the rate
Q) M wk)* A*5(w(k) — wk))dk' . (3.21)

Collisions are elastic. We distinguish the following cases

(i) no pinning potential. Here for small k one has w(k) = |k| and |Vw(k)| = 1. From (3.20)
the total scattering rate behaves as |k|**!. This is the basis for the discussion in connection

with Eq. (3.2).

(ii) pinning potential. In this case w(k) = wy + k* for small k. The prefactor in (3.20) can
be replaced by wj. The velocity is k and the scattering is isotropic with rate [k|?~. Thus the
diffusion coefficient results as D(k) = |k|~*** which vanishes as |k| — O for d = 2,3. Hence

there is no contribution to the thermal conductivity from the small £ modes.

87



4 Green-Kubo formula for open
systems

The Green-Kubo formula [84, 85] is a cornerstone of the study of transport phenomena. In
sec. (1.1.3) we saw that for a system governed by Hamiltonian dynamics, the currents that
flow in response to small applied fields can be related to the equilibrium correlation functions
of the currents. For the case of heat transport the Green-Kubo formula (in the classical limit)
gives:

1 00 1 . .
lim dte™® Llim Z(JE(I)JE(O)), 4.1)

K= —F7]—7—
KBT2 e—0 0

where « is the thermal conductivity of a system of linear dimension L at temperature 7. For

a d-dimensional system this formula can be written as:

00

. IR R
= K.T2 hn% dte [}lm E(JE(t)JE(O)> (42)
B €— 0 —00

K

The autocorrelation function on the right hand side is evaluated in equilibrium, without a
temperature gradient. Since in this chapter we will be talking about heat current Jz only,
for the rest of the chapter we denote it by J. The total heat current in the system is J(r) =
f J(x, 1)dx, where j(x,t) is the heat flux density. The order of the limits in Eq. (4.2) is
important. With the correct order of limits, one can calculate the correlation functions with
arbitrary boundary conditions and apply Eq. (4.2) to obtain the response of an open system
with reservoirs at the ends. There have been a number of derivations of Eq. (4.2) by various
authors [84, 85, 86]. In the introduction of this thesis we have presented one such derivation.

There are several situations where the Green-Kubo formula in Eq. (4.2) is not applicable.

For example, for the small structures that are studied in mesoscopic physics, the thermo-
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dynamic limit is meaningless, and one is interested in the conductance of a specific finite
system. Secondly, in many low dimensional systems, heat transport is anomalous and the
thermal conductivity diverges [59]. In such cases it is impossible to take the limits as in
Eq. (4.2); one is there interested in the thermal conductance as a function of L instead of
an L-independent thermal conductivity. The usual procedure that has been followed in the
heat conduction literature is to put a cut-off at 7. ~ L, in the upper limit in the Green-Kubo
integral [59]. There is no rigorous justification of this assumption. A related case is that of
integrable systems, where the infinite time limit of the correlation function in Eq. (4.2) is
non-zero. Another way of using the Green-Kubo formula for finite systems is to include the
infinite reservoirs also while applying the formula and this was done, for example, by Allen
and Ford [87] for heat transport and by Fisher and Lee [88] for electron transport. Both these
cases are for non-interacting systems and the final expression for conductance is what one
also obtains from the nonequilibrium Green’s function approach, a formalism of transport
commonly used in the mesoscopic literature. More recently, it has been shown that Green-
Kubo like expressions for finite open systems can be derived rigorously by using the steady

state fluctuation theorem (SSFT) [89, 90, 91, 92].

There are mainly two parts of this chapter. In this first part of this chapter, we derive a
Green-Kubo like formula for open systems, without invoking the SSFT. Our proof applies to
all classical systems, of arbitrary size and dimensionality, with a variety of commonly used
implementations of heat baths. The proof consists in first solving the equation of motion
for the phase space probability distribution to find the O(AT') correction to the equilibrium
distribution function. The average current at this order can then be expressed in terms of the
equilibrium correlation (J(#)J¢,(0)), where J, is a specified current operator. Secondly we
use the energy continuity equations to relate two different current-current correlation func-
tions, namely (J(0)J(¢)) and (J(0)J,(#)) where J, is an instantaneous current operator involv-
ing heat flux from the baths. Finally one relates (J(0)J,(?)) to (J(0)J;,(¢)) and then, using
time-reversal invariance, to (J(#)J,(0)). For baths with stochastic dynamics, time-reversal

invariance follows from the detailed balance principle, which is an essential requirement of
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our proof.

In the second part we obtain an exact expression for the time auto-correlation function for
heat current in the NESS for a mass disordered harmonic chain of arbitrary length, expressed
in terms of the non-equilibrium Green’s functions. We show that it satisfies the GK formula
derived in the first section. Using this correlation function we also calculate the asymptotic
system size scaling of fluctuations in current in NESS.

The entire chapter is organised as follows. In Sec. (4.1) we present our proof of the formula
for 1D lattice model in detail and outline the proof for other baths in Sec. (4.2). In Sec. (4.3)
we extend our proof for higher dimensional lattice models. We also prove this formula for
fluid system coupled to Maxwell baths in Sec. (4.4). Finally in Sec. (4.5) we present the
calculation of time autocorrelation function and prove that it also satisfies a similar open

system formula.

4.1 Proof of the formula for 1D lattice model

We first give a proof of our linear response result for a 1D lattice model with white noise

Langevin baths. We consider the following general Hamiltonian:

N
H:Z[ L+ Vi(x)

where x = {x;}, v = {v;} with [ = 1,2...N denotes displacements of the particles about their

N-
Z Ulx; = x151) (4.3)
=1

equilibrium positions and their velocities, and {m,} denotes their masses. The particles at the
ends are connected to two white noise heat baths of temperatures 7, and Ty respectively.

The equations of motion of the system are given by:

my; = fi—6ulytvi — 0t = Sinlyfvw = ® 1, (4.4)

where f; = —AH/dx;, and "R (¢) are Gaussian noise terms with zero mean and satisfying
the fluctuation dissipation relations: (p=R(On"R(")y = 2y*RkpT, z6(t — t') . There are three
stages toward proving the open system GK formula.

First stage : In the first part of the proof we obtain an expression for the nonequilibrium
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steady state average (J)ar, at linear order in AT, and then we relate this to the equilib-
rium correlation function (J(#)J(0)). The (...) denotes a thermal equilibrium average. Time-
dependent equilibrium correlation functions require an averaging both over initial conditions
as well as over paths. In the Fokker-Planck representation this can be obtained using the
time-evolution operator, while in the Langevin representation thermal noise occurs explic-
itly and has to be averaged over. Corresponding to the stochastic Langevin equations in
Eq. (4.4), one has a Fokker-Planck (FP) equation for the phase space distribution P(x, v, f).

Setting T; =T + AT /2 and T = T — AT /2 we write the FP equation in the following form:

P t . N
% = LP(x,v,t)+ [T P(x,v,1), 4.5)
o) kgT O
where L(x V) = i+ Z v+ B
ST my aVl my 8vl
. ksAT i k5?2
17 (y) = 2222 ( 7—2—2 - 7—2—2) , (4.6)
2 myovy  my Ovy,
where [F = — >l vi 0/0x; + (f;/m;) d/0v, ] is the Hamiltonian Liouville operator and

y! = yE ¢V = yR. For AT = 0 the steady state solution of the FP equation is known and is
just the usual equilibrium Boltzmann distribution Py = e " /Z, where Z = f dxdve ™! is the
canonical partition function [8 = (kzT)']. It is easily verified that LP, = 0. For AT # 0, we
solve Eq. (4.5) by perturbation theory, starting from the equilibrium solution at time ¢ = —oo.

Writing P(x,v,t) = Py + p(X, v, ), we obtain the following solution at O(AT):

t R A ! R ,
p(x, v, 1) = f dr' "7 LM Po(x,v) = AB f dr’ "™ J7,(v) Po(x,V)

kBT + ’)/R 2 kBT
nmq N my '

L
with J;,(v) = (AB Po) ' LAT P, = _r [v% - 4.7)

2 2

To define the current operator, one first defines the local energy density at the Ith site:
€ = mlvlz/ 2+ V(x)+ %[U (x-1 — x;) + U(x; — x;41)]. Taking a time derivative gives the energy

continuity equation

de/dt + iy — jiu-1 = JiL 011+ g Oin (4.8)
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_ 1
where ji1; = E(V1+Vl+1)fl+1,z

gives the current from the /th to the / + 1th site (f;,;; is the force on / + 1th particle due to
[th particle). We define the total current flowing through the system as J = Zﬁ_ll Jix11 - The

expectation value of the total current is then given by:

(AT fdxdv J p(X,v)
AB f dr f dxdv J ¥ J;, Py
0

Aﬂﬁ dt (J(1)J7,(0)) . 4.9)

Second stage : In this part we prove

(J(DIp(0)) = =(J(0)J£,(D)). (4.10)

Eq. (4.10) is a statement of time-reversal symmetry. To prove this we write (J;,(#)J(0)) =
f dq f dq'J ¢, (q)J(q")Po(q')W(q,tlq’,0) where W(q,t|g’,0) denotes the transition probabil-
ity from ¢’ = (X’,v’) to ¢ = (x,v) in time ¢t. Then, using the detailed balance principle,

WX, v, tx’, v/, 0)Py(x’, v')

W', -V, tx, —v, 0)Py(x, —v) (see [93, 94, 95]) and the fact
that J is odd in the velocities while J¢, is even, one gets (J,(1)J(0)) = —(J;,(0)J(2)) as
follows.
UppJO0))r = f dq f dq'J¢,(q9)J(q")Po(q )W (q,1q’,0)
= f dq f dq' J (@) (@Po()W(q' . tlq,0)
= ququ’pr(q’)J(q)Po(x’,—V’)W(X, -v,fx’, —v’, 0)
= f dq f dq'J (X', —V)J(X,—V)Po(q")W(q,lq’, 0)

= =IO J7p(0))r , (4.11)

where we have interchanged ¢ and ¢’ in the second line and used detailed balance in the
third line. Finally in the fourth line we have reversed all the velocity variables and used

the fact that J(x, v) is odd under velocity reversal while J;, is not. The Eq. (4.10) can be
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proved in a direct but equivalent way which is as follows: An integration by parts followed
by the transformation v — —v yields: (J(#)J;,(0)) = f dxdvJel] Py = f dxdvJ prertJ =
— [dxavi,Poet"J where TE = L7 = 17 = ¥,y [vi = Bm) ™' 8,1/ /mp)d,, and T de-
notes time reversal. We now note the operator identities LP, = PyL' and consequently
¢l Py = Pyel'" which can be proved using the form of Py. Using this in the above equation
immediately gives: (J(1)J;,(0)) = — f ddepreﬁ’JPo = —(J(0)Js,(1)). Using this relation

in Eq. (4.9) we get

AT “
(Dar = mfo dt (Jyp(1)J(0)) . (4.12)

Third stage : Here we prove the following relations

f i dJ(0)J(0))
0

and J(O)(1))

(N-1) f‘x’ d(J(0)J,(1)) . (4.13)
0

(J(0)J¢,(2)) (4.14)

which together complete the proof. For this let us define the current variable J;, as the mean
of the instantaneous heat currents flowing into the system from the left reservoir and flowing

out of the system to the right reservoir. Thus we have

Jy(1)

1 . .
5(]1,L - ]N,R) (4.15)

—Yi@) + i),

where j; /(1)

ine@® = =Y vy + 1 O @) . (4.16)
It is easy to note that (J(0)) = 0. Now we prove
O i (0) = JO @) = 0. (4.17)

To prove this we use Novikov’s theorem [96] which says: if {r;} be a set of arbitrary Gaussian
noise variables with (n;(t)n;(t')) = K;;(t,t') and H[n] be a functional of the noise variables,

then

>dt’,

oH
<noHm > = Y [wonen (5
j J

on;(t')
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where 0H[n]/on;(t") represents a functional derivative of H[zn] with respect to . Using the

fact (J(0)) = 0 and Eq. (4.17) we get Eq. (4.14).

To prove Eq. (4.13) let us define Dy(¢) = Yi_, &~ >, & for [ = 1,2, ...N — 1. Then from

the continuity equation Eq. (4.8) one can show that
dD,/dt = —2]'1_,.1,1([) +2J,(0) . (4.18)

We multiply this equation by J(0), take a steady state average, and integrate over time from
t = 0 to co. Since D;J has an odd power of velocity, we get (D;(0)J(0)) = 0. Also
(Dy(0)J(0)) = (Dy(e0)) (J(0)) = 0, and using these we immediately get [~ dt(ji1,(1)J(0)) =
fooo dt{(J,(¥)J(0)). Summing over all bonds thus proves Eq. (4.13). Now using Eq. (4.14) first
and then Eq. (4.13) we write Eq. (4.12) as :

AT 1

Dividing both sides of the above equation by (N — 1) and defining the steady state current

per bond between the reservoir and the system as } = J/(N — 1) we write Eq.(4.19) as
_ AT ™ _ _
AT = —— dt(j(1)j(0)) . 4.20
(Dar e fo (J(j(0)) (4.20)

Finally the conductance is given by

G = lim (J)ar

= lim 2 = fo drj(j) . (4.21)

Except the proofs of Eq. (4.10) and Eq. (4.14), other parts of the proof are quite general
and independent of the heat baths used. Proofs of Eq. (4.10) and Eq. (4.14) depend on the
specific bath chosen. In the next section we extend the proof to the cases where the noises
from the baths are exponentially correlated in time and noises are obtained by coupling the
lattice Hamiltonian to a deterministic bath model. Later we also give the proof of this formula

for fluid systems.
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4.2 One dimensional lattice with other baths

We outline the proof for two other models of baths coupled to the lattice Hamiltonian. These

are (i) the Nose-Hoover bath and (ii) a Langevin bath with exponentially correlated noise.

Nose-Hoover bath: In this case the equations of motion are:

mpy; = fi—0611{Lvi — O NCRVNS (4.22)

where {; r are themselves dynamical variables satisfying the equations of motion:

L= ()
ET6 kT,
. 1 va?\,

= — ~1
be = 5= 1)

For small AT, we then write an equation of motion for the extended distribution function

P(x,v,{;, g, t). This has the same form as Eq. (4.5) but now with:

ny aVlv1 _Q_La_ﬁ kgT -
ln & L8 (myvy
+2E - —— -1
my Ovy Or Olg \ kgT
jar _ AT myi 8 myvy 9
2kBTZ QL 6§L HR aéR .

w0 19 (mlv% 1)

(4.23)

If T, = Tr =T, it is easy to verify that the equilibrium phase space density is given by:

N 0,2  Opl>
Py = Py(x,V) exp [—% (;—Q + ::fR )] ,
1 N

(4.24)

and we assume that there is convergence to this distribution. Acting with L27 on this, we

then obtain:

Tpp = —%(V? L= Vide) - (4.25)
On the other hand, since —{; v is the force from the left reservoir on the first particle, hence
jir = —{v? and similarly, jyg = —zvs. Hence from the definition of J, in Eq. (4.15),
we obtain Jy, = —J,. This gives Eq. (4.14) with a minus sign on the right hand side i.e.

(J0O)Jp(1)) = —(J(0)J;p(1)). Now proceeding as in the second stage of the proof we get
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(J(@®)Jp(0)) = (J(0)Jf,(1)) without the minus sign (as there in Eq. (4.10)). This can be seen
from Eqs.(4.22) and (4.23). Under time reversal (x, v, {) — (x, —v, ={), and since J, J;, both
are odd under time reversal, there is no minus sign in Eq.(4.11). Rest of the proof is similar
to the previous case.

Exponentially correlated bath: A simple way of realizing exponentially correlated heat

baths is to consider the following set of equations of motion:
miv; = fi+6,1yL+ OnYR (4.26)

where y;, yg satisfy the following equations of motion:

yL

s L L
yL__vLyL_y vi+7n
. _ IR R
)’R——VR)/R—)’RVN+TI )

where n™® are Gaussian white noise satisfying (p"R(OntR(t)) = 2kgT g/vERo(t — ). As-
suming that the baths are coupled to the system at time t = —oo, the solution of the above

equations is:

/
1 —(t=1")/(vEyL ’
yL —VLf dt' e/ Pyt + E4)

(o8]

_t
- f di'e I (1) + )

YR

t
where éfL f dt’e—([—t')/(VLyL)nL(t/)

(%9

’
f dl'e—(t—t’)/(vRyR)nR(l/) ‘

o0

&R
The noise variables £-F satisfy (LR(OELR(E)) = kgTy gy Re ="V “and so we verify
that y; z are of the required form of exponentially correlated baths.

In this case we write a Fokker-Planck equation for the probability distribution for

P(x,V,y;,yg) and the forms of L7 and L2 are given by:

N N 0 0 0 yL kBT 0
A 5 O N yB52 2
my v, vlé‘yL oy, \vEkyL vk Oy,

YR 0 0 0 YR kBT 0
- =t YUy + — — .,

my Ovy Oyr  Oyr \VRYR VR Oyg
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. kgAT (1 0 1 &
[ (_L_z__R_z). (4.27)
2 vedy; vt Oy
One can verify that the equilibrium distribution is, in this case, given by:
5 L(yi Yz
Py = Py(x, — = +=]|, 4.28
0 = Po(x, V) exp[ : (YL " (4.28)
while J¢, is given by:
oo o kT [0k kT 4.29)
P = 5L (YL AL WR [ (R R | :
Now using the equation
d(y 7 o
Rl N - + , 4.30

and the fact that (J(0)y. ()" (£))7 = 0, it follows that:
00 2 00
yi (1) f
dt (JO)——) =- dt{JO)y . (O)vi(D)T ,
fo < O] == | IO
and a similar result for the right reservoir. From the equations of motion Eq. (4.26), we get
JiL = YLvi, jyr = Yrvy. Hence from the above equation and from the definitions of J, in
Eq. (4.15), and of J¢, in Eq. (4.29), we again get (J(0)J;,())r = (J(0)J,(?))7. The other

steps of the proof are the same as for the white-noise case.

4.3 Lattice models in higher dimensions

In this section we give a generalization of the derivation to arbitrary dimensions, for the case
of white noise reservoirs. The extension to the baths in sec. (4.2) is straightforward. We
consider a system of particles with mean positions on a d-dimensional hypercubic lattice
with points represented by 1 = (I}, 0, ...,1;) where [, = 1,2..N with @ = 1,2,..,d. The

Hamiltonian of the system is given by:

2
H= Z[mlzvl + V(xl)]+ > Ut -0, 431)

<Lk>
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where x; and v, are the d-dimensional displacement about lattice positions and velocity vec-
tors respectively, of the particle at 1 and < 1, k > denotes nearest neighbors. Heat conduction
takes place in the @ = v direction because of heat baths at temperature 7, and Tk that are
attached to all lattice points on the two hypersurfaces /, = 1 and [/, = L. The corresponding

Langevin equations of motion are:
mvy = £ + 6,10y —yivil + 6, —vive] (4.32)

where 1 = (/,,1’), so that I’ denotes points on a constant /, hypersurface. The noise terms at
different lattice points and in different directions are assumed to be uncorrelated, and satisfy

the usual fluctuation-dissipation relations. We define the local energy as:

1 1
a(t) = Smi Vi + V(x) + 5 Z UX — X1¢) , (4.33)

where the sum is over all the 2d unit vectors € which specify the nearest neighbours of the

site 1. The corresponding continuity equations are easily found to be:

. . L
€11 Z Jay,an+e T Jar
é/

é] Z j]’]+é, for lv = 2, 3.N-1
[

. . R
ENY) Z JI) N+ T Ty
é/

where ji1ie

1 (04 a a
5 Z Jiwe 1 + Vi)

. _ L2 L

Jayy = ~WYVapy T m-Vay)

R 2 R
Jnyy = _Vﬁv(N,l') + My -Yavy) > (4.34)

where fjx denotes the force on particle at 1 by particle at k, and ) ¢ is a sum over neighbors
but excluding points on /, = 0, N + 1. Further, if we define €, = }; €y, 1), then these satisfy

equations of the 1D form:

€ = —jr, (0 + J1 (D)

€ =Ji 10— jj g, @ for I, =2,3.N-1
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en = jyn_1(O + jyg(0

where j; ;| Z](l D.-11)
JiL = Z](u/) . g = Z Jovry - (4.35)

Defining now the total current operator as J* = Y. L ol Jj 414, Where ji ., is the heat current
flowing in the v direction between the /,’th and /, + 1’th hypersurfaces, and the boundary

current operator

1

Sy = —Ui—Jiw)/2= 3 Z {[YIL’V(ZI,I) - nlL"V(lJ’)] - [VﬁV%N,m - 775-V<N,l'>]} » (4.36)
T

and by following the same steps as in the 1D case, we can again prove the analogue of
Eq. (4.13). In this case this is [~ di(J*(6)J"(0)) = (N = 1) [~ dK(J"(0)J}(1)).
The Fokker-Planck equation corresponding to the Langevin equations in Eq. (4.32) have

the same form as Eq. (4.5) with:

L R
por _ kAT [7’(1,1') v Jon g
- 2 m2 var) mZ V)
4 (LY) (N,Y)

1. (4.37)

As in the 1D case, the deviation of the expectation value of any observable A(x, v) from its

stationary value is given by AT /(kzT?) fooo dt (A1) J}p(O))T, where now:

Trp = % IZ {vﬁ [vﬁ,n - %] -N [V%N,.q - %]} : (4.38)
With J; and I3, given by Eqgs. (4.36,4.38), it is clear that we can repeat the arguments for
the 1D case. We then get (J”(0)J,(1)) = <J"(O)J;p(r)) = —(J"(t)J}p(O)), where the last step
requires use of the detailed balance principle. Thus we finally have the required results

corresponding to Eqs. (4.9,4.10,4.13,4.14), from which we get the required formula, which
is of the same form as Eq. (4.21) with i replaced by I = J”/(N — 1).

4.4 Fluid system coupled to Maxwell baths

We first consider a 1D system of particles in a box of length L. The end particles (1 and

N) interact with baths at temperatures 7 and Tk respectively. Whenever the first particle

99



hits the left wall it is reflected back with a random velocity chosen from the distribution:
II(v) = my B, 6(v) v exp[—Brm;v*/2] , with a similar rule at the right end. Otherwise the
dynamics is Hamiltonian.

We find the FP current by noting that J;, = (AB)~'[6,P/P)p- p,- There are two parts to the
evolution of the phase space density: the Hamiltonian dynamics inside the system, and the

effect of the heat baths. After a small time interval €, the phase space density P(X; v;f + €) is

_l 2 00
= Brmye” 2Prmn fo P(0,X" —V'e; —v, vV — a’€; t)vodvy
for x; < vie
—lﬁRvaz 0 ’ ’ ’ ’
= Brmye” 2 N fo P(X' —V'e,L;V —a’e, vy; Hvodvy
for xy > L + vye

= P(X — ve, v —ae, 1) otherwise (4.39)

where the primed variables in the first and second lines leave out particles 1 and N respec-
tively. (Note that since 0 < x; and xy < L, the conditions in the second and third lines imply
vi > 0and vy <0.)

IfT, =Tk =T, and P(x,v,t) = Py, the equilibrium phase space density for the tempera-
ture 7', then the phase space density at time ¢ + € is the same. Now if T,z = T + AT /2, with

P(x,v,1) still equal to Py, then
J— — AT 1 2 1 2
Px;vit+€) = Py+ oTa (zBmvy — D0(vie — x1) — (3Bmyvy — 1)0(xy — L — vye) | Po.
Dividing by e throughout and taking e — 0, we see that

1 1
Jip = —5(%m1v% — kgT)v16(x)0(vy) — 5(%va12v — kgT)vyo(xy — L)8(—vy). (4.40)

We have to use continuum energy density €(x, #) and current j(x, f), and the total heat current
is now J = f J(x)dx instead of }; ji.1,;. The continuity equation is still valid, and defining

D(x,1) = [ dx'e(x,0)~ ["e(x',f)and A(t) = [, dxD(x), we get the analogue of Eq. (4.13):

foo(J(t)J(O»dt = LfooUb(t)J(O))dt. (4.41)
0 0
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Here J), = 111 — jnr] as before, and

i = Amwvivi, =) 6(x)8(-vy)

JNR = %mNVN(V%\I,L - V%) 0(xy — L)B(vy) .

The o-functions enforce the condition that the particle is colliding with the bath, and v, ; and
vy are the random velocities with which they emerge from the collision. Invoking detailed
balance, using the explicit forms of J, and J;, and the fact that J(0) is uncorrelated with
Vi, vy,g We can show that (J(0)J,(¢)) = —(J(1)J;,(0)). Using this relation and Eq. (4.41) in

Eq. (4.9), we obtain Eq. (4.21) with (N — 1) replaced with L.

The generalization to a d-dimensional system is straightforward. First, any particle can
interact with the baths at the ends if it reaches x = 0 or x = L. Including the effect of the
components of the velocity transverse to the heat-flow direction the derivation of Eq. (4.40)
gets modified and gives

1 1
Ip = > |- S Gmiv; = 3(d + DET)V[SONOO) = 5(Gmivy = 3(d + DksT)Wj6(x] Lo-v)|.
)

The expression for J, changes similarly, so that the final result of the previous paragraph is

still valid.

All the above derivations of open system GK formula for different systems uses Fokker-
Planck description of stochastic systems and hence is only applicable for those currents
which can be expressed solely in terms of phase space variables (e.g. currents inside the
bulk of the system). Since boundary currents naturally involve noises explicitly, derivation
given in this section is not applicable to them. The general expectation is that, even for
boundary currents, one can prove an open finite system GK formula as given in Eq.(4.21). In
the next section we explicitly calculate boundary current-current auto correlation function in
the context of heat transport for a finite mass disordered harmonic chain in NESS and show

that integration of the equilibrium correlation function gives the NESS current.
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4.5 Proof of the formula for boundary currents

Time correlation functions are useful quantities in the study of transport processes. They are
related to various transport coefficients. For example, the diffusion constant of a Brownian
particle is given by the integral of the equilibrium velocity-velocity time auto-correlation
function. Similarly the friction coefficient of an over-damped particle is also related to the
time correlation function of the instantaneous force experienced by the particle. There are
few examples where exact time auto-correlation functions in equilibrium state have been
obtained for many-particle systems. For Hamiltonian systems some examples of exact cal-
culations are velocity auto-correlation function for ordered harmonic lattices [97] and for a
one dimensional gas of elastically colliding hard rods [98]. Recently authors of [99] have
shown explicitly that integration of the heat current auto-correlation function gives the cur-
rent in non-equilibrium steady state for a two particle harmonic system. In this section
we obtain an exact expression for the time auto-correlation function for heat current in the
NESS for a disordered harmonic chain of arbitrary length, expressed in terms of the non-
equilibrium Green’s functions. We show that it satisfies the GK formula derived in previous
section. Using this correlation function we also calculate the asymptotic system size scaling

of fluctuations in current in NESS.

4.5.1 Definition of the model

We consider a chain of oscillators of N particles described by the Hamiltonian H :

N N-1
1 1 1 1,
H= ;[Em,xf + 5kox,z] + ; LT )+ 3k P+, (4.42)

where x; are displacements of the particles about their equilibrium positions, k, ko are the
inter-particle and on-site spring constants respectively, and m; is mass of the I particle. k’
is the spring constant of the potentials at the boundaries. For different values of k" and ky we
get different boundary-conditions (BCs). If k" and &, both are zero we get free BC, otherwise

we get fixed BC (k" # 0 and ky = 0) and pinned case (ko # 0). The particles 1 and N
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are connected to two white noise heat baths of temperatures 7, and Tk respectively. The

equation of motion of the I’ particle is given by [19]

m¥; = —kQ2x;— x1 — Xie1) — koXp — 61 [(K' = k)x; + yrx) — ]
=0 n[(K = k)x; + yrin — g |

where [=1,2..N and xp = xy,; =0 (4.43)

where 1, (¢) are Gaussian noise terms with zero mean and satisfy the following fluctuation

dissipation relations

MLr(ONLR(E)) 2y rkgTRO(t = 1)

Me(Onr(t))

0, mr(®))=0 (4.44)

We first define the local energy density associated with the ™ particle (or energy at the lattice

site /) as earlier:

p% k(,x% k’x% k

2
= + + + =
@ = g T2 T i
2 2
p k,x k
6 = gttt gl G =t =)

for [=2,3..N-1

2 2 ’2
Py koxy  K'xy ok 5
= —(xy_1 — . 4.45
€N 2y + 3 + > + 4(XN 1= XN) ( )

Taking time derivative of these energy densities we write continuity equations, from which
we get two instantaneous currents j;; and jyz which are flowing from the left and right

reservoirs into the system respectively. These currents are given by [59, 58]

—yLX7(0) + )i (D)

Ji.L(®)

—yriN(t) + nr()in(t) . (4.46)

and jy ()
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4.5.2 Steady state properties and current calculation

In order to obtain the steady state properties we have to find out the steady state solution of

the Eq. (4.43). For that we write Eq. (4.43) in Matrix form as:
MX +TX + ®X = (1), (4.47)

where, X, 7 are column vectors with elements [X]" = (xy, X2, ....xx), [7]" = (1,0, ....0, 7g)
and I' is a N X N matrix with only non-vanishing elements [I'];; = v, [['Tyy = V& [Plyxn

represents a tridiagonal matrix with elements [13]

chm

(k + K + k)51 — kOymy forl=1

_kél,m—l + (2k + k{))él,m - kél,m+l

for 2<I<N-1

(k+k +k,)0,; — kb1 forl=N, (4.48)

and M;,, = m;0;,, where m; is chosen uniformly from the range [1 — A, 1 + A]. If G*(¢) denotes

the Green’s function of the entire system then G*(¢) satisfies
MG () +TG (1) + ©G (1) = 5()I , (4.49)
It is easy to verify that G*(f) = G(1)®(t) where G(t) satisfies the homogeneous equation
MG +TG+dG =0, (4.50)

with the initial conditions G(0) = 0, G(0) = M~'. Here O(¢) is the Heaviside function.
Assuming that the heat baths have been switched on at t = —oco we write the steady state

solution of Eq. (4.47) as

X(t) = f dr'G(t —t)n(t). 4.51)

(o)

For equilibration we require that G(t) — 0 as t — oo. From Eq.(4.51), we get

X0 = f dr [G11(l‘ — () + Gl - fl)ﬂR(tl)] . (4.52)

(o)
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Next we calculate J = (j; ) in the NESS. Here (...) denotes the average over the noise
variables 1, (7) and ng(7). Putting X, (7) from Eq. (4.52) in the expression of j; . (?) in Eq. (4.46)

and using the noise correlation in Eq. (4.44) we get :

g = —VLf dhf dtz[Gll(f—ll)G11(f—f2)X<77L(l1)77L(l2)>

+ Gin(t = 1)Gin(t — 1) X <77R(l1)77R(f2)>] + f dnGyi(t = t){me(Ome(tr))

—00

T, .
= 2y,K5 [5611(0) — ( TLALN0) + yRTRAN(O»] , (4.53)

where we have used the definition
Al = f dtG(t+1)G(f) VY t. (4.54)
0

We now note the following identity ( for proof see appendix )

Gui()
YLAND + YrAN(D) = =, (4.55)
which can be obtained from Eqs.(4.54,4.50). Using this in Eq. (4.53) we get
J =2yryrKp(T — TR)AN(D) . (4.56)
If we go to the frequency (w) space using the following definition
G (w) = f dt G(t)e'™, 4.57)
0
we can identify that
1 - 21+ 2wt
Ai(t) = — w’|GT(w)[7e'”, (4.58)
2 J_oo
and
-1
G'(w) = |- Mo’ +iwl +®| . (4.59)

With this identification we see that the expression given in Eq. (4.56) reduces to the form

T = KT =~ Tr) f ) dw T (w), (4.60)
271' 0
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where
T (w) = 4yLyr O*IG iy (WP, 4.61)

is the transmission coefficient for frequency w. The above expression for the current 7 is

seen to be identical to the well-known expression for the current given in [17, 24].

In the next section we proceed to obtain the time auto-correlation function Cr(t,t") defined

as:

Car(t, ') = (Gro@® 1)) = Gro)s (4.62)

in the NESS. The subscript AT represents the difference between the temperature at the two
ends i.e. AT = T, — Tg. In the stationary state (j,(¢)j.(¢')) will be a function of |t — #| only.
Hence we set ' = 0. If we take AT = 0 in the expression of Cy7(f) we get the equilibrium
auto-correlation which is denoted by Cy(¢) and we show that integral of Cy(¥) is related to the

average current (j; ), whereas integral of Cr (%) is related to its fluctuations in the NESS.

4.5.3 Calculation of auto-correlation function

Using the forms of j;;, from Eq. (4.46) we write current current auto-correlation

(J1,.(®)j1,.(0)) for t > 0 as:

(e = Ju+Jp+Jpn+Jw,
where Jo = Y @0x0)),  Jro = —ymuOx1(0)57(0)),

Jiz = =y (0)%1(0),  Jra = MrOx1(ONL(0)x,(0)). (4.63)

Now we will calculate all these J’s using Eq. (4.52) and Eq. (4.44). We will present the
calculation of J;; explicitly and state the results for other J’s. Putting the form of x;(7) in the

expression of J;; in Eq. (4.63) we get

t t 0 0
Ju = Vif dtlf dtzf dt3f dty X Ki(t1, 12, 13, 14, 1), (4.64)
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where Ki(t,t,t5,14,1) =
<[G11(f —tmr(t) + Gin(t — t)nr(t)] X [Gri(t — )nu(t) + Gin(t — t)nr(12)]

X[Gri(=t3)n.(t3) + Gin(=13)nr(t3)] X [Gr1(=ta)nL(ts) + GlN(—t4)77R(t4)]> (4.65)
After taking the average over noises and using their Gaussian property, we get

Kt tatat) = 4K (01, 1, 13,1, D0( = 0)5(8 — 1) + (4.66)

K1, 1, 15,14, 0)0(0 = 6)5(t2 = ta) + K11, 10, 15, 14, D511 = 1)5(t2 = 13))

where expressions for these K;s are given in appendix. Putting the expression of

Ki(t1, tp, t3, 14, 1) in Eq. (4.64) and arranging the terms we get
Ju = 4V K3[{yLTLAI0) + YaTRANO)Y + 2{y, TLAI(1) + yrTRANDY ], (4.67)

where we have used the definitions of A;(¢) in Eq. (4.54). Similarly we calculate other J’s

and their expressions are

Jo = —47%TLK§[%G11(0){nTLA1(0> + yrTrAN(0)},
Jiy = —ARTKYEGHOTIA) + VeTeANO)
+ 2G(OyLTLA(t) + yrTRAN(D,
Jiu = Yy TiKGISOy T A (D) + yrTrAN(D} + ')’LTL{%G%I(O)}] . (4.68)

Collecting all the expressions for J’s from Egs. (4.67) and (4.68) in Eq. (4.63) and subtracting

(ji..)* we finally obtain

Car(?) 4y T K3y TiA(0) + yrTrAN(0)}6()

— 8y K[y TiA (D) + yrTrAN®)} X {Try Ay + QT — Tr)yrAv(®D}]
= 4y T K3y T1A10) + yrTrANO)}S(D) — gar(D) (4.69)

where gAT(t) SYLZKI%[{VLTLAI(I) + ’)/RTRAN(I)}

X{TryLAi(t) + T — Tr)yrRAN(D}] (4.70)
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Figure 4.1: Plots of [go(¢)] vs. ¢t for N = 4 and N = 8. The parameters for the figure are
T, =20,Tg =2.0,k=1.0,ky =0.0, k" =0.0,y, =yg =2.5and A = 0.4. Here
[go(?)] denotes disorder averaged go(f). The average is done over 100 disorder
realisations. Inset shows the plots of A;(f) and Ay(?) for N = 8 for a single
disorder configuration.

and we have used the identity in Eq. (4.55). From the above expression of gar(f) we note
that go(7) is always positive. Thus we have obtained a closed form expression for the non-
equilibrium current-current auto-correlation function expressed in terms of the Green’s func-
tion for a disordered harmonic chain of length N. The delta function appearing in the above
equation is purely due to the white nature of the noises. More generally one can define the
current operator on any bond on the harmonic chain. However the detailed form of the bond-
correlation function is quite different from that of the boundary-correlation function. The
notable difference that we find is the absence of the d-function peak. We have verified that

the integral of bond-correlation agrees with the value for the boundary-correlation.

4.5.4 Numerical results

In this section we plot the function gar(f) = 4yLTLK§{7LTLA1 (0)+yrTrAN(0)}6(t) — Car. To
find the functional form of gar(#) we need to know the functional forms of the functions A;(?).

These functions can be obtained by Fourier transforming w?|G;(w)|* as shown in Eq. (4.58).
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Figure 4.2: Plots of [Ay(#)] vs. ¢ for different system sizes. The parameters for the figure are
same as those for Fig. 4.1. A = 0.4.

For a general N-particle mass disordered chain it is difficult to find analytical expressions
for the functions IG;}(w)IZ. For the ordered case G;rj(w) can be obtained analytically using
the tridiagonal nature of the force matrix @ (see for example Refn. [13]). However in case
of disordered chain, G|, (w) and G],(w) can be obtained through transfer matrix approach
in which Gj,(w) and G7,(w) are expressed in terms of a product of N random matrices

[19]. We numerically evaluate G}, (w) and G7,(w) using this transfer matrix approach. We

km

s [IGTy(w)?] decays as ™ “ (aisa positive constant)

observe that at large w > wy =
where m = [m;] and o> = [(m; — m)*]. Here [...] denotes disorder average. This behaviour
was proved analytically by Matsuda and Ishi [14] and was first observed numerically by
Dhar [19]. A further observation made by Dhar was that for w < w, disordered average of
|G;rN(a))|2 is almost identical to that of an ordered chain for both the BCs ( discussed in detail
in chapter (2) ). Another observation which we made is that for w > w,, the function |G, ()]
decays as 1/w*, where w,, is the maximum normal mode frequency. This 1/w* behaviour
can be easily obtained through the transfer matrix approach. For small frequencies disorder

average of |G7, (w)|? oscillates with w and is again identical to that of ordered chain. Here we

make use of these observations.
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After integrating Eq. (4.58) numerically, we obtain A;(#) and G;;(¢) and hence g(t) for dif-
ferent system sizes with different disorder configurations. In Fig. 4.1 we plot [ga7(?)] versus
t for system sizes N = 4, 8 and 16 with free BC. We observe that the correlation functions
for two system sizes remain almost identical at short times and start being different signif-
icantly after some time scale. These observations can be made by looking at the dominant
contributions of w?|G}.(w)* in the integrand of Eq. (4.58) for fixed z. At large w the func-
tion IGTN(cu)I2 decays as gmaNe? (a is a positive constant)[ 14, 19] whereas |G, (w)|? decays as
1/w*. At small frequencies both G|y(w) and G7,(w) are oscillating functions of w and the
frequency of oscillation increases with system size N. As a result A(¢) is independent of
system size N at small times and starts depending on N after some time scale, where con-
tribution from small w becomes important. Whereas, in case of Ay(?), only a small range
of w contributes to the Fourier transform of wzleN(w)lz(Eq. (4.58)). For large N, at small
times A;(¢) is much larger that Ay(#) and contributes most in go(¢), which makes gy() to be
independent of NV at small times. Inset in Fig. 4.1 compares A;(¢) and Ay(¢) for N = 8. In the
next paragraph we will see that physically interesting quantities like current, fluctuations in
current in NESS are related to the time integral of Caz(#) and this integral depends only on
An(?), though A;(#) has dominant contribution in the correlation function itself. Hence it is
more relevant to see the behaviour of Ay(#) with system size N. In Fig. 4.2 we plot [Ay(?)]

for different system sizes. Here we prefer to give plots of disorder-averaged quantities.

Let O(1) = fo " dt J1..(?) be the heat transfer in duration 7 from left reservoir to the system.
Using stationarity property of the correlation function it is easy to show that the 2™ order

cumulant of Q(7) is related to Ca7(?) as

2 00
fim (& _ f diCrr (P). 4.71)
0

T—00 T

Now integrating the expression of Car(?) given in Eq. (4.69) from 0 to co and again using the

identity in Eq.(4.55) we get

f dtCar(t) = 2yryrTiTrK3AN(0) + 8y yaKa(TL — Tr)* f dt Ax(t) . (4.72)
0 0
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In the frequency space the Eq. (4.72) can be written as an integration over w of the transmis-

sion coefficient 7 (w) defined in Eq. (4.61) and we obtain

0 KT, T 0 K2(T, — Ty)? 0
f dCyr(e) = =L f doo Ty + 2L TR f do T w) . (4.73)
0 0

0 A

This expression matches with the expression given in [100] for quantum mechanical systems
in the high temperature limit. Now if we put 7, = Tx = T in the expression in Eq. (4.72)
and use Eq.(4.56) we get a relation between the current in the non-equilibrium steady state
and the equilibrium correlation function similar to the GK relation given in Eq. (4.20) of the

previous section

OodC _ KT Oodfr = KpT? J 4,74
ﬁ tCo(t) = ZNJ(: w7 (w) =Kp m, 4.74)

where Cy(?) is the equilibrium auto-correlation function for the open system. The inset of

Fig. 4.3 shows the system size dependence of the disorder average of current.

In general for large system sizes [(J] and [@] scale with N as N and N~ respectively.
Using the frequency dependence of T(w) = [T (w)] and [7*(w)] one can predict the values
of @ and g for different BC’s. By computing [/] in NESS, several authors have already
studied asymptotic size dependence of [(J]. Rubin and Greer [101] obtained 8 = 1/2 for
free BC, which was latter proved rigorously by Verheggen[102]. Casher and Lebowitz [17]
studied the same model and obtained a lower bound for [J] > N~/ and simulations by
Rich and Vischer [103] confirmed the exponent to be S = 3/2. Later Dhar[19] obtained ./
for both the boundary conditions using Langevin Equation and Green Function approach and
obtained 8 = 1/2 for free BC and 8 = 3/2 for fixed BC. Here we follow the same procedure
described in [19] to find the asymptotic size dependence of [&:)»] from the expression

given in Eq. (4.73).

We numerically observe that for both the BCs [7%(w)] is much smaller than T(w) for
each N. Hence, in determining the asymptotic N dependence, dominant contribution comes
from the integration of T'(w) over w. To determine «, we use the fact (discussed in the first

paragraph of this section) that for w greater than w,; ~ N~'2, T(w) decays exponentially
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Figure 4.3: This figure shows the dependence of non-equilibrium current fluctuation on sys-
tem size for free BC. The parameters for the figure are same as those for Fig. 4.1
except T, = 3.0 and Tk = 2.0. Inset shows the dependence of non-equilibrium
current on system size for free BC. Disorder average is taken over 100 different
disorder realizations. Standard deviation corresponding to each point is smaller
that the size of the point symbol.

as e‘”N“’z, whereas for w < wy, T(w) is almost identical to 7,(w) of an ordered chain. It
is shown in chapter (3) shown that transmission coeflicient of an ordered chain, denoted by
T ,(w), is independent of w for free BC and goes as w? for fixed BC. Now putting these forms
of 7,(w) and integrating up to wy ~ N~'/? we get & = 1/2 for free BC and 3/2 for fixed BC.
We see that the asymptotic size dependence of current fluctuation is same as that of NESS
current. We numerically evaluate the RHS of Eq. (4.72) for free BC and obtain @%» for
T — oo for different system sizes. In Fig. 4.3 we plot [@] versus system size N, which
shows that the fluctuation in current scales with system size as N~'/2, when both ends of the
chain are free. In the pinned case, since there are no low frequency modes, 7T (w) decays

exponentially and hence fluctuations in current decay exponentially with N.
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4.6 Conclusions

In this chapter we have derived an exact expression for the linear response conductance in
a system connected to heat baths. Our results are valid in arbitrary dimensions and have
been derived both for a solid where particles execute small displacements about fixed lat-
tice positions as well as for a fluid system where the motion of particles is unrestricted, and
various heat bath models have been considered. We also have given an expression for the
boundary current-current correlation for a one dimensional mass-disordered harmonic sys-
tem in NESS. The correlation function has been expressed in terms of the phonon Green’s
functions which are easy to evaluate numerically. We show that the integration of equilib-
rium correlation function gives current satisfying the finite size open system Green-Kubo
formula whereas the integration of non-equilibrium correlation function gives information

about current fluctuation in the NESS.

The important differences with the usual Green-Kubo formula are worth noting. In the
present formula, one does not need to first take the limit of infinite system size; the result is
valid for finite systems. The fact that a sensible answer is obtained even for a finite system
(unlike the case for the usual Green-Kubo formula) is because here we are dealing with an
open system. Secondly the correlation function here has to be evaluated not with Hamilto-
nian dynamics, but for an open system evolving with heat bath dynamics. Finally we note
that unlike the usual derivation of the Green-Kubo formula where the assumption of local
thermal equilibrium is crucial, the present derivation requires no such assumption. The re-
sults are thus valid even for integrable Hamiltonian models, the only requirement being that
they should attain thermal equilibrium when coupled to one or more heat reservoirs all at the

same temperature.

Our derivation here is based on using both the microscopic equations of motion and also
the equation for the phase space distribution. The broad class of systems and heat baths for
which we have obtained our results strongly suggests that they are valid whenever detailed

balance is satisfied.
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4.7 appendix

4.7.1 Proof of Eq. [4.55]

Let us first define few quantities:

Using this above definitions Eq. (4.50) can be written as
Gt + TG (1) + DG = 0. (4.75)
We use the above equation to evaluate %[éT(I’)é(ﬂ + 1)] and get
d;T/;/ ;T/~L/ d"'T/““'/
E[G GEHE +1)] = 2GEONGE +1)+ %[G ")DOG(t + 1)].
Now integrating both side of the above equation over ' = 0 to t' = co we get
Gy =2 f A GT (TG (' +1). (4.76)
0

To the above equation we have used the following: G(0) = M~', G(0) = 0, G(r) — 0 as
t — oco. Now we know that I';; = (%6[1 + ;—fvé,-N)cS,-.,-. Taking (11)” element on the both side

of the matrix equation (4.76) we get

G (1)
2

f dr'[y.Gu ()G + 1) + yrGin()Gin( + 1)]
0

YLAL(?) + YRAN(D). 4.77)

4.7.2 Expressions of K;s

Kt t5,10,0) = [iT1Gn(t — )Gt — 6)Gii(—13)G1i(—ts)
+7123T1%G1N(f — 11)Gin(t — )G iN(—13)G v (—1y)
+y1TryrTR{GIn(E = 1)Gin(t — )G 11 (—13)G 11 (—1s)

+G11(t = )G (t — tz)GlN(_t3)G1N(_t4)}]’
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K?)(tl, bty ta, 1) = [yiTiGui(t — )Gt — )G1i(-13)G 11 (~ts)
+YRTGin(t — 1)Gin(t — )G in(—1:)Gin(~1s)
+7LTL’}’RTR{G1N(1 - 11)G11(t = )G in(—13)G 1 (—1g)

+G11(t — 1)Gy(t — )G 11 (=1)G v (—14)}]
and

K?)(h, bty ta, 1) = [viTiGui(t — )Gt — )G1i(—13)G 11 (—ts)
+YRTGin(t — 11)Gin(t — )G in(—13)Gin(~1s)
+7LTL7RTR{G11(f — 11)Gin(t — )G N (—13)G11(~1y)

+Gn(1 = 1)G11(f = 2)G11(=13)Gin(=14)}].
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5 Large deviations in transport
processes

In this chapter our interest is in predicting probabilities of rare fluctuations in transport pro-
cesses. A number of interesting results have been obtained recently on large fluctuations
away from typical ones in nonequilibrium systems. These results include various fluctua-
tion theorems[104, 105, 106, 107, 108, 109, 100] and the Jarzynski relation [110]. In the
context of transport one typically considers an observable, say Q, such as the total number
of particles or heat transferred across an object with an applied chemical potential or tem-
perature difference respectively. For a given observation time 7 this is a stochastic variable
and one is naturally interested in its probability distribution R(Q, 7). Various general results
that have been obtained for R(Q, 7) give some quantitative measure of the probability of rare
fluctuations. Usually, for large 7 the probabilities of large fluctuations show scaling behavior
P(Q,7) ~ e 7F@/D The function F(q) is called the large deviation function which provides
informations about the tails of the distribution i.e. the probabilities of large fluctuations. For
a few model systems exact results have been obtained for the large deviation function F(q)
[108, 109, 100]. Very often the characteristic function of P(Q, 1), given by (¢™?) also has
a similar scaling (¢™¢) ~ ™™ where u(A) is defined as u(1) = lim,_., 77! In{e™?). The
large deviation function F(q) is related to () by a Legendre transformation. Often it is eas-
ier to calculate u(A) rather than F(g) directly. One can then obtain F(g) from u(A1) by doing
Legendre transform. In the first section of this chapter we calculate u(1) corresponding to
the distribution of heat flow across a harmonic chain. We express (A1) as an integration of
some function of the phonon transmission coefficient 7 (w).

Computing the tails of P(Q, 7) for any system is also difficult both in experiments and in
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computer simulations, since the generation of rare events requires a large number of trials.
Recently an efficient algorithm has been proposed [111] to compute the function p(1). In
the second section of this chapter we present an algorithm for generating rare events very
often and computing their probabilities. The algorithm proposed here is complementary
to the one discussed in [111] in the sense that we obtain P(Q, 1) directly whereas [111]
obtains (1) directly. However, as has been pointed out in [112] there may be problems in
obtaining the tails of u(A1) using the algorithm of [111]. Our algorithm, based on the idea of
importance sampling, computes P(Q, ) for any given 7 and accurately reproduces the tails
of the distribution. Algorithms based on importance sampling have earlier been proposed for

the study of transition rate processes [113, 114, 115].

This chapter is organised as follows. In Sec.(5.1) we present the calculation of u(A) for
the heat flow across a harmonic system. In the subsection (5.1.1) we calculate u(A) for a har-
monic chain of length N. Then in subsection (5.1.2) we discuss the case of single Brownian
particle as an example with small discussion on the case of two particles connected by har-
monic spring. In the last section (5.2) we present the algorithm of finding the probabilities
of rare events. First we develop the algorithm on general basis and we apply this algorithm

to different transport processes in the next few subsections.

5.1 Large deviation function of heat flow in harmonic
chain

We consider a mass disordered harmonic chain of N particles described by the Hamiltonian

H :

+

mlvlz

N N
Z Z Dy X1 X (5.1)

=1 m=1

| =
| =

N

where x; is displacement of I particle about its equilibrium position, v, is its velocity, m; is
its mass and @ represents the force constant matrix. The particles 1 and N are connected to

two white noise heat baths of temperatures 7, and Tk respectively. The equation of motion
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of the I particle is given by [19]

N
Xp=vi;  omyp=-— Z QX + 011 [—yLvi + el + i n[—YrRVN + 1R ]
m=1
where [=1,2..N and xg=xy,1 =0 (5.2)

and 7. () are Gaussian noise terms with zero mean and related to the dissipative terms

through the relations

MLr(ONLR(E)) 2y rTLRO(t — 1)

m(Onr(')

0, (mr(@®)=0. (5.3)

Since the potentials are quadratic in positions, it is convenient to write the set of equations

in Eq. (5.2) in the form of linear matrix equation as follows:

.

X = V, MV =-TV - ®X + (1), (5.4)

where X = (x1, x2, ..., xy)7, V = (v1, va, ..., vy) and M = diag(m1,m2, ..., my) is the diago-
nal mass matrix. The diagonal matrix I' describes the dissipation, I'; ; = 6; j(0; 1y + 0inYr),
and n,(t) = 6;1m.(t) + 6;ynr(?). In some time duration 7 there will be a net amount of heat

transfer Q(7) between the left reservoir and the system in the steady state. This is given by

(1) = fo [7.(6) = yevi@©]vi(0) dt. (5.5)

Clearly, Q(7) is a random variable whose value depends on the realization of noise {n(¢) :
0 <t < 7} and on the initial condition. Here we are interested in the probability distribution
of Q(r) given that the initial conditions are chosen from the non-equilibrium steady state
(NESS) of the system. We denote this distribution by R(Q, 7). We are mainly interested in
probabilities of large fluctuations in Q for large 7 (t — o0). Often it is difficult to obtain an
analytical expression for the probability density function (pdf) R(Q, 1), but it is easier to find
the characteristic function of Q(t), defined as (¢ ™€) = f dQ exp(-1Q) R(Q,7) = R(4, 7).
Let the pdf of Q(¢) for given initial and final configurations of the system be denoted by

P(Q, U, t|Uy) where, U = [VT,XT]" represents the state of the system i.e. velocities and
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positions of all the particles at some time . In some cases, for example harmonic chain with
open boundaries, a steady state distribution does not exist with U = [V', X"]”. In such cases
one has to chose U properly, like for open boundary case U = (VT x5 = X1y ooy Xy — xn-1]7.

The distribution P(Q, U, t|U)) satisfies the following Fokker-Planck equation :

2N 2N 2N

d (AU) 9 (AQ) 9> (AUAU,)
Li90, At 80 At +;Z_;6U16Um Al

OP

- =
&P (AUAQY 8 (AQP)
LU0 M 900 At

+

|PQ.UAUY) ; withAt >0, (5.6)

where the moments are calculated using the Langevin equations (5.4) and heat equation given

in Eq. (5.5). After calculating the moments we get

oP
i Ly P(Q, U, 1|Uy)
t
N
OH 0 OH 0
h = - - _ == -
where Lo ; [8)61 ov; v Bxl]
0 0 5 0
- —_ — v Ty ) —
+ )’Lavl vi + ¥R P, vy + (yovi — YL L)aQ
2 5 , & 2
T,— Tr— Tivi— +2y;T . 5.7
T Y Lav%‘i")/R Rav%]""yL LV10Q2+ YL L@vlanl (5.7)
Let the characteristic function of Q corresponding to P(Q, U, t|U,) is defined as
P(L, U 1U) = (™ 26(U(1) = U))y, = f dQ exp(~1Q) P(Q, U, 1|Uy). (5.8)

The evolution equation corresponding to P(A, U, 1|U,) is obtained by Fourier transforming

both sides of Eq. (5.7) and is given by

P —
— = P, U, t|U,
P L P( |Uo)
N
OH 0 0H 0
h = -
where L, ; [6xz o, Ov (9xz]
0 0
+ yr=—vi +Yr—Vn + (i —y.T1) 1
oV, Oovy
+ vy, T 2+ T62+ T VA% + 42 T/la (5.9)
— — % —Vy. .
YL Lav% YR R0V]2V Yol vy Yl o, 1

The solution of the above equation can formally be written down in the eigenbases of the
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Fokker-Planck operator £, and the large ¢ behavior is dominated by the term having the

largest eigenvalue u(A), i.e.,
P(A, U,1\Uy) ~ x(Uy, YU, ) explt u()] (5.10)

where W(U, A) is the eigenfunction corresponding to the largest eigenvalue, i.e., £, ¥(U, 1) =
U)W (U, A), and (U, A) is the projection of the initial state onto eigenstate corresponding
to the eigenvalue u(1). The existence of a unique steady state of the system demands that
for A = 0O the largest eigenvalue u(0) = 0. Moreover, y(U,,0) = 1 and W(U, 0) is the steady
state pdf, which is a Gaussian in our case with the covariance matrix lim,_,(UU”). Using
Eq. (5.10), for large T,

R(A,7) ~ g(A) exp[tu(D)], (5.11)

where g(1) = [ x(Uo, Y¥(Uy, 0) dU, [ WU, 2)dU, and we note that g(0) = 1.
The large T behavior of the pdf R(Q, 7) can be obtained by the saddle-point approximation

of the integral

R(Q,7) = Q2ni)™ f l_w R(A,7)e'? da,

while using the approximation given by Eq. (5.11) for the integrand. This leads to the large

deviation form of the pdf, R(Q, 1) ~ exp[—7 F(Q/7)], meaning
lim 7' In P(¢7,7) = —F(g).

The large deviation function is given by, F(q) = —[u(1*) + A1*q], with A*(¢) implicitly given
by the saddle point equation u’(1*) = —q, provided that g(1) is analytic along the real A in
the region [0, A*], so that, (i) g(1) can be neglected from the above saddle-point calculation
as sub-leading contribution, and (ii) the contour of the integration can be deformed smoothly
through saddle point A*. In this case, if u(1) possesses the symmetry pu(d) = pu(a — 1) then
the so-called fluctuation relation F(q) — F(—q) = —agq is verified. On the other hand, if
g(A) possesses any singularity in [0, A*], then one needs to include g(1) in the saddle point

calculation, and in that case even though u(1) possesses above mentioned symmetry, F(g)
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may not satisfy the fluctuation relation. This has been discussed in great details in [117,
118, 109]. We shall not elaborate on this issue here. Rather, the aim is to obtain an exact

expression for u(A1), which according to Eq. (5.11),
.1 10
u(A) = lim — In{e™"%). (5.12)
T—o0 T
Our main result is the exact expression

1 00
u = - f dew In[1 + T ()T, TeA(AB - D], (5.13)
where AB = T;' = T;', and

T (w) = 4y17Rw* G N (W)G y(~w), (5.14)

with G(w) = [® — w*M + iwl']™". (5.15)

The function 7 (w) was introduced earlier in Eq.(2.38) and is the phonon transmission coef-
ficient. From Eq. (5.13), we note that u(0) = 0 as required. It is also evident that Eq. (5.13)
possesses the symmetry pu(d) = u(AB — A). In general, if the operator £, and its adjoint Lz
possess the symmetry L; = L, ), then it is easily shown that u(1) = u(a— 1), without requir-
ing its explicit form. Even if after doing a similarity transformation the operator £, possess
the symmetry LE = L., then also u(A) has the above symmetry. However, this is not the
case for the system discussed here. In fact, even for the simplest case of just one particle
connected to two heat reservoirs [109], the Fokker-Planck operator does not possesses the
above mentioned symmetry. Although, in this case the Fokker-Planck operator (of one vari-
able) can be transformed to a Hermitian operator of quantum harmonic oscillator, where the
potential remains invariant under 4 — (AB — A1). We are not aware of such a transformation

for the system having more than one particles discussed in this chapter.

Using Eq. (5.13), one can immediately find the expression for the average energy current,

T, —Tx [
lim ~£ = —i/(0) = —= e R f dw T (w).

T—00 T

which is in agreement with previous results [19, 17, 15, 69]. It is clear from the above expres-
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sion that the average current is sum of the different contributions for different phonon modes
which is determined by the individual phonon transmission coefficient 7 (w). In the next few

sections we present the derivation of our results. We start by calculating F(/l, U,7,Up) .

5.1.1 Derivation

We first obtain an expression for F(/l, U, 1|,Uy), from which we get y(Uy, 1) ¥(U, 1) and
u(A) after proper identification with Eq. (5.10). From Eq. (5.8) we see that 13(/1, U,7,Up)
is actually noise average of e ¢6(X — X(1))6(V — V(7)), where noises are chosen from a

Gaussian distribution. As usual replacing the ¢ functions by their integral representations

s -x@) = [ [ ST ey OO where o = (0,0 )
oV =Vm) = f f m ¢ PV where p = (p1,p2, ..on)" - (5.16)
we write
—_ d d .
P(/L U’ Tl, UO) _ f fl_l (o] lO'le pletp1v1<eA(‘r)>
7T
=1
where, A(t) = -10 - lZ[O’lxl(T) + pi(T)]. (5.17)

=1

There are three steps to calculate {e*).

e (i) At first, we express X(7) and V(7) in terms of noise configurations by solving the

equations in (5.4) for given X(0) and V(0).

e (ii) Second, using these expressions of X(7) and V(7r) we show that Q(7) is quadratic

in n(¢) and hence A(7) has quadratic, linear and noise independent terms.

e (iii) Finally, we take average of e over noise configurations. Since 7(¢) is Gaussian
noise and A(t) depends on the noise atmost quadratically, (™) can be expressed as

a Gaussian integral over noise variables.

It is more convenient to do the above procedure in the Fourier space, because while taking

the noise average in the time domain one has to do a Gaussian path integration over noise
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Figure 5.1: The function X(7) is represented by a piece-wise continuous function.

configurations which are functions of continuous variable time #, whereas in the frequency
space this path integral becomes product of Gaussian integrals over noise variables for each

discrete Fourier mode. This will be clear after we define the Fourier transform rules.

The following defines the Fourier transform rules: let the Fourier transform of any function
h(t) defined over the interval [0, 7] be denoted by Z(w). The relation between the Fourier

transform pairs are defined by the following relations :

hwy) = % f Th(t)exp(—iwkt)dt, (5.18)
0
h(t) = Z“fl(wk) exp(iwgt), with wy = 2k (5.19)
k=—c0 T

So the noise configurations represented by {n(f) : 0 < ¢t < 7}, can now equivalently be
described by the infinite sequence {n(wy) : k = —c0... — 1.0, 1, .00} where n(wy) denotes the
Fourier transform of {n(t) : 0 < t < 7}. Now we follow the three steps of calculating {¢*) as

mentioned earlier.

First step: Let us denote the Fourier transforms of X(#) and V(¢) by X (wy) and \7(wk) respec-

tively. After Fourier transforming Egs. (5.4) and using these notations we get

AX ~ ~
- + i X(wr) = Viwy) (5.20)
AV — — — _
MT +ioMV(wy) = —TV(wp) — OX(wyi) + n(wy), (5.21)
where, AX = X(t) - Xy, and AV =V(r)-V,. (5.22)
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Solving the above equations for X (wy) and v(wk) in terms of AX, AV and 7 we get :

~ _ 1 1
X = G[j--MAV + —(® -G HAX], (5.23)
T ITWy
= .~ dwg 1
V = Gliwg - —MAV + —®AX], (5.24)
T T
where,

X = lim ; X(wy) exp(—iwye)
V(r) = gg&kz V(wy) exp(—iwge). (5.25)

and G is given in Eq. (5.15). While representing the continuous function {X(¢) : 0 <t < 7}
in terms of Fourier series we have approximated the function X(¢) by a piecewise continuous

function with € — 0 as shown in the Fig. (5.1). Same holds for V(7) also.

Using the above expressions for X (wy) and V(wk), one can easily show that for large T

X(r) = P—{%kZ Gnexp(—iwye€) (5.26)
X(r) = 1330‘,; iwGH exp(—iwge), (5.27)

where we have used the fact that other terms of the form
I © .
- E G(wp) f(AX, AV, M, wy) exp(—iwy€) (5.28)
T
k=—00

go to zero in the limit 7 — oo. It can easily be seen by converting the above summation into a
contour integral on a semicircle in the lower half plane and noting that all the poles of G(wy)

lie in the upper half plane.

Thus we have expressed all relevant variables in terms of new noise variables 7y z(wy),

which have the following correlations:

— —_— ([TQ/ . ’
T (W})) = 26 L2225, oy with, @, = LR, (5.29)
T
Now we follow the remaining two [(ii) and (iii)] steps of calculating {¢*™). For convenience

of calculation, from now onwards we suppress the subscript & in wy.
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Second step : With the help of Eq. (5.19) we convert the two time integrals over [0, 7] in

Eq. (5.5) into two infinite series summations over w and finally get

[Se]

01 = 7 [iii(-w) - yii@h(-w)| (5.30)

k=—oc0
Putting this expression of Q(7) and expressions of X(7) and V(7) from Eqgs. (5.26) and (5.27)

into Eq. (5.17) we get

[

A@) = —ar [ (-w) - v (-w)
k=—o0
+i[1(WITL(@) + ga(@)Tr(@)]e™] . (5.31)

_ _ .
iw(Gn(w) + Givnr(w))e ™ + — Z Gimfm(w) (5.32)
T

m=1

where, vi(w)

with fu(@) = ) ®,;AX; = iwM,AV,.
J

In the above we have introduced three new functions g;(w), g>(w) and g(w) which are given

by

N
gl(w) = Z Gml(o-m + lwpm)a

m=1

N
(@) = D Gu( + iwpy)

m=1

N
and g(w) = Z Ginfm respectively.
m=1

Now we show that A(7) can be expressed as a sum of quadratic, linear and noise inde-
pendent terms. Before doing that we introduce some more notations. We denote real and

imaginary parts of 7, z(w) as follows:

ﬁL(w) = én(w) — iép(w) and ﬁR(w) = &ri(w) — iépp(w) (5.33)

where each £’s are independent Gaussian noise with zero mean and have the following cor-
relations
D,

<§Li(w)§Lj(w,)> = é‘ijT [5w,w’ + 5w,—a)/]
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Dg

<§Ri(w)§Rj(w,)> = 61’]’7[60)@’ + 5w,—w’]
(fLi(w)gRj(w,» = 0,
Where, DL = ’)/LTL and DR = ’yRTR- (534)

From Eq. (5.32) we note that v;(w) is linear in &’s. Hence it is clear from Eq. (5.31) that A(7)
has terms quadratic and linear in noise and as well as terms independent of noise. To write
A(7) as a sum of quadratic, linear and noise independent terms separately we first write A(7)

in the following form:

A = 50)+ ) [s() + s(-w)]
k=1
where, s(w) = -At[n(W)Vi(-w) — yvi(WV(-w)]

~i[g1(@)L(w) + g2(w)r(w)]e™™*. (5.35)

Note that s(—w) is the complex conjugate of s(w). Putting Vi(w) from Eq. (5.32) in the
expression of s(w) in Eq. (5.35) and using the expressions for 77, z(w) given in Eq. (5.33), we

write A(7) in the following form
S, A
A@ = 5(0)+ ) [ - T @E@EW) + I (L 0)@) + c(@)]. (5.36)
k=1

where é:((l)) = [thl((L)), fLZ(w)a é‘:Rl(w)’ gRZ(w)]Ta E(CL)) isad x4 matrix, J(/L (L)) isadxl1
column vector and c(w) is a complex number. From the above equation one can easily note
that E£(w) does not depend on the initial and final configuration whereas J,(w) and c¢(w) do

depend. In the appendix we give explicit forms of E(w), J(4, w) and c(w).

Third step : In this step we take average over noises to calculate (¢*(”). Noise average of

™ can be written as

"™y = l_[ffff dé 1 (W)dE(W)dér (W)déry (W) P(éL1, €, Er, Err)  explA(T)],
k

2 1 1 1
Where P(le’é‘:LZa thfRZ) = 4 exp[ - ngdlag(D_L, D_La D_Ra

T 1
47D, Dy D—R)f], (5.37)
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is the joint probability distribution of the noise variables [£71(w), ér2(w), Er1(w), Era(W)].
Now putting the expression of A(7) from Eq. (5.36) in the argument of the exponential we

get

@) = [zn;m f f &1 (0)dEr (0) P(€ry.&ry) O]

had 2
X 1];1 zm;ﬁ ffffdfu(w)dfm(w)dfm(w)dgm(w)

(59

xp( ) [=5¢" (EAWEW) + T @)EW@) + ()]

k=1

1 1
where 2i(w) = AE(w) + dlag(—

—_—, 5.38
D.’ Dy Dg’ DR) ©-38)

After doing the Gaussian integration over the noises and after some rearrangements we fi-

Aon_ +]detZo(0) 1
(@) = G 9l2d O 0I(L.0) + 5e0)]

= [detZy(w) 1, |
<] | \/;M (2 77 (A wZ (@) (L w) + @]}, (5.39)

k=1

nally get

Including the k = 0 term one can write {¢*™) in the following compact form

(o)

.| detZ(0) detZo(w) 1 _ 1
AT\ _ 0 1 2
(") = \/detZﬁ(O) | | \/detZl( ) _E_w[—4TJT(/l, W)X (W) (A, w) + 2C((L))]}.(5.40)

This completes the three steps of calculating (™).

Now putting this expression for (¢} in Eq. (5.17) we get the following expression

_ /[ detso(0) detZO(w)
P, U, Uo) = \/detZA(O) detZl(w)
f f 1_[ dO’[ l(flxl p ! lplvz
i 27r
exp| Z [—JT(/I W= (W), w) + c(a))]}) (5.41)
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We Compare the r.h.s. of the above equation with rh.s. of Eq. (5.10), while noting that £,

does not depend on y, v, AX, AV whereas the expression in the exponent does, and identify

[e9)

1 detSo(w). 1 . det=y(0)
Zzln[det&(w)] g7l |

u(A) (5.42)

n
- 4t detz,(0)

N N
[ f {12 ] e
= 2 i 2
(o)

1 1
exp{ ) [T T+ 5 () + c-w)l}.  (543)

k=—00

and X(UO’ A)\P(U’ /l)

From the explicit form of Z,(w) one can calculate detX,;(w) and get

detXy(w)

_— 2
detro(w) [1+ T (DT TrA(AB = D] (5.44)

Above we have made use of the identity:

iw

> [G11(w) = G11(~w)] = W*[Y.G11(0)G11(~0) + VRGN (W)G 1 y(~w)] (5.45)

which can be proved as follows. From Eq.(5.15) we have G} (w) — G™!(~w) = 2iwl'. Mul-
tiplying by G(w) from left and by G(—w) from right on the both sides of the equation in the
previous line we get G(—w) — G(w) = 2iwG(wW)I'G(—w). After multiplying both sides by iw
and comparing the 11 element from both sides we get the above identity. Same identity has
been obtained in Eq. (4.55) but in time domain and from this one can get the present one by

Fourier transforming both sides.

In 7 — oo limit, converting the summation over k in Eq. (5.42) into integration over w we

get the following exact expression for p(A) :

() = —% f " dw In [1+ T ()T TrAAB - D)]. (5.46)

For the case when all the masses are equal to m, after some algebra one gets detG ™' (w) =

[a(q) sin Nq + b(q) cos Ng]/ sin g, where 2 cos ¢ = 2 — mw?, and

a(lq) =2 - wzyLyR) cosq — 2+ iw(y, +yr)(1 —cos q),

b(q) = [w*yLyr + iw(yL + y)] sing.
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Therefore, one has
4y, yrw? sin’ g

T (w) = (5.47)

|a(q) sin Ng + b(g) cos Nq|2 .
Using Eq. (5.47), it is straight forward to numerically compute the integral in Eq. (5.46) for

any finite N. The integration in Eq. (5.43) is actually a Gaussian integration over ¢; and p's,
since the exponent of the exponential can be expressed as a quadratic polynomial in o and p
variables. It is very difficult to do the integrations in Eqgs. (5.46) and (5.43) analytically for a
general N particle harmonic chain. There are few cases where these two integrations can be

done analytically. Below we consider one such case.

5.1.2 Single Brownian particle

The Langevin equation for a single Brownian particle is given by :

v =—(yL+yr)V+nt) + nr), (5.48)

where v is the velocity of the particle. Here we consider the velocity of the particle and not
the position, since velocity v of the particle will have a normalized steady state distribution
whereas position will not have one, and the heat transfer Q, in which we are interested,
does not depend on position. For single Brownian particle the matrix defined in Eq. (5.15)
becomes a complex number: G~!(w) = —w? + iwy where y = y; + yg. For this case explicit
forms for the matrices Ay, A, and Ay, (defined in appendix 5.4.1 ) in terms of y, D, and

Dy, are following :

-1 4yr -1 _ 4
ﬂ — DL + 2 +w?) O ﬂ — DR V2 +w?) 0
LL 0 Dl 4 A > YRR 0 Dol A
L Y +w?) R Y +w?)
2A(yr=YL) —2lw
_ 2 +w?) Y2 +w?)
and  Arg = 2w 2Ar—y1) (5.49)
2 +w?) Y +w?)

The expression for phonon transmission coefficient is obtained from Eq. (5.47) and given by
T (w) = dypyrlm*w? + (yr + yg)*17'. We use this form in Eq. (5.46) to evaluate the integral

and get

_ Y +Yr
2m

()

4yryr
1— 4|1+ ——"—T;TrA(AB - Q)
\/ (YL + vr)? LTRA(B5
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This is the result obtained in [109]. We now give the expressions for J(4, w) and c(w) :

AAV(yg — yr) — io|y cos(we) — w sin(we)]

JLw) -2 AAvw  + ioly sin(we) + w cos(we)|
W) = ———
(y* + w?) —2AAvy; — io|y cos(we) — w sin(we)|
0 + ioly sin(we) + w cos(we)]
21 ’)/LAVZ

In this case one can actually find an explicit expression for ), J*£;'J in terms of Av, A and
p. After putting that expression along with ' c(w) in the exponent of the exponential in the
integrand of Eq. (5.43), we do the integration to find y(vo, 1)¥(v, 1), where v is the velocity
at time 7 and vy is the velocity at time 0. After some manipulations and rearrangements we

finally get the following expressions for y(vg, A1) and ¥(v, A) :

X, D) = €05 W, D) = e

1 4D, Dy
h = ————[2aD 1- 41 AAB -2
where, a; 4(DL+DR)[ L+y( \/ + % (AB-2) )]
1 4D, Dy
da = —————[24D 1 1 AAB-2) )| 5.51
and, @ 4(DL+DR)[ L+ +\/+ A ) ). 6

Two particles connected by a harmonic spring.— In this case from Eq. (5.47) we find 7 (w) =
Ay yrlw*(mPw? — yrygr — 2m)* + (v + yr)*(1 — mw?)?]™!. Using this expression we are
not able to evaluate the integral in Eq. (5.13) in general. However, for the special case
YL = vr = V2m, the expression for 7 (w) becomes simpler, namely, 7 (w) = [m*w®/8 + 1]7".

Now the integral in Eq. (5.13) can be carried out, which yields

() = \ﬁ 1= (1 + TuTraAB - ).
m

It is interesting to note the with the special value y;, = yx = V2m, both the expressions,
for the single particle as well as for the two particles are very similar, except the exponents
1/2, and 1/6. In this case we are not able to perform the integration in Eq. (5.43) to find

X(Uo, Y¥(U, ).

Thus we have obtained an exact expression for u(4) corresponding to heat flow through
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harmonic chain, from which one can obtain the large deviation function F(g) corresponding
to the pdf of Q through Legendre transform. This F(g) provides the large deviation form of
R(Q, 1) ~ exp[—7 F(g)] and also provides the behavior of R(Q, 7) at the tails i.e. probabilities
of rare fluctuations of Q. The pdf R(Q, 1) can also be obtained by simulating Langevin
equations given in Eq. (5.2). We are interested in the tails of R(Q, 1), where probabilities
are very small (= 107'°) and hence events are very rare. It is very difficult to generate those
rare events by direct simulations, because one has to take average over a large (~ 10'°) no of
repetitions which is very timeconsuming. In the next section we describe an algorithm using

which one can easily generate rare events without such large number of repetitions.

5.2 Algorithm for finding probabilities of rare events

In this section we discuss about an algorithm for generating rare events and computing
their probabilities. It is developed in the spirit of importance sampling algorithm. First
we describe the algorithm for general purpose and next we apply this algorithm to different
nonequilibrium processes, including heat transport process.

Consider a system with a time evolution described by the stochastic process x(f). For
simplicity we assume for now that x(f) is a integer-valued variable and time is discrete.
Let us denote a particular path in configuration space over a time period 7 by the vector
X(1) := {x() |t = 1,2,...,7} and let O be an observable which is a function of the path
x(7). We will be interested in finding the probability distribution P(O, 1) of O, and especially
in computing the probability of large deviations from the mean value (O). As a simple
illustrative example consider the tossing of a fair coin. For 7 = N tosses we have a discrete
stochastic process described the time series x(N) = {x;} where x; = 1 if the outcome in i
trial is head, and x; = —1 otherwise. Suppose we want to find the probability of generating
O heads (thus O = Y'Y, 6,. ). An example of a rare event is, for example, the event O = N.
The probability of this is 27" and if we were to simulate the coin toss experiment we would

need lot more than 2" repeats of the experiment to realize this event with sufficient frequency

in order to calculate the probability reliably. For large N this is clearly very difficult. The
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importance sampling algorithm is useful in such situations. The basic idea is to increase
the occurrence of the rare events by introducing a bias in the dynamics. The rare events are
produced with a new probability corresponding to the bias. However by keeping track of the
relative weights of trajectories of the unbiased and biased processes it is possible to recover

the probability corresponding to the original unbiased process.

5.2.1 The algorithm

We now describe the algorithm in the context of evaluating P(O, 7) for the stochastic process

x(7). We denote the probability of a particular trajectory by £(x) . By definition:

P(0,7) = ) 80,00 P(X). (5.52)

For the same system let us consider a biased dynamics for which the probability of the path

X is given by $,(x). Then we have:

P(0,7) = ) doome " OPyx), (5.53)

- P(x)
where e "™ = : 5.54
Pp(x) 6>

Thus in terms of the biased dynamics, P(O, 7) is the average <607O(X)€_W>;, and in a simulation

we estimate this by performing averages over M realizations to obtain:
1 -Wi(x,)
Pi0.7) = - Z So.0me "™, (5.55)

where x, denotes the path for the " realization. For M — oo we obtain P,(0, 1) — P(O, 1)
which is the required probability. Note that the weight factor W is a function of the path. In a
simulation we know the details of the microscopic dynamics for both the biased and unbiased
processes. Thus we can evaluate W for every path x generated by the biased dynamics. A
necessary requirement of the biased dynamics is that the distribution of O that it produces,
re., P,(O, 1) = (00.0x», should be peaked around the desired values of O for which we
want an accurate measurement of P(O, 7). As we will see the required dynamics can often

be guessed from physical considerations.
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We explain the algorithm for the coin tossing experiment. In this case we consider a biased
dynamics where the probability of head is p and that of tail is 1 — p. If we take p = 1 then the
event O = N, which was earlier rare, is now generated with increased frequency and we can
use Eq. (5.55) to estimate the required probability P(O = N, N). For any path consisting of O
heads the weight factor is simply given by e™" = (1/2)Y/[p°(1 — p)"~9]. Choosing p = 0.95
it is easy to see that for N = 100 we can get the required probability P(O = N, N) with more
than 1% accuracy using only M = 107 realizations as opposed to at least M = 10°* required
by the unbiased dynamics. Note that for this example W has the same value for all paths with
the same O. In general of course W depends on the details of the path, e.g. for a random walk
with a waiting probability. We will now illustrate the algorithm with non-trivial examples
of computing large deviations in two well known models in nonequilibrium physics. These
are the (i) symmetric simple exclusion process (SSEP) with open boundaries and (ii) heat

conduction across a harmonic system connected to Langevin reservoirs.

5.2.2 Symmetric simple exclusion process

This is a well studied example of an interacting stochastic system consisting of particles
diffusing on a lattice with the constraint that each site can have at most one particle. Here
we restrict ourselves to one dimension and study the case of an open system where a linear
chain with L sites is connected to particle reservoirs at the two ends. The dynamics can
be specified by the following rules: (a) a particle at any site / = 1,2, ..., L can jump to a
neighboring empty site with unit rate , (b) at / = 1 a particle can enter the system with rate «
(if it is empty) and leave with rate y. At site N a particle can leave or enter the system with
rates 5 and ¢ respectively. The biased dynamics can be realized in various ways, for example
by introducing asymmetry in the bulk hopping rates or by changing the boundary hopping
rates.

For SSEP, the configuration of the system at any time is specified by the set C =
{ni(®), ni(0), ...,n(t)} where ny(¢) (0 or 1) gives the occupancy of the I site. The dynami-

cal rules specify the matrix element ‘W(C, C’) giving the transition rate from configuration
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C’ to C. We write W(C,C') = W, + W_; + W, where ‘W, and ‘W_; correspond to transi-
tions whereby a particle enters the system from the left bath or leaves the system into the left
bath respectively while ‘W, corresponds to all other transitions. At long times the system
will reach a steady state with particles flowing across the system and we are here interested
in the current fluctuations in the wire. Specifically let K be the net particle transfer from the
left reservoir into the system during a time interval 7. For a fixed 7 we want to obtain the
distribution P(K, ) of K, in the steady state of the system. It is useful to define the joint
probability distribution function R(K, C, 7) for K number of particles transported and for the
system to be in state C. Clearly P(K,7) = > R(K,C, 7). We also define the characteristic
functions R(z, C,7) = 2%, R(K,C,7)zX and P(z,7) = > R(z,C, 7). Tt is then easy to obtain

the following master equation [107]:

dR(z,C,7) _

1 _
S = D [TWIC.C)+ WH(C.C) + - W(C.CH|RE C . (5.56)

el
The general solution of this equation for arbitrary L is difficult but for L = 1 an explicit
solution can be obtained for R(z,C’, 7) and P(z, 7). We will here first discuss a special case
« = B =y = ¢ for which P(z, ) can be inverted explicitly. The choice of steady state initial
conditions gives the solution: P(K, 1) = (e 27 /2)[Lx_1 Qat)+2Lx(2at)+ Lk, (2a7)], where
I,(x) is the modified Bessel’s function. In Fig. (5.2) we plot the exact distribution along with
a direct simulation of the above process with averaging over 5 x 108 realizations. As we can
see the direct simulation is accurate only for events with probabilities of O(107%). Now we
illustrate our algorithm using a biased dynamics. We consider biasing obtained by changing
the boundary transition rates. We denote the rates of the biased dynamics by o', ', 6",y and
these are chosen such that P,(K) has a peak in the required region. In our simulation we
consider a discrete-time implementation of SSEP. For every realization of the process over a
time 7 ( after throwing away transients ) the weight factor W is dynamically evaluated. For
instance every time a particle hops into the system from the left reservoir W is incremented
by —In (a/a’). In Fig. (5.2) we see the result of using our algorithm with two different biases.

Using the same number of realizations we are now able to find probabilities up to Q(107'¢)

134



10 \ \ 1 \ \ \ \
102 E
10°*F 3
6F 3
107 3
8f A& %7 5
10 A% vv =
10 F 3
10 % P(K): fromMC
A P (K): for left bias 5
10 I P(K) v P(K): for right bias ]
14 F 0 P(K): from left bias E
10 o P(K): fromright bias
1628 F | | — P(K‘): analytical | | E

[ \
-50 -40 -30 -20 -10 0 10 20 30 40 50
K

Figure 5.2: Plot of P(K) for 7 = 15 for the one-site SSEP model with @ = = 3.0,y =
0 = 3.0. MC refers to direct Monte-Carlo simulations. Left bias corresponds to
a =p =38,y =90 =22andrightbiastoa’ = =22,y =6 =3.8.

and the comparison with the exact result is excellent.

We next study the case with L = 3. In this case we consider a biased dynamics with
asymmetric bulk hopping rates. Finding R(z, C, 7) analytically involves diagonalizing a 8 X 8
matrix. We do this numerically and after an inverse Laplace transform find P(K, 7). In
Fig. (5.3) we show the numerical and direct simulation results for this case and also the
results obtained using the biased dynamics. Again we find that the biasing algorithm signif-
icantly improves the accuracy of finding probabilities of rare events using the same number

of realizations (5 x 10%).

5.2.3 Heat conduction

Next we consider the problem of heat conduction across a system connected to heat reser-
voirs modeled by Langevin white noise reservoirs. Here we are interested in the distribution
of the net heat transfer Q from the left bath into the system over time 7. First let us consider
the simple example of a single Brownian particle connected to two baths at temperatures

T, = B;' and T, = B, described in detail in sec. (5.1.2). The heat flow from the left bath
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Figure 5.3: Plot of P(Q) for 7 = 15 for the three-site SSEP model with @ = g = 4.0,y =
0 = 2.0. MC refers to direct Monte-Carlo simulations. For left (right) bias
simulations, the particles in bulk hop to the left (right) with rate 4 and to the right
(left) with unit rate. The boundary rates are kept unchanged.

into the system in time 7 is given by Q(71) = J; (=yrv* + V2Drn.v) dt. For the single Brow-
nian particle in this problem it is sufficient to specify the state by the velocity v(¢) alone. If
we choose 7, > T then P(Q, 7) will have a peak at Q > 0. It is clear that in order to use
the biasing algorithm to compute probabilities of rare events with QO < 0 we can choose a
biased dynamics with temperatures of left and right reservoirs taken to be 7 and T} with
T| < Tp. The calculation of the weight factor W is somewhat tricky since computing £(v(1))
from P(n.(t), ng(t)) is non-trivial. Also one cannot eliminate 7, to express Q as a func-
tional of only the path v. To get around this problem we note the following mapping of the
single-particle system to the over-damped dynamics of two coupled oscillators given by the
equations of motion: X; = —y;(x; — xp) + \/Z_DLnL , X2 = —y2(x2 — x1) — \/ZTRUR. The
variable x; — x, = X, satisfies the same equation as v in Eq. (5.48). Thus with the same
definition for Q as given earlier we can use above equations for x; and x; to find P(Q, 7). In
this case we do not have the problem as earlier and both Q and W can be readily expressed

in terms of {x;, x,}. Let us denote by y;, T/, D! the parameters of the biased system. Also
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let Mx be the noise realizations in the biased process that result in the same path {x;, x,} as
produced by 7,  for the original process. Choosing D; = D/ for i = L,R it can be shown

that:

W= f A G724 7212) - G212+ 2 12)). (5.57)

Using the equations of motion we can express 17, g, 17;  in terms of the phase-space variables

and this gives:

1 T
W=— f dt[2(yr — yp)xixin + ()’% - VILZ)X%Z]
4D; Jo

* 150 dt[2(7R — YR)kaxi + (Vg — YR) X0,
R

0= f dtx xys.

Thus W and Q are easily evaluated in the simulation using the biased dynamics. In Fig. (5.4)
we show results for P(Q, 7) obtained both directly and using the biased dynamics. Again
we see that for the same number of realizations (10°) one can obtain probabilities about
108 times smaller than using direct simulations. The comparison with the numerical results

obtained from the exact expression for (¢7*¢) [109] also shows the accuracy of the algorithm.

It is easy to apply the algorithm to more complicated cases. For example consider a one-
dimensional chain of L particles connected to heat reservoirs at the two ends described by the
Langevin equations given in Eq. (5.2). The net heat transfer from left bath into the system
is given by Q = J(;r (=yrv? + V2Drn.vy) and using Eqs. (5.2) this can be expressed in terms
of {x;,v;}as Q0 = fOT dtvi(mv; + (x; — x»)). To apply our algorithm we consider a biased
dynamics where the Hamiltonian evolution is unchanged while the bath dynamics has new
parameters y;, v, ', T, which are chosen so that P,(Q) has a peak in the required region.
Choosing D! = D; we again find W by using Egs. (5.2) in Eq. (5.57), as for the single particle
case. Thus both Q and W can be expressed in terms of the path and so are readily evaluated

for every realization of the biased dynamics.

As an example we study the case L = 2 with U = (x; — x»)?/2 and with m; = m, = 1.

For the special parameters y, = yx = V2 we use the results in [100] to obtain (™€) ~ V7
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Figure 5.5: Plot of P(Q) for T = 100 for heat conduction across two particles connected by a
harmonic spring with unit spring constant and y; = yg = \/E, T; =10,Tz = 12.
MC refers to direct Monte-Carlo simulations. The left bias corresponds to y;
Yo, Yp = Y&/2, T, = Ty, Ty = 2Ty and right bias to y; = y1/2,y, = v&, T}
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with (1) = V2{1 = [1 +8;'8z' A(AB — 1)]'/°} . This can be inverted to numerically compute
P(Q, 1) at large 7. In Fig. (5.5) we give the comparison between the analytical distribution

and that obtained by the biasing method.

5.3 Conclusions

We have calculated the large deviation function () of the pdf of heat flow across a harmonic
chain. The large deviation function (A1) is expressed in terms of integration of a function
of the phonon transmission coefficient 7 (w). Two cases, (a)single Brownian particle and
(b) two particles connected by harmonic spring were studied where for some special set of
parameters the integration in the expression for u(A) were carried out. For single Brownian

particle we also have obtained the steady state distribution.

We have presented an algorithm for computing the probabilities of rare events in various
nonequilibrium processes. The algorithm is an application of importance sampling and con-
sists in using a biased dynamics to generate the required rare events. The error in the estimate
of P(0,7) is = (¢ 600, ;/ 2/(MP,(0))"2, and can be made small by choosing the biased
dynamics carefully. We have applied the algorithm to two different models of particle and

heat transport and shown that in both cases it gives excellent results. This algorithm is

straightforward to understand and also to implement.

5.4 Appendix

5.4.1 Expression of the matrix E(w) :

Let us define vectors G(w) = iwe (G} (w), -G} (w), Giy(w), —iGy(w))" and ¥ =
(1,-i,0,0)”. In terms of these two vectors we can write 7;(w) and Vi(w) (Eq. (5.32)) in

the following form :

P'é(w) = Ew)P

n(w)

Gl (W)(w) = &) Gi(w). (5.58)

Vi(w)
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Here we have ignored 1/7 dependent terms in the expression of v (w) in Eq. (5.32) since they
do not contribute in the quadratic part in A(7). It is clear that the quadratic part in A(7) comes
from }; [7; (w)vi(w) + V(W) (w) = 2y vi(w)V;(w)], where * represents complex conjugate.
Now putting the expressions for 77;(w) and vi(w) (Eq. (5.58)) in the above expression we get

— — — 1
Z [T (wvi() + Vi) (w) = 2yvi(wvi(w)] = §§T(w)E(w)§(w)

k
where, E(w) = [(YG () + G{(0)P" + ¥*G! (w) + G1(w)¥*T)

- 27(G ()G} (W) + G (WG| (W))]. (5.59)
Let the real part of any complex number x is denoted by Re[x] = (x + x*)/2 and the

imaginary by Im[x] = (x — x*)/2i. Using these notations the matrix X (w) = AE(w) +

diag(D;', D;', Dy,', D;") can be written in the block matrix form

_ Ar(w) Ag(w)
L(w) = r
ﬂLR((,()) ﬂRR(w)
where
DZl —4/l(w1m[G11] 0
+ 2 G 2
A(w) = v |Gull) 3 (5.60)
DL -4 (a)Im[G“]
0 +yLw?|G11*])
D' — 40 Ay |Gy )P 0
Arp(w) = R T . 5 , |- (5.61)
0 Dy’ — 4w Ay |Gy
and
21 (= w Im[Gyy] 21 (w Re[G]
—20? ¥, Re[G1G}y])  +20” v, Im[G1, Gy )
Arr(w) = : (5.62)
=21 (w Re[G1y] 21 (- w Im[G)y]
2wy Im[GllGTN]) —2w*y;, Re[GUG’[N])
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Similarly Z;l(w) can also be written in the following block matrix form

1 Arp(w)  —Arr(w)

Y w) = —m— ) 5.63
A ((U) DLDRdCtZ,l —ﬂ{R(w) ﬂLL(w) ( )
5.4.2 Expressions of the elements of J(1, w) and c(w) :
Ji(l,w) = A{gw) + g(-w)} = 2iwy (G (w)g(-w) — G (~w)g(w)}]
+i[e" g1 (—w) + e g1 (w)],
LA, w) = id{gw) - g(-w)} + 2iwy {G1(w)g(-w) + G (~w)g(w)}]
—[e“g1(~w) — e g1(w)], (5.64)
J(Aw) = A - 2wy {Giy(w)g(-w) — Giy(—w)g(w)}]
+ile" go(—w) + e gr(w)],
LA w) = i 2wy {Giy(w)g(-w) + Giy(-w)g(w)}]
—[e““gr(—w) — e gr(w)],
21 5
and C(w) = 77ng(w)| . (5.65)
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